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Preface

Molecular toxicology is a field that investigates the interactions between chemical or biological

molecules and organisms at the molecular level. In this Special Issue, we focus on the toxic effects

and mechanisms of action of chemical and biological molecules, will be of great interest of readers in

molecular toxicology and applied pharmacology. We sincerely hope this Special Issue will prompt

advances in molecular toxicology, as well its application in cancer prevention. Science is an evolving

process, with progress made through affirmation and negation. Therefore, the conclusions and

viewpoints of all articles purely reflect the outcomes under specific conditions. We look forward to

seeing more valuable research in the field of molecular toxicology with the aid of this Special Issue,

contributing to the advancement of science and the enhancement of human health. As Guest Editors

of this Special Issue, we thank all of the authors for their contributions, and hope that the contents of

this publication will help readers to further develop their research.

Guohui Sun and Chongwen Wang

Editors
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Molecular Toxicology and Cancer Prevention

Guohui Sun 1,* and Chongwen Wang 2,*

1 Beijing Key Laboratory of Environmental and Viral Oncology, Faculty of Environment and Life,
Beijing University of Technology, Beijing 100124, China
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* Correspondence: sunguohui@bjut.edu.cn (G.S.); wangchongwen1987@126.com (C.W.);
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Molecular toxicology is a field that investigates the interactions between chemical or
biological molecules and organisms at the molecular level. Chemical molecules, such as
environmental organic contaminants and therapeutic drugs, are closely associated with the
development of diseases such as cancer, and therapeutic effects [1–8]. Biomolecules, such as
lncRNA, microRNA, and pathogenic proteins have important regulating effects on disease
development [9–12]. In this Special Issue, we focus on the toxic effects and mechanisms of
action of chemical and biological molecules. We collected 11 high-quality papers that will
be of interest for researchers in molecular toxicology and applied pharmacology. Of the
eleven papers, four papers are related to the environmental contaminants, four papers are
related to biomolecules, two papers are related to natural organic small molecule products,
and one paper is related to the application of biosensors in the detection of pathogenic
microorganisms. We sincerely hope this Special Issue will prompt advances in molecular
toxicology, as well its application in cancer prevention.

Environmental contaminants. The opening paper reported the effects of smoking
on inflammatory-related cytokine levels in human serum [contribution 1]. In this study,
Wang et al. [contribution 1] delved into the underlying mechanisms of cytokine production
associated with tobacco smoking. A cytokine is a critical factor involved in the develop-
ment of chronic systemic inflammation, which is the initial hallmark of cardiovascular
and respiratory diseases as well as certain cancers. To explore this, blood samples from
78 male volunteers were categorized into three groups: non-smokers (30 individuals),
current smokers (30 individuals), and ex-smokers (18 individuals). They used an advanced
technique known as the liquid suspension chip method to analyze and compare the levels
of 17 different cytokines and chemokines in the participants’ serum. The results unveiled
distinct patterns in cytokine expression in response to smoking and smoking cessation. This
study sheds light on the production of cytokines and chemokines under various smoking
conditions, providing valuable insights into the early stages of smoking-related chronic
diseases and cancers.

In the next paper, Sun et al. [contribution 2] focused on the impact of nicotine and a
tobacco-specific carcinogen called 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK)
on lung cells, particularly in the context of the cytochrome enzyme P450 2A13 (CYP2A13),
which plays a role in metabolizing these substances. Past research has hinted at nicotine’s
potential to reduce the harmful effects of NNK, but no comprehensive in vitro investiga-
tions have been conducted in lung cells, which are a key target organ for tobacco-related
damage. To address this gap, they engineered a special cell line, BEAS-2B cells with a stable
expression of CYP2A13 (referred to as B-2A13 cells), to explore how nicotine influences the
cytotoxic and genotoxic effects of NNK. The results revealed that B-2A13 cells were more
susceptible to NNK-induced cytotoxicity compared to regular BEAS-2B cells and control
cells lacking CYP2A13 (B-vector cells). Notably, NNK induced significant DNA damage,
caused cell cycle disruptions, and led to chromosomal damage in B-2A13 cells, whereas it
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had no significant impact on BEAS-2B cells or the control cells. This study demonstrates
that CYP2A13 enhances the cytotoxic and genotoxic effects of NNK in BEAS-2B cells,
and the presence of nicotine has the potential to mitigate the toxicity of NNK, providing
valuable insights into the interplay between these substances in lung cells.

The presence of Aspergillus flavus and aflatoxins in grain crops poses a significant
threat to food security and results in substantial economic losses. Aflatoxin B1, in particular,
has been classified as a Group 1 carcinogen to humans by IARC. Traditional detection
methods are often time-consuming and may not be as sensitive as required. However,
Surface-Enhanced Raman Scattering (SERS) has emerged as a promising approach for
the rapid and nondestructive detection of Aspergillus flavus and aflatoxins in grain crops
due to its speed and sensitivity. Wang et al. [contribution 3] presented a rapid method
for detecting Aspergillus flavus and quantitatively determining aflatoxin B1 in grain crops.
This approach utilizes a portable Raman spectrometer in conjunction with colloidal gold
nanoparticles (AuNPs). As the concentration of Aspergillus flavus spore suspension in-
creased within the range of 102–108 colony-forming units per milliliter (CFU/mL), a more
effective combination of Aspergillus flavus spores was observed and AuNPs resulted in an
improved enhancement of the AuNPs solution’s effect on Aspergillus flavus. The authors
successfully determined various concentrations of aflatoxin B1 in methanol solution by
utilizing SERS, and the obtained spectra closely resembled those of solid powder samples.
This rapid detection method has the potential to significantly reduce the detection time,
from several hours or even tens of hours to just a few minutes. Such efficiency enables
swift and effective measures to be taken to prevent substantial economic losses in the
agricultural sector.

Polybrominated diphenyl ethers (PBDEs) are a class of both classic and emerging
pollutants with the potential to harm the human immune system. Among PBDE congeners,
2,2′,4,4′-tetrabrominated biphenyl ether (BDE-47) stands out as the most biotoxic. In this
study, Gao et al. [contribution 4] assessed the toxicity of BDE-47 on RAW264.7 cells, a
type of mouse macrophage. The results reveal that exposure to BDE-47 resulted in a
substantial reduction in cell viability and a notable increase in apoptosis. Furthermore,
BDE-47 hindered the phagocytic activity of RAW264.7 cells, altered immune-related factors,
and compromised immune function. Furthermore, a substantial increase in cellular reactive
oxygen species (ROS) levels was noted. Transcriptome sequencing revealed the regulation
of genes associated with oxidative stress. These findings strongly indicate that oxidative
damage triggered by BDE-47 plays a pivotal role in mitochondrial apoptosis in RAW264.7
macrophages, ultimately resulting in the suppression of immune function. This study
underscores the adverse effects of BDE-47 on immune cells and highlights the pivotal role of
oxidative damage in producing these effects, with potential implications for understanding
the immunotoxicity of PBDEs.

Natural products. Euphorbia factors are lathyrane-type diterpenoids found in the
medicinal herb Euphorbia lathyris L. from the Euphorbiaceae family. These compounds have
been associated with intestinal irritation toxicity, but the precise mechanisms behind this
toxicity have remained a mystery. In the study by Zou et al. [contribution 5], they aimed to
uncover the mechanisms by evaluating the transcriptome and microRNA (miRNA) profiles
in human Caco-2 colon cancer cells after exposure to Euphorbia factors L1 (EFL1) and EFL2.
The research protocol entailed subjecting Caco-2 cells to a 200 μM EFL treatment for a
duration of 72 h. In the EFL1 group compared to the control group, there were alterations in
the expression of 16 miRNAs and 154 mRNAs. Similarly, in the EFL2 group compared to the
control group, 47 miRNAs and 1101 mRNAs exhibited differential expression. An analysis
of these sequenced mRNAs highlighted their association with various critical processes,
including transcription, post-translational modification, chaperones, protein turnover,
secretion, vesicular transport, signal transduction mechanisms, intracellular trafficking, and
cytoskeletal functions. The functions and pathways associated with differentially expressed
mRNAs were enriched in areas such as transmembrane transport, T cell extravasation, the
IL-17 signaling pathway, apoptosis, and the cell cycle. Additionally, the study identified
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that EFLs induced alterations in gene structures, encompassing processes like alternative
splicing, insertion and deletion events, and single nucleotide polymorphisms. These
findings offer valuable insights into the mechanisms that underlie the intestinal toxicity
induced by EFLs in intestinal cells.

Conditionally replicating adenoviruses (CRAds) are a type of oncolytic adenovirus
designed for tumor-targeted therapy. They can selectively enter cancer cells through
coxsackievirus-Ad receptors (CARs), allowing them to replicate and destroy cancer cells
while sparing normal cells. However, not all tumor cells express high levels of CARs, which
can limit the effectiveness of CRAd therapy. Lu et al. [contribution 6] explored the use of
6-cyclohexyl methyl-β-D-maltoside (6-β-D) as a maltoside transfection agent. They found
several advantages to using 6-β-D, including high transfection efficiency, low toxicity, and
ease of use. By pretreating cancer cells with a low concentration of 6-β-D (≤5 μg/mL), they
achieved an 18-fold improvement in the transduction efficiency of a “model” adenovirus
(eGFP-Ad) compared to using eGFP-Ad alone. The addition of 6-β-D not only enhanced the
transduction efficiency of CRAds but also improved their anti-tumor effects. Importantly,
this combination did not harm normal cells. With 6-β-D treatment, CRAd at a lower
multiplicity-of-infection ratio of 10 (MOI 10) achieved oncolytic outcomes similar to using
a higher MOI of 50. This suggests that by combining CRAd with 6-β-D, the amount of
CRAd required in clinical practice could be significantly reduced without compromising
its therapeutic efficacy or exposing patients to potential side effects associated with high
CRAd titers. This study provides a promising approach to improve adenovirus-mediated
cancer gene therapy in clinical practice.

Biomolecules. The role of the neuroblast differentiation-associated protein AHNAK
in biological processes has remained somewhat enigmatic. AHNAK is known to exhibit
both suppressive and progressive functions in different types of cancers. In this study, Li
et al. [contribution 7] sought to investigate the specific role of AHNAK in hepatocellular
carcinoma (HCC). To understand its role, they conducted cell viability assays to assess the
impact of AHNAK knockdown on cell proliferation in a stable HepG2 cell line. Additionally,
co-immunoprecipitation (Co-IP) and LC-MS/MS were employed to analyze proteins in both
HCC and matched paracancerous (MPC) tissues. The study revealed that silencing AHNAK
led to a reduction in the viability of HepG2 cells. The analysis of protein interactions in
HCC and MPC tissues identified 204 enriched pathways and processes. Furthermore,
the study showed that AHNAK can co-localize and interact with the insulin-like growth
factor 1 receptor (IGF-1R). This study sheds light on the involvement of AHNAK in HCC,
emphasizing its potential contribution to HCC growth by interacting with IGF-1R.

Gene silencing is a crucial strategy in biology for understanding gene functions, inves-
tigating disease mechanisms, and developing potential therapeutics. The 8–17 DNAzyme
is a promising tool for gene silencing due to its strong RNA-cleaving activity. However,
its practical use has been limited by its dependence on divalent cations and a lack of
comprehensive understanding of its cellular mechanisms. Zhou et al. [contribution 8]
have investigated the activity of the 8–17 DNAzyme both in vitro and within cells. They
discovered that this DNAzyme can effectively cleave RNA substrates under conditions that
simulate physiological environments. Furthermore, its gene-silencing activity is enhanced
by its compatibility with RNase H, allowing it to provide both cleavage and antisense activ-
ities within cells. They also found that chemical modifications can improve the stability,
substrate binding affinity, and gene-silencing activity of the 8–17 DNAzyme. These findings
suggest that this DNAzyme exhibits significant activity in cells, making it a valuable tool
for exploring various biomedical applications.

Liu et al. (contribution 9) have introduced a novel prognostic signature based on aging-
related long non-coding RNAs (lncRNAs) that is associated with immune cell infiltration
and responses to breast cancer (BC) immunotherapy. They obtained BC samples from the
breast-invasive carcinoma cohort within The Cancer Genome Atlas (TCGA) database and
identified differentially expressed aging-related lncRNAs (DEarlncRNAs) using Pearson
correlation analysis. Their analysis of the TCGA cohort led to the identification of a
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six aging-related lncRNA signature, comprising MCF2L-AS1, USP30-AS1, OTUD6B-AS1,
MAPT-AS1, PRR34-AS1, and DLGAP1-AS1. The time-dependent ROC curve demonstrated
the model’s strong prognostic predictability for BC patients. Patients in the low-risk group
exhibited better overall survival and lower total tumor mutational burden. Additionally,
the high-risk group had a smaller proportion of tumor-killing immune cells. It was also
noted that the low-risk group derived more significant benefits from immunotherapy and
specific chemotherapeutics compared to the high-risk group. This aging-related lncRNA
signature offers new insights and strategies for early BC diagnosis and potential therapeutic
targets, particularly in the context of tumor immunotherapy. We also published a review
paper by Sumneang et al. [contribution 10], related to the toll-like receptor 4 (TLR4)
inflammatory perspective on doxorubicin (Dox)-induced cardiotoxicity. In this review, the
authors provide an overview of the existing evidence that supports the involvement of
the TLR4 signaling pathway in various models of Dox-induced cardiotoxicity. They also
discuss the impact of the TLR4 signaling pathway on Dox-induced cardiotoxicity. Gaining
a better understanding of the role of the TLR4 signaling pathway in Dox-induced cardiac
inflammation can aid in the development of therapeutic strategies to mitigate Dox-induced
cardiotoxicity. This knowledge could be instrumental in the development of potential
therapeutic approaches to address Dox-induced cardiotoxicity and improve the overall
safety and efficacy of cancer treatment with Dox.

Biosensors. In this Special Issue, we published an interesting paper related to the
graphene oxide (GO)-sensitized surface plasmon resonance (SPR) biosensor of porcine
reproductive and respiratory syndrome virus. In this study, Liu et al. [contribution 11]
investigated the impact of GO modification on the sensitivity of an SPR biosensor and uti-
lized this GO-modified sensor for the detection of the porcine reproductive and respiratory
syndrome virus (PRRSV) in cell cultures. The results revealed that GO modification sig-
nificantly enhanced the sensitivity of the Fourier-transform SPR sensor. The GO-modified
sensor, therefore, presents a promising alternative for virus detection. This study demon-
strates the potential of GO-modified SPR biosensors for highly sensitive and label-free virus
detection, paving the way for applications in virus diagnostics and research in biological
samples.

To date, the toxicity of many chemical molecules and hypothetic molecules to special
targets can be predicted by structure-based approaches like quantitative structure/activity/
toxicity relationship (QSAR/QSTR), machine learning and artificial intelligence [1,2,4,5,8].
In addition, their toxic mechanisms can be further understood following advancements in
bioinformatics, genomics, and proteomics. This Special Issue reported the toxic effects and
mechanisms of four environmental contaminants and two natural products, as well as the
role of three biomolecules in cancer development, gene silencing, and cancer prognosis. Ad-
ditionally, the analytic determination of GO-based biosensor in pathogenic microorganisms
was also reported. It should be noted that these advances represent a mere glimpse into
the realm of molecular toxicology research. We sincerely hope that the published articles
can inspire researchers in the field and stimulate further valuable investigations. Science
is an evolving process, with progress made through affirmation and negation. Therefore,
the conclusions and viewpoints of all articles purely reflect the outcomes under specific
conditions. We look forward to seeing more valuable research in the field of molecular
toxicology with the aid of this Special Issue, contributing to the advancement of science
and the enhancement of human health.

Funding: This Special Issue was inspired by the National Natural Science Foundation of China
(No. 82003599, 32200076) and The Project of Cultivation for Young Top-Motch Talents of Beijing
Municipal Institutions (No. BPHR202203016).
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Abstract: Cardiovascular and respiratory diseases, and several cancers resulting from tobacco smok-
ing, are initially characterized by chronic systemic inflammation. Cytokine imbalances can result
in inflammation, making it important to understand the pathological mechanisms behind cytokine
production. In this study, we collected blood samples from 78 healthy male volunteers, including
non-smokers (n = 30), current smokers (n = 30), and ex-smokers (n = 18), and utilized the liquid
suspension chip technique to investigate and compare the expression levels of 17 cytokines and
chemokines in the human serum of these volunteers. The results demonstrated that the expression
levels of CXCL9/MIG and sIL-6R significantly increased after smoking, and continued to increase
after quitting smoking. The expression levels of TARC, ITAC, and sVEGFR-3 increased after smoking
but decreased after quitting smoking; the expression level of SAA significantly decreased after smok-
ing and showed an upward trend after quitting smoking. Seven cytokines (IL-1β, BCA-1, TNF-α,
CRP, ENA-78, MDC, and TNFRII) did not vary between the three groups, while four cytokines (IL-1α,
IL-6, IL-8, and SCF) were not detected in any serum sample. In conclusion, this study assessed the
physiological production of cytokines and chemokines, highlighting the differences in each due to
smoking status. Our results could help evaluate the early development of smoking-related chronic
diseases and cancers.

Keywords: smoking; inflammatory; cytokine; human serum

1. Introduction

Inflammatory responses are driven by a complex network of mediators and signaling
pathways. For example, cytokines regulating inflammatory responses include interleukins,
whose core function is the orchestration of different cells of the immune system during
host defense against pathogens, chemokines that promote chemotaxis, and interferons.
Moreover, these molecules are involved in innate and adaptive immunity, and play a signif-
icant physiological role in lymphoid tissue ontogenesis, organogenesis, vasculogenesis, and
tissue repair [1]. Diseases often occur when the expression of these molecules is chronically
altered. Indeed, chronic inflammatory diseases are recognized as the most significant cause
of death globally, with more than 50% of all deaths attributable to inflammation-related
diseases [2]. Treating inflammatory diseases poses a significant challenge to medical sci-
ence. Environmental factors play important roles in the development and progression
of inflammatory-related diseases, including tobacco smoking, which can upset the home-
ostasis of the immune system by modulating immune-regulatory activities, leading to
inflammation [3–5].

Despite widespread knowledge of the health risks associated with smoking, tobacco
use remains high in developing countries [6]. Worldwide, tobacco smoking is reported to
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have killed almost 6 million people annually, including approximately 600,000 non-smokers
who died from second-hand smoke exposure [7–9]. Therefore, tobacco smoking is a threat
to public health, and a worldwide epidemic [10].

There are several ways that tobacco smoking can lead to inflammatory and autoim-
mune diseases, including genetic/epigenetic modifications, increased oxidative stress, and
free radical production [11–14]. These effects can increase the proliferation of B and T cells;
reduce the generation, activity, and autoantibody of immuno-suppressive T regulatory
(Treg) cells; enhance the expression of pro-inflammatory mediators, such as Interleukin-1
beta (IL-1β), Interleukin-6 (IL-6), Interleukin-8 (IL-8), and tumor necrosis factors (TNFs);
and enhance the expression of chemotactic cytokines, such as recombinant human C-X-C
Motif Chemokine Ligand 9 (CXCL9/MIG), thymus and activation-regulated chemokine
(TARC), and IFN-inducible T cell α chemoattractant (ITAC) [15–23]. Chemokines are small-
molecule secretory proteins that can mediate cell directional migration, activate cellular
immune activity, and participate in immune regulation [24]. CXCL9 is a member of the
CXC chemokine family, and plays an important role in the chemotaxis of immune cells.
T lymphocytes can be recruited to inflammatory sites through CXCL9 chemotaxis, en-
hancing the proliferation of T lymphocytes and the production of cytokines in allogeneic
reaction [25,26]. Studies have found that CXCL9 plays an important role in many diseases,
including external infection, autoimmune diseases, tumor treatment, lymphoma [27], and
fatty livers [28]. Changes in these inflammatory markers and cytokines can lead to cancers
in 18 different tumor sites and a range of other chronic diseases, including coronary heart
disease, stroke, and chronic obstructive pulmonary disease [29,30]. Exposure to tobacco
smoke can also regulate the expression of cytokine receptors [31]. IL-6 is involved in many
biological processes, such as inflammation and immune regulation, while the imbalance of
immune regulation of the IL-6/ IL-6 receptor axis can lead to various inflammatory diseases,
such as rheumatoid arthritis and chronic hepatitis [32]. After specifically binding with
sIL-6R, it can activate the downstream classical signal pathway, such as the JAK/STAT3
and PI3K/Akt signaling pathways; it can then activate T cells to mediate the secretion of
inflammatory factors by immune cells such as neutrophils, fibroblasts, and macrophages,
and promote the occurrence of inflammation [33,34]. These interleukins, chemokines, and
other inflammatory-related cytokines play an important role in transmitting information,
activating and regulating immune cells, and mediating inflammatory responses, all of
which are closely related to tobacco smoke intake. Most previous studies have described
the association between tobacco smoking and diseases. For instance, smoking is known
to affect the concentration and activation of some white blood cells, including leukocytes,
which are associated with increased concentrations of the inflammatory markers C-reactive
protein (CRP) and IL-6 [35]. However, the changes to these cytokines in the serum after
smoking cessation requires further study. ITAC is distributed in a small amount in the lung,
pancreas, spleen, and other organs or tissues of normal individuals, mainly expressed by
bronchial epithelial cells and vascular endothelial cells, which mostly induce the directional
migration of T cells and trigger an inflammatory response; inhibit the growth of vascular
endothelial cells; and regulate angiogenesis, among other biological functions [36]. Soluble
vascular endothelial growth factor receptor 3 (sVEGFR-3) is a novel receptor that regulates
lymphangiogenesis by inhibiting vascular endothelial growth factor (VEGF)-C and making
it unable to activate cognate receptors; it is a potential biomarker for the antiangiogenic
activity of tyrosine kinase inhibitors [37–39]. Serum amyloid A (SAA)is a pro-inflammatory
factor, because it is an effective chemokine that mediates leukocyte migration and stim-
ulates the expression of pro-inflammatory mediators in vitro and in vivo. Since SAA is
common in chronic obstructive pulmonary disease (COPD) and lung cancer, it can predict
the severity of these two diseases, and has been identified as a biomarker of lung cancer
severity and a potential target for treatment [40–42].

Smoking causes 140,000 premature deaths from cardiovascular disease (CVD) annually
in the United States, representing approximately 30% of all smoking-related deaths [43].
Inflammation is one mechanism by which cigarette smoking could affect CVD [44,45].
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A growing body of evidence outlines the relationship between individual inflammatory
markers and smoking status. While smoking can cause immune-related diseases, the
mechanism behind how it affects inflammation is poorly understood. To understand the
changes to typical inflammatory cytokines with smoking and cessation of smoking, and
to explore smoking-related inflammation, we measured 17 inflammatory cytokines in
the serum of non-smokers, ex-smokers, and current smokers. Bio-plex suspension chip
technology was used to investigate the changes in the 17 inflammatory cytokines in the
serum of these subjects. This study was designed to provide insights into potential health
risks related to the expression of cytokines and chemokines in human serum, based on
smoking status.

2. Materials and Methods

2.1. Study Design and Participants

This study was approved by the Life Science Ethics Committee of Zhengzhou Uni-
versity. Healthy male non-smokers, and smokers between 18 and 60 years of age, were
recruited for this study, while any subject with the following conditions was excluded: an
acute or chronic infectious disease; a clinically significant disorder; or medicating with
drugs known to influence immunological factors (e.g., corticosteroids). All subjects lived
in a typical rural area in central China and had similar occupations, lifestyles, and envi-
ronmental exposure factors. There was no significant difference between or within these
groups. Once informed consent was obtained, each participant completed a self-evaluation
questionnaire assessing their history of cigarette smoking. According to relevant WHO
standards, participants were categorized by smoking status as follows: “non-smoker” (total
lifetime smoking <100 cigarettes, 30 males); “current smoker” (≥5 cigarettes/day; smoking
time ≥6 months; 30 males); or “ex-smoker” (smoking cessation ≥2 years; 18 males).

2.2. Serum Isolation

Blood samples were collected without anticoagulants in a vacuum-sealed blood col-
lection tube, and left undisturbed at room temperature for 20 min to allow them to clot
(the participant had fasted after 5 p.m. the previous day). The clots were then removed by
centrifuging the samples at 1500 g for 10 min in a refrigerated centrifuge. The resulting
supernatant was considered serum. Following centrifugation, the serum was immediately
transferred to a clean polypropylene tube using a Pasteur pipette. The samples were main-
tained at 2–8 ◦C during handling and were immediately analyzed, avoiding the freeze-thaw
cycle that could harm certain serum components.

2.3. Assessment of Inflammatory Markers

Seventeen cytokines and chemokines (IL-α, IL-1β, IL-6, IL-8, CXCL9/MIG, sIL-6R,
SAA, BCA-1, CRP, TARC, MDC, TNFRII, ITAC, SCF, ENA-78, sVEGFR3, and TNF-α)
from the serum samples were analyzed using the Bio-Plex 200 system (Bio-Rad, Hercules,
CA, USA) according to the manufacturer’s instructions, and the lower limits of detection
(LOD) for these cytokines and chemokines were 81.8, 0.4, 2.3, 1.9, 1.8, 257.6, 1100, 0.7, 4,
1.7, 0.9, 30.3, 0.1, 1.5, 7.3, 18.01, and 0.9 pg/mL, respectively. The magnetic bead-based
multiplex immunoassay principle is based on the sandwich enzyme-linked immunosorbent
assay (ELISA) model, where magnetic beads are covalently bound to antibodies that react
to the targeted biomarker. Measurements were performed twice, in accordance with
the manufacturer’s instructions. The human serum samples were stored at 2–8 ◦C, and
determined within 4 h. The cytokine assay plates were wet with an assay buffer and
washed twice with a wash buffer. Two magnetic beads were added to the 96-well plate and
serial dilutions of the reconstituted standard and samples. Second detection antibodies
with streptavidin–phycoerythrin conjugate completed the sandwich complex. Data from
the reactions were acquired using the Bio-Plex200 reader, a digital processor managed
data output, and the Bio-Plex Manager software generated data as Median Fluorescence
Intensity (MFI) and concentration (pg/mL).
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2.4. Statistical Analysis

Data were analyzed for each set of experiments, by calculating medians and inter-
quartile ranges (IQRs). Scatter plots were used to show the values of the median, IQR, and
Tukey whiskers. The nonparametric Kruskal–Wallis test, and Dunn’s multiple comparison
test, were used when appropriate. Probability (p) values were calculated, based on two-
tailed tests. Data analysis was performed using GraphPad Prism software version 5.0
(GraphPad Software, Inc., La Jolla, CA, USA). A p-value of less than 0.05 was considered
statistically significant.

3. Results

The study included 78 subjects with a mean age of 37.5 years. These included non-
smokers (30 males), current smokers (30 males), and ex-smokers (18 males). The character-
istics of gender and smoking status of the study population are shown in Table 1:

Table 1. Characteristics of the subject sample (n = 78).

Group Frequency Age (Median; Min/Max) Sex Race

non-smokers 30 36.6 yr; 19/57 yr Male Han
current-smokers 30 35.5 yr; 24/49 yr Male Han

ex-smokers 18 42.2 yr; 26/56 yr Male Han

Total 78 37.5 yr; 19/57 yr Male Han

A total of 17 cytokines and chemokines were tested in 78 samples, and were roughly
divided into four groups based on their expression across the three groups. CXCL9/MIG
and sIL-6R were continuously up-regulated in the three groups, and TARC, ITAC, sVEGFR3,
and serum amyloid A protein (SAA) returned to normal levels after smoking cessation.
IL-1β, BCA-1, tumor necrosis factor-α (TNF-α), CRP, ENA-78, MDC, and TNFRII did not
significantly differ across the groups. The production of these molecules was constant.
Several cytokines (IL-1α, IL-6, IL-8, and SCF) were below the lower LOD in all subjects,
either because levels were very low or because the molecules were not produced by healthy
subjects. The expression levels of various cytokines and chemokines in different groups
were shown in Table 2:

Table 2. Expression of cytokines and chemokines in three groups (pg/mL).

Expression Trends Cytokine Non-Smokers Current-Smokers Ex-Smokers p-Value

Continuous
increase

CXCL9/MIG 1320.65 1493.70 1928.06 0.03/0.03
sIL-6R 57,248.93 70,286.72 76,155.75 2.96 × 10−3/6.84 × 10−3

Recovery after
smoking cessation

TARC 19.47 25.47 22.39 1.28 × 10−4/1.61 × 10−2

ITAC 48.09 105.34 84.09 0.07 × 10−4/3.89 × 10−2

sVEGFR3 20,058.64 27,610.30 26,732.49 0.06 × 10−4/2.53 × 10−2

SAA 8833.60 4771.36 7609.59 0.03 × 10−4/9.37 × 10−3

No significant
difference

IL-1β 12.35 22.21 38.24 0.35/0.43
BCA-1 24.92 39.37 27.55 0.84/0.35
TNF-α 11.21 13.95 10.63 0.99/0.191

CRP 9055.50 7058.28 11,859.6 0.918/0.30
ENA-78 547.60 457.60 649.28 0.51/0.34

MDC 408.08 430.63 396.81 0.47/0.34
TNFRII 14,775.96 15,543.39 13,188.03 0.94/0.17

Not detected

IL-1α — — — /
IL-6 — — — /
IL-8 — — — /
SCF — — — /
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Values are expressed as pg/mL, median (IQR); differences between groups were not
statistically significant (p > 0.05) after performing a Kruskal–Wallis test and Dunn’s multiple
comparison test. The left side of the p-value column indicates the result of the differential
analysis between non-smokers and current-smokers, and the right side is the result of the
differential analysis between current-smokers and ex-smokers. Cytokines and chemokines
were not detected in any group, either because they were under the lower limit of detection
(LOD, pg/mL) or because they were not produced.

3.1. Cytokine Levels Significantly Increased in Non-Smokers, Current Smokers, and Ex-Smokers

Levels of CXCL9/MIG and sIL-6R in the non-smoker group were significantly lower
when compared to the current smoker and ex-smoker groups. Additionally, the levels of
both CXCL9/MIG and interleukin 6 soluble receptor (sIL-6R) gradually increased in the
non-smokers (n = 30), current smokers (n = 30), and ex-smokers (n = 18) (Figure 1).

Figure 1. Scatter plots of serum levels (pg/mL) of cytokines CXCL9/MIG and sIL-6R for non-smokers
(n = 30), current smokers (n = 30), and ex-smokers (n = 18). Whiskers were calculated using the
Tukey method. Outliers not shown. * p < 0.05, ** p < 0.01: Kruskal–Wallis test and Dunn’s multiple
comparison test.

3.2. Changes in Four Types of Cytokines

The levels of human TARC, ITAC, and sVEGFR3, were all significantly higher in
current smokers than in non-smokers and ex-smokers. However, SAA content was lowest
in current smokers and highest in ex-smokers (Figure 2).

Figure 2. Scatter plots of serum levels (pg/mL) of cytokines TARC, ITAC, sVEGFR3, and SAA for
non-smokers (n = 30), current smokers (n = 30), and ex-smokers (n = 18). Whiskers calculated using
the Tukey method. Outliers not shown. * p < 0.05, ** p < 0.01, *** p < 0.001: Kruskal–Wallis test and
Dunn’s multiple comparison test.
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4. Discussion

This study assessed the effects of smoking on the inflammatory cytokine levels of
78 adult male subjects, identifying substantial differences in several immune cytokines
between non-smokers (n = 30), current smokers (n = 30) and ex-smokers (n = 18). These
cytokines mediate various mechanisms of the immune and inflammation responses, such as
the chemotaxis of T cells and eosinophils, inflammation, and anti-inflammation processes.
In addition, cytokines are also involved in cell development/differentiation, cell growth
and activation, angiogenesis, and hematopoiesis. These findings provide strong evidence
that smoking could affect systemic immunity and inflammation.

Toxicants in cigarette smoke can alter several pulmonary and systemic immune char-
acteristics related to several immune cells, including increases in macrophages, neutrophils,
eosinophils, and mast cells, and the functionality of various immune cells [46]. Compared
to the non-smokers, the expression of CXCL9/MIG and sIL-6R in the serum of the current
smokers and ex-smokers continued to increase. CXCL9/MIG serves as an important an-
tiviral defense, and plays an important role in the development or prevention of certain
lung diseases [47–49]. CXCL9/MIG is one of three chemokines, along with CXCL10 and
CXCL11, that are highly induced by IFN-γ, as well as by type I and III IFNs [48,50,51]. Our
results demonstrate that smoking increases cytokine CXCL9/MIG expression, which can
partially explain the pro-inflammatory and pro-atherosclerotic properties of smoking, and
could be one of the adverse side effects of long-term nicotine use. In the blood of healthy
human body, sIL-6R can be detected [52], and sIL-6R expression could increase in some
immune diseases, such as peritonitis [53] and rheumatoid arthritis [54]. This suggests that
sIL-6R play an important role in immune diseases. Studies have reported the immune
effects of IL-6 and sIL-6R in HBV-infected humans. Increased serum sIL-6R concentra-
tions have been observed in patients with hepatitis B treated with interferon [55]. The
concentration of serum sIL-6R did not increase in patients who experienced no effects after
interferon treatment. Studies have demonstrated that smoking status is closely related to
increases in sIL-6R receptor levels in human serum [56], which is consistent with the results
of this study. In the former smoker group, the expression of sIL-6R continued to increase,
which could be due to overcompensation caused by metabolic adaptation after smoking
cessation [56]. In this study, we found that the levels of CXCL9/MIG and sIL-6R in serum
increased after smoking, while the levels of these two cytokines did not decrease after
smoking cessation. These results indicate that smoking could exacerbate inflammation,
and that inflammation did not decrease or increase continuously after quitting smoking.
This suggests that continuous smoking could increase some inflammatory factors. At the
same time, the body adapted, and quitting smoking disrupted this stability, further increas-
ing relevant inflammatory factors. It remains unclear whether inflammatory responses
decrease after smoking cessation or how long the inflammatory response would decrease
after smoking cessation for the body to re-adapt.

Our results demonstrated that there were significant differences in inflammatory cell
molecules after quitting smoking. Among ex-smokers, the levels of chemokines (TARC,
ITAC) and growth factor receptors (sVEGFR3) approached levels observed in non-smokers,
as the time since smoking cessation increased. Therefore, smoking could change those
cytokines that gradually revert to normal levels once an individual stops smoking. It has
been reported that concentrations of TARC in the serum decrease once an individual quits
smoking, and are associated with a decrease in pulmonary inflammation [57]. In addition,
the levels of ITAC and sVEGFR3 in ex-smokers were significantly lower than the levels
in the smoker group, which was consistent with the results of Sami, et al., [58,59]. ITAC
is related to triggering an inflammatory response and inhibiting the growth of vascular
endothelial cells [36]. sVEGFR3 regulates lymphangiogenesis by inhibiting VEGF-C, and
preventing it from activating its homologous receptor. Overexpression of sVEGFR3 in
lung cancer cells can effectively inhibit the density of lymphatic vessels in the tumor, and
reduce the incidence of lymph node metastasis [60]. Smoking can damage microvascular
function and vascular endothelial function, and reduce the synthesis of oxyhemoglobin [61].
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The decreased expression of ITAC after smoking cessation could be related to reduced
inflammation and/or the normal growth of vascular endothelial cells [36]. sVEGFR-3
is a novel soluble vascular endothelial growth factor receptor [37], and it is a potential
biomarker for the antiangiogenic activity of tyrosine kinase inhibitors [38]. Gene therapy
for endometrial cancer lymph node and lung metastases is made possible using muscle-
mediated sVEGFR-3 expression [39]. This study demonstrates that the expression levels
of ITAC and sVEGFR3 increased in current smokers, and that these expression levels
significantly decreased after smoking cessation, which could be because smoking triggers
an inflammatory response that leads to vascular endothelial dysfunction and a certain
degree of recovery after smoking cessation.

Our findings suggest that current smokers may have suppressed levels of systemic
immune markers, with reduced systemic levels of certain immune/inflammatory cytokines
(SAAs), compared to non-smokers, and increased levels after smoking cessation, and
that the SAA level of current smokers significantly differed from that of non-smokers
and ex-smokers. This was different from the finding that there was no difference in SAA
levels before and after smoking [62]. However, this could be due to the small sample size
(10 normal smokers and 10 moderate smokers with persistent asthma) and individual
differences. Our findings also differed from the findings that SAA low-density lipoprotein
levels showed a significant upward trend from non-smokers to current smokers [63]. SAA
is pro-inflammatory because it is a potent chemokine that mediates leukocyte migration
and can also stimulate the expression of pro-inflammatory mediators under in vitro and
in vivo conditions [40–42]. Systemic inflammation is common in COPD and lung cancer,
and SAA is predictive of severity in both diseases, but the subject group was 578 obese
Japanese outpatients [63]. Therefore, the different results obtained by different studies
might be related to the sample size, race, health status, age, and other factors of the test
group, which requires further discussion and research.

Four kinds of cytokines were not detected in the serum of all healthy subjects in this
study. Some of these molecules are unique to certain pathological situations or are related
to an inflammatory response. For example, IL-1α, IL-6, and IL-8 are all molecules with a
strong inflammatory role [21,64–66]. Previous studies have found that levels of IL-6, IL-1 α,
and IL-8 in smokers were higher than those in ex-smokers because exposure to cigarette
smoke increases oxidative stress [18,23]. We did not detect IL-6, IL-1 α, or IL-8 in our study,
which could be due to the sample size. In addition, previous studies have found SCF to
be elevated in pancreatic ductal adenocarcinoma patients, and SCF plays an important
role in the pathophysiology of mast cells [67,68]. Other cytokines (IL-1β, BCA-1, TNF-α,
CRP, ENA-78, MDC, and TNFRII) showed no obvious differences between the non-smoker
(n = 30), current smoker (n = 30), and former smoker groups (n = 18). This suggests that
smoking has no obvious effect on the expression pathways of MDC and TNFRII.

We analyzed the serum collected from the three types of subjects, so the levels we
detected were those of mature and circulating cytokines and chemokines. We did not
analyze the relationship between the number of cigarettes smoked and the inflammatory
factor levels. However, this study could be useful as a reference to help evaluate the serum
levels of cytokines and chemokines in healthy subjects of different smoking statuses. Our
results suggest that inflammatory cytokines such as CXCL9/MIG, sIL-6R, and TARC could
add moderate predictive value when evaluating smoking-related lung diseases. Additional
studies, ideally with larger sample sizes and more diverse subject groups, are needed to
better understand how these cytokines and chemokines are produced and modified under
different environmental and physiological conditions.

5. Conclusions

In this study, serum samples from 78 healthy male volunteers (aged 18–60) were
analyzed using the suspension chip technique to measure 17 different inflammatory and
immune cytokines related to three smoking statuses. Long-term smoking can result in
the up-regulation of CXCL9/MIG and sIL-6R, a trend that continues to increase after
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quitting. Smoking caused the levels of TARC, ITAC, and sVEGFR3 to be up-regulated.
After quitting, these levels gradually decreased, and almost declined to levels observed in
the non-smokers. This study found that smoking had a decreasing effect on SAA, but levels
of SAA expression increased to that of non-smokers after smoking cessation. Smoking
does not affect the expression of MDC, CRP, IL-1β, BCA-1, TGF-a, ENA-78, or TNFRII,
which could require a larger sample size for a more refined analysis. Assessing the levels
of IL-1α, IL-6, IL-8, and SCF will also require a larger sample size along with a more
sensitive detection method. Therefore, smoking or smoking cessation will cause significant
changes in cytokine levels. Changes in related cytokines after smoking cessation are mainly
restorative, while some cytokines further strengthen the trend of smoking-related changes.
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Abstract: Both tobacco-specific carcinogen 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK)
and nicotine can be metabolized by cytochrome P450 2A13 (CYP2A13). Previous studies have shown
that nicotine has a potential inhibitory effect on the toxicity of NNK. However, due to the lack of
CYP2A13 activity in conventional lung cell lines, there had been no systematic in vitro investigation
for the key target organ, the lung. Here, BEAS-2B cells stably expressing CYP2A13 (B-2A13 cells)
were constructed to investigate the effects of nicotine on the cytotoxicity and genotoxicity of NNK.
The results showed more sensitivity for NNK-induced cytotoxicity in B-2A13 cells than in BEAS-2B
and B-vector cells. NNK significantly induced DNA damage, cell cycle arrest, and chromosomal
damage in B-2A13 cells, but had no significant effect on BEAS-2B cells and the vector control cells.
The combination of different concentration gradient of nicotine without cytotoxic effects and a
single concentration of NNK reduced or even counteracted the cytotoxicity and multi-dimensional
genotoxicity in a dose-dependent manner. In conclusion, CYP2A13 caused the cytotoxicity and
genotoxicity of NNK in BEAS-2B cells, and the addition of nicotine could inhibit the toxicity of NNK.

Keywords: NNK; nicotine; cytotoxicity; genotoxicity; cytochrome P450 2A13

1. Introduction

4-(Methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK), the strongest carcinogen of
tobacco-specific N-nitrosamines (TSNAs) in cigarette smoke, is listed as a Group 1 hu-
man carcinogen by the International Agency for Research of Cancer. NNK is also a key
component of monitored tobacco carcinogens and is thought to play an important role in
smoking-related cancers in humans [1–4]. NNK must be metabolically activated to exert
its carcinogenic and toxicological properties [2,5]. It is difficult to study the toxic effects
of NNK due to the complexity of NNK metabolism, including the enzyme system and
activation process of the catalysis [1]. NNK leads to the α-hydroxylation of methyl or
methylene carbon via bioactivation of cytochrome P450 enzymes (CYP), and CYP2As play
pivotal roles in the metabolic activation of NNK in the human pulmonary system, such
as CYP2A6, CYP2A7, and CYP2A13. Among these, CYP2A7 is defective in incorporating
heme molecules and therefore is an inactive enzyme in vitro. The tissue distribution of
these enzymes revealed that CYP2A6 is mainly expressed in the liver, and a minimally in
the lungs, and CYP2A13 is predominantly expressed in the respiratory tract, including
lung, trachea, and nasal mucosa [6,7]. The metabolism of NNK form unstable interme-
diates that are then broken down into electrophilic methyl-, pyridine-, oxa-nbutyl-, and
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pyridylhydroxybutyl-diazonium ions. These ions may attack DNA molecules, and lead
to the formation of methyl and butylpyridoxine DNA adducts, other DNA damage and
chromosome damage, which could be involved in the toxicological properties of NNK [7,8].

Of all the human CYP enzymes detected thus far, CYP2A13 is the most active and
efficient enzyme for NNK metabolic activation in vitro and in vivo [2,9]. CYP2A13 is also
a catalyst for nicotine, which is the main alkaloid in tobacco and the primary addictive
substance in cigarette smoke, maintaining the long-term use of tobacco products [10,11].
Previous studies showed that irreversible inactivation of CYP2A13 enzyme activity occurs
in a time and dose-dependent manner after nicotine metabolism [12]. This affects the
metabolic activation of NNK, and then affects the toxic effect of NNK, so it is of great
significance to explore the effect of nicotine on the toxicity of NNK. Nicotine has been
reported to prevent NNK-induced DNA damage in human hepatic-derived cells, possibly
by inhibiting CYP enzymes [13]. However, that study only used a single genotoxicity index
to investigate, and did not conclusively demonstrate that nicotine inhibited NNK-induced
DNA damage mediated by CYP enzyme. NNK is a more potent lung carcinogen than that
of the liver [14], and the main target organ for cancer caused by NNK is the lungs [15].
Therefore, it is necessary to study the effect of nicotine on NNK-induced toxicity in the
lung, especially genotoxicity.

Typically, the ideal system to study lung carcinogenicity would be airway cells with
a metabolic capacity [13]. Immortalized human bronchial epithelial (BEAS-2B) cells can
be used as a substitute in toxicological and pharmacological studies due to their relatively
high homology to human lung tissues and primary cells in gene expression patterns [15],
but studies have demonstrated low activity and low expression of CYP2A13 in BEAS-2B
cells [16]. Moreover, the CYP enzymes required for NNK metabolism are lacking in
conventional test lung cell lines [16,17]. Thus, this study established genetic engineered
BEAS-2B cells that could stably express CYP2A13 (B-2A13) using the lentiviral system, and
BEAS-2B cells and the vector control cells were used as the control. Based on these cell
lines, this study explored the role of CYP2A13 in cytotoxicity and genotoxicity of NNK and
the effect of nicotine on the toxic effects induced by NNK in lung cells.

2. Results and Discussion

Tobacco is a potent multisite carcinogen with a substantial worldwide impact [18].
Both nicotine and NNK are important components in cigarette smoke that contribute to
cancer development [19,20], and nicotine has been reported to inhibit the metabolism of
NNK by inhibiting CYP2A13 [21,22], so it is of great significance to investigate the effect
of CYP2A13-mediated nicotine on the cytotoxicity and genotoxicity of NNK on lung cells.
Therefore, based on the constructed B-2A13 cells, the toxic effects of NNK alone and NNK
combined with nicotine were studied in this study.

2.1. Identification of BEAS-2B Cells That Stably Express CYP2A13

BEAS-2B cells stably expressing CYP2A13 (B-2A13) or vector (B-Vector) were con-
structed using the lentiviral system. The expression abundance of mRNA of the CYP2A13
gene in BEAS-2B cells, B-Vector cells, and B-2A13 cells was determined by quantitative
Real-Time PCR (qRT-PCR), and the results showed that the expression abundance of the
CYP2A13 in B-2A13 cells was significantly higher than that in B-Vector and BEAS-2B cells
(p < 0.001) (Figure 1A). For example, the expression abundance of the CYP2A13 gene in
B-2A13 cells was 438,836.7 times higher than that in BEAS-2B cells (Figure 1A). Western
blotting showed that the single CYP2A13 protein band was detected in B-2A13 cells, while
there were no obvious bands observed in the B-Vector and BEAS-2B cells (Figure 1B). This
indicates that CYP2A13 was successfully expressed in BEAS-2B cells, which was consistent
with the results obtained by qRT-PCR. It indicated that BEAS-2B cells stably expressing
CYP2A13 were successfully established.
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Figure 1. Identification of BEAS-2B cells that stably express the cytochrome P450 2A13 (CYP2A13).
(A) mRNA expression of CYP2A13 in cells determined with quantitative Real-Time PCR (qRT-PCR).
(B) Characterization of CYP2A13 protein expression in cell lysates. The protein levels of CYP2A13
were detected by Western blotting. Beta-actin gene (ATCB) gene served as a reference gene in the
qRT-PCR experiment. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) served as a reference
protein in the WB experiment. ***: p < 0.001.

2.2. Effects of Nicotine on NNK-Induced Cytotoxicity in B-2A13 Cells

To obtain suitable dosing concentration ranges for nicotine and NNK, cytotoxicity was
first evaluated using the Cell Counting Kit-8 (CCK-8) assay. NNK induced cytotoxicity in
B-2A13 cells in a dose-dependent manner, and B-2A13 cells were more sensitive to NNK
than B-Vector cells and BEAS-2B cells (Figure 2A). After 24 h of treatment, the IC20 value of
NNK was 24.52 μM, 265.04 μM, and 376.14 μM for B-2A13, B-Vector, and BEAS-2B cells,
respectively. These results showed that CYP2A13 played an indispensable mediating role
in NNK-induced cytotoxicity.
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Figure 2. Nicotine inhibited 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK)-induced cyto-
toxicity in B-2A13 cells. Cells were treated with NNK and/or nicotine for 24 h. Cell viability of
BEAS-2B, B-Vector, and B-2A13 cells after treatment with NNK (A) and nicotine (B). B-2A13 cells had
no significant effects on the cell viability (p > 0.05). Cell viability (C), cell count (D), and nucleus area
(E) of B-2A13 cells after treatment with a combination of NNK and nicotine. Vehicle control (VC)
was cells treated with dissolved in dimethyl sulfoxide (DMSO) (0.004%). * Shows comparison with
VC group, * p < 0.05, ** p < 0.01, and *** p < 0.001; # Shows comparison with 20 μM of NNK group,
# p < 0.05, ## p < 0.01, and ### p < 0.001.

The viability of cells exposed to nicotine is shown in Figure 2B. Effects of nicotine on
the viability of BEAS-2B, B-Vector, and B-2A13 cells were similar. There was no significant
difference in the cell viability after 24 h of treatment with nicotine (10–1000 μM) compared
to the control group (p > 0.05) in B-2A13 cells. Accordingly, 10–1000 μM of nicotine was
selected for further experiments for the co-exposure of nicotine and NNK.

Nicotine reduced NNK-induced inhibition of cell viability in B-2A13 cells in a dose-
dependent manner (Figure 2C). In the High content screening (HCS) approach, after
24 h of treatment with 20 μM of NNK in B-2A13 cells, the number of cells significantly
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decreased (Figure 2D, p < 0.05), and the area of the nucleus significantly increased (Figure 2E,
p < 0.001). However, these adverse changes were mitigated in all the groups co-incubated
with nicotine.

To avoid false positive genotoxic signals due to cell apoptosis or necrosis, experimental
compounds or mixtures are generally considered to be genotoxic when the cell viability of
the experimental compound or mixture is greater than 80%, and the induction of H2AX
phosphorylation is at least 20% higher than that of the control [23,24]. Therefore, this study
used 20 μM of NNK for the combined exposure with nicotine, and the cytotoxicity of this
concentration was not higher than 20% in B-2A13 cells. To investigate the effects of nicotine
with different concentration gradients on the cytotoxicity and genotoxicity of NNK, three
noncytotoxic concentrations of nicotine (10, 100, and 1000 μM) were selected.

2.3. Effects of Nicotine on NNK-Induced Genotoxicity and Cell Cycle Arrest in B-2A13 Cells

γH2AX is widely recognized as a sensitive biomarker of DNA double-strand breaks
(DSBs) [25]. DNA damage was determined using γH2AX assay. After 24 h of treatment
with 1.25–20 μM of NNK, the fluorescence intensity of γH2AX dose-dependently increased
in B-2A13 cells and 1.25 μM of NNK significantly induced γH2AX in B-2A13 cells (p < 0.001)
compared with the vehicle control, while BEAS-2B cells and B-vector cells had no significant
effects on NNK-induced γH2AX compared with the vehicle control (Figure 3A,B). These
results demonstrated that the involvement of CYP2A13 promoted NNK-induced DNA
damage. About 20 μM of NNK increased the fluorescence intensity of γH2AX in cell
nuclei of B-2A13 cells, while the groups incubated with nicotine dose-dependently down-
regulated the fluorescence intensity of γH2AX in B-2A13 cells (Figure 3C,D). Therefore,
nicotine inhibited NNK-induced DNA damage in B-2A13 cells in a dose-dependent manner.

The cytoplasmic block micronucleus (CBMN) and non cytoplasmic block micronucleus
(NCBMN) assay were used to evaluate chromosome damage. Compared with the vehicle
control, CBMN frequency and NCBMN frequency of B-2A13 cells increased in a dose-
dependent fashion. About 5 μM NNK significantly increased CBMN frequency (p < 0.05)
(Figure 4A), and 2.5 μM NNK significantly increased NCBMN frequency in B-2A13 cells
(p < 0.05) (Figure 4B), whereas no significant changes in CBMN frequency and NCBMN
frequency were found in either BEAS-2B or B-Vector cells (p > 0.05) (Figure 4A,B). These
results demonstrated that chromosomal damage induced by NNK needed mediation by
CYP2A13. As expected, nicotine could reduce the CBMN frequency and the NCBMN
frequency, and as the concentration increased, the CBMN frequency and the NCBMN
frequency returned to the basal level (Figure 4C,D). Thus, nicotine inhibited the CYP2A13-
mediated genotoxic effects (DNA damage and chromosome damage) of NNK.

The percentage of cells in the S-phase and G2-phase increased in a dose-dependent
manner after 24 h of NNK treatment in B-2A13 cells (Figure 5A). However, no significant
effect of NNK was found on the cell cycle arrest in BEAS-2B cells and B-vector cells (p > 0.05)
(Figure 5B,C). In concordance with the above results, nicotine restrained NNK-induced cell
cycle arrest in B-2A13 cells in a concentration-dependent manner (Figure 5D).

A systemic toxicity assessment of NNK based on normal lung cells stably expressing
CYP2A13 had not been previously reported. The current study demonstrated that NNK-
induced cytotoxicity was more pronounced in B-2A13 cells compared to BEAS-2B and
B-Vector cells, and NNK dose-dependently increased γH2AX expression, the frequency
of micronuclei, the S/G2-phase cell population, while no differences were observed in
BEAS-2B and B-Vector cells between the treatment and control groups. This indicated
that CYP2A13 played an indispensable mediating role in NNK-induced cytotoxicity and
genotoxicity. Similar results were also found in B-2A13 cells treated with nicotine-free
cigarette smoke extract and total cigarette smoke extract [6]. Previous studies demonstrated
that NNK exposure to A549 and BEAS-2B cells did not have a significant dose/time-
dependent effect on γH2AX at various test concentrations and exposure times [26,27]. This
is because BEAS-2B and A549 cells show very little CYP2A6 and CYP2A13 activity [16],
which are key enzymes in the metabolic activation of NNK [7].
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Figure 3. Nicotine inhibited NNK-induced DNA damage in B-2A13 cells. DNA damage was
determined using γH2AX assay with high content screening. Cells were treated with NNK alone or a
combination of NNK and nicotine for 24 h. (A) Immunostaining and imaging analysis of γH2AX
in B-2A13 cells treated with NNK. (B) Relative γH2AX intensity in BEAS-2B, B-Vector, and B-2A13
cells treated with NNK. (C) Relative γH2AX intensity in B-2A13 cells treated with a combination
of NNK and nicotine. (D) Immunostaining and imaging analysis of γH2AX in B-2A13 cells treated
with a combination of NNK and nicotine. Vehicle control (VC) was cells treated with DMSO (0.004%).
* Shows comparison with VC group, ** p < 0.01, and *** p < 0.001; # Shows comparison with 20 μM of
NNK group, ### p < 0.001.
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Figure 4. Nicotine inhibited NNK-induced chromosome damage in B-2A13 cells. Chromosome
damage was detected using the cytoplasmic block micronucleus (CBMN) and non cytoplasmic block
micronucleus (NCBMN) assays with high content screening. Cells were treated with NNK alone or
a combination of NNK and nicotine for 24 h. CBMN frequency (A) and NCBMN frequency (B) in
BEAS-2B, B-Vector, and B-2A13 cells treated with NNK. CBMN frequency (C) and NCBMN frequency
(D) in B-2A13 cells treated with a combination of NNK and nicotine. Vehicle control (VC) was
cells treated with DMSO (0.004%). * Shows comparison with VC group, * p < 0.05, ** p < 0.01, and
*** p < 0.001; # Shows comparison with 20 μM of NNK group, # p < 0.05, and ### p < 0.001.

Moreover, we found that nicotine dose-dependently inhibited cytotoxicity, DNA
damage, chromosome damage, and cell cycle arrest induced by NNK in B-2A13 cells. This is
in agreement with previous studies in which NNK-induced DNA damage was inhibited by
nicotine in hepatic-derived cell lines, possibly due to nicotine inhibiting CYP enzymes [13].
Previous researches had reported that nicotine or nicotine metabolites inhibit various CYPs
involved in the bioactivation of NNK, including CYP2A13, CYP2A6, and CYP2E1 [21].
Nicotine has a competitive inhibitory effect on CYP2A13-mediated NNK metabolism with
a higher affinity [21,22]. β-nicotyrine, a nicotine-related alkaloid, has also been shown
to inhibit CYP2A13 and CYP2A6 in vitro [28,29]. CYP2E1 activates nitrosamines and is
competitively suppressed by nicotine in the livers of both humans and rats [30]. A molecular
dynamics simulation-based study showed that nicotine had a stronger affinity for CYP2A13
than NNK [31]. Therefore, CYP2A13-catalyzed NNK metabolism may be competitively
inhibited by nicotine, resulting in a decrease in NNK-induced cytotoxicity and genotoxicity.
Moreover, in vitro work using purified enzymes demonstrated that CYP2A6 and CYP2A13
inactivated in the process of nicotine metabolism [12]. Further investigation found that the
nicotine Δ5′(1′) iminium ion is an inactivator of both CYP2A6 and CYP2A13 [32]. Hence
another hypothesis is that nicotine metabolites inactivate CYP2A13 leading to a reduction
in NNK-induced toxicity.
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Figure 5. Nicotine inhibited NNK-induced cell cycle arrest in B-2A13 cells. Cells were treated with
NNK alone or a combination of NNK and nicotine for 24 h. Cell cycle in B-2A13 cells (A), BEAS-2B
cells (B), and B-Vector cells (C) treated with NNK, and cell cycle in B-2A13 cells treated with a
combination of NNK and nicotine (D). Vehicle control (VC) was cells treated with DMSO (0.004%).
* Shows comparison with VC group, * p < 0.05, ** p < 0.01, and *** p < 0.001; # Shows comparison
with 20 μM of NNK group, # p < 0.05, ## p < 0.01, and ### p < 0.001.

Based on the results from the study, a putative schematic representation of the molecu-
lar mechanism involving the effects of nicotine on NNK-induced toxicity in B-2A13 cells
was suggested (Figure 6). This speculates that NNK is metabolized by CYP2A13 to produce
toxic substances, leading to DNA damage in cells. DNA damage can activate DNA damage
checkpoints, which can slow down or arrest cell cycle progression, so that cells can repair or
prevent the spread of damaged chromosomes [33,34]. If the DNA damage can be repaired,
the cells return to a normal cell cycle and survive, or otherwise they will lead to further
chromosomal damage [35], and eventually lead to cell death [36]. Nicotine can inhibit these
toxic effects of NNK by inhibiting CYP2A13.
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Figure 6. The putative schematic representation of the molecular mechanism involved in the effects
of nicotine on NNK-induced toxicity in B-2A13 cells. The up and down arrows represent rising and
falling respectively.

To our knowledge, this study is the first to investigate the inhibitory effects of nicotine
on the cytotoxicity and genotoxicity of NNK based on normal lung cells stably expressing
CYP2A13. This study clarified the protective effect of nicotine on the toxic effect of NNK.
NNK is the most well-known carcinogen in cigarette smoke, its key metabolic enzyme
CYP2A13 can also metabolize many other carcinogens and/or harmful components in
cigarette smoke, such as benzo-pyrene, naphthalene, and 3-methylindole, polycyclic aro-
matic hydrocarbons (pyrene, 1-hydroxypyrene, 1-nitropyrene and 1-acetylpyrene), and
heterocyclic amines [37]. They are also thought to be associated with lung cancer [38].
Therefore, nicotine has a potential protective mechanism against carcinogenesis of various
cigarette smoke components. One limitation of this study is that the molecular mechanism
whereby nicotine inhibits NNK toxicity has not been fully elucidated. Therefore, future
studies should consider the mechanism by which nicotine inhibits NNK-induced toxicity
via enzyme activity and metabolic markers with nicotine present or absent.

3. Materials and Methods

3.1. Chemicals

NNK (>98% purity) was acquired from Toronto Research Chemicals (Toronto, ON,
Canada). Nicotine (>99% purity) was obtained from the Key Laboratory of Tobacco Biolog-
ical Effects (Zhengzhou, China).

3.2. Cell Culture and Treatment

BEAS-2B cells were acquired from the Key Laboratory of Tobacco Biological Effects
(Zhengzhou, China), and cultured in Bronchial Epithelial Cell Growth Medium (BEGM,
Lonza, Walkersville, MD, USA) in a humidified incubator with 5% CO2 at 37 ◦C. NNK
was dissolved in dimethyl sulfoxide (DMSO) before it was used. The final exposure
concentrations of NNK and nicotine were obtained by serial dilutions with the culture
medium, and cells were exposed to NNK or/and nicotine in multi-well plates in a CO2
incubator. The final concentration of DMSO was less than 0.3%.

3.3. Establishment of BEAS-2B Cells Expressing CYP2A13

CYP2A13 overexpression lentivirus and empty lentivirus were purchased from GeneChem
(Shanghai, China). According to the manufacturer’s instructions, BEAS-2B cells (1 × 105)
were cultured in six-well plates, and when the cell density reached 20%, BEAS-2B cells were
infected with lentivirus. The multiplicity of infection (MOI) value was 50. The medium in
the plates was discarded and complete culture medium containing lentiviral stock solution
and HitransG A (Genechem, Shanghai, China) was added into plates. The medium was
replaced after 16 h and the cells were observed under fluorescence microscopy to evaluate
the efficiency of the infection after 72 h. Empty lentivirus and non-infected cells were used
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as negative controls. About 1 μg/mL of puromycin was added to each well for screening
the robust cells expressing CYP2A13.

3.4. qRT-PCR Analysis

qRT-PCR was performed as previously described [39]. Briefly, total RNA was extracted
from cells using Trizol reagent (Pufei, Shanghai, China). The RNA was reverse-transcribed
into cDNA using M-MLV reverse transcriptase (Promega, Madison, WI, USA). qRT-PCR
was performed using SYBR Premix Ex Taq (Takara, Shiga, Japan). The primers used were:
for CYP2A13, 5′-CGCTACGGTTTCCTGCTGCTC-3′(forward) and 5′- CATCTTGGCCCG-
GTCCTCAA -3′ (reverse); and for beta-actin (ACTB), 5′- GCGTGACATTAAGGAGAAGC
-3′ (forward) and 5′- CCACGTCACACT TCATGATGG -3′ (reverse). CYP2A13 mRNA
expression was normalized to ACTB mRNA expression.

3.5. Western Blot Analysis

WB analysis was performed according to previously described procedures [40]. The
primary antibodies against CYP2A13 (Invitrogen, PA5-101310) and GAPDH (Cell Signaling
Technology, 97166S) were diluted at a ratio of 1:1000. The secondary antibodies, Goat
anti-rabbit IgG-HRP (Cell Signaling Technology, 7074S,) and Horse anti-mouse IgG-HRP
(Cell Signaling Technology, 7076S), were diluted at a ratio of 1:3000. The reference protein
GAPDH was used to calibrate the errors generated by sample loading.

3.6. Assessment of Cytotoxicity

CCK-8 assay: Cell cytotoxicity was determined using the Cell Counting Kit-8 (CCK-8,
Dojindo, Kumamoto, Japan) [41]. Approximately 1 × 104 cells were plated into each well
of a 96-well microplate. After 24 h of incubation in a CO2 incubator at 37 ◦C, the original
medium was aspirated and a fresh medium containing NNK and/or nicotine was added.
After 24 h of treatment, 10% (v/v) CCK-8 solution was added and incubated at 37 ◦C for 3 h.
The optical density (OD value) was measured at a wavelength of 450 nm with a microplate
reader (Molecular Devices LLC, San Jose, CA, USA).

HCS: The experimental protocol for HCS was previously described [42,43]. Ap-
proximately 1 × 104 cells were plated into each well of a PhenoPlate 96-well microplate
(PerkinElmer, Waltham, MA, USA). After 24 h of incubation in a CO2 incubator at 37 ◦C,
the original medium was aspirated and a fresh medium containing a combination of NNK
and nicotine was added. After 24 h of treatment, the B-2A13 cells were stained with
Hoechst 33342 (Beyotime, Shanghai, China). Hoechst 33342 can measure features such
as cell count and nuclear area by labeling DNA. Cell imaging with fluorescence analysis
was performed on a PerkinElmer Operetta CLS High Content Screening platform with
Harmony 4.5 software (PerkinElmer, Waltham, MA, USA).

3.7. γH2AX Assay

The γH2AX assay was modified on the basis of the previous experimental method [44].
Approximately 1 × 104 cells were plated into each well of a PhenoPlate 96-well microplate
(PerkinElmer, Waltham, MA, USA), and 24 h later cells were continuously exposed to
NNK or a combination of NNK and nicotine for 24 h. The cells were then washed with
phosphate-buffered saline (PBS) fixed with 4% paraformaldehyde (Beyotime, Shanghai,
China), permeabilized with immunostaining permeable fluid (Beyotime, Shanghai, China),
and blocked with 5% bovine serum albumin (BSA, Sigma-Aldrich, St. Louis, MO, USA).
After blocking, the cells were incubated with 100 μL of 0.1% (v/v) Phospho-Histone H2A.X
(Ser139) Antibody (Cell Signaling Technology, Danvers, MA, USA) in 1% BSA overnight
at 4 ◦C. After being washed three times with PBS, the cells were incubated with 100 μL
of 0.1% (v/v) Anti-rabbit IgG (H + L), F(ab’)2 Fragment (Alexa Fluor® 647 Conjugate)
(Cell Signaling Technology, Danvers, MA, USA) in 1% BSA for 2 h at room temperature in
darkness. Next, 100 μL of Hoechst 33342 (Beyotime, Shanghai, China) was added to each
well for 10 min. After the wells were washed with PBS, 100 μL of PBS was added per well
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and the plates were immediately placed on the PerkinElmer Operetta CLS High Content
Screening platform for analysis.

3.8. Micronucleus Assay

The experimental protocol was modified according to the method previously de-
scribed [43,45,46]. CBMN assay: Approximately 1 × 104 cells were plated into each well of
a PhenoPlate 96-well microplate (PerkinElmer, Waltham, MA, USA). After 24 h of incuba-
tion in a CO2 incubator at 37 ◦C, the original medium was aspirated and a fresh medium
containing NNK or a combination of NNK and nicotine with cytochalasin B (4 μg/mL) was
added. After 24 h of treatment, cells were washed with PBS, fixed with 4% paraformalde-
hyde (Beyotime, Shanghai, China), and stained with Hoechst 33342 (Beyotime, Shanghai,
China) and Cell Mask Red (Life Technology, Carlsbad, CA, USA).

NCBMN assay: Approximately 1 × 104 cells were plated into each well of a PhenoPlate
96-well microplate (PerkinElmer, Waltham, MA, USA). After 24 h of incubation in a CO2
incubator at 37 ◦C, the original medium was aspirated and a fresh medium containing
NNK or a combination of NNK and nicotine was added for 24 h. The cells were then
washed with PBS and stained with Hoechst 33342 for 10 min in the dark.

After being washed with PBS, 100 μL of PBS was added to each well and the plates
were immediately placed on the PerkinElmer Operetta CLS High Content Screening plat-
form for analysis. Frequencies of micronuclear cells were measured in at least 2000 binuclear
cells (CBMN assay) or at least 2000 cells (NCBMN assay) per sample.

3.9. Cell Cycle Analysis

The cell cycle distribution was measured using the cell cycle and apoptosis analysis
kit (Beyotime, Shanghai, China) [47]. Approximately 3 × 105 cells were seeded into each
well of a 6-well culture plate, and 24 h later the cells were continuously exposed to NNK
or a combination of NNK and nicotine for 24 h. Cells were harvested by trypsinization,
centrifuged, and the pellets were resuspended in 1 mL of cold PBS. They were then
centrifuged and the pellet was fixed in 75% ice-cold ethanol at 4 ◦C overnight. After the
fixative solution was aspirated, the cells were centrifuged and the pellet was incubated in
propidium iodide (PI) and RNase for 30 min. The cell cycle was analyzed by FACS flow
cytometer Accuri TM C6 Plus (BD Biosciences, San Jose, CA, USA), and the results were
processed using the FlowJo (v10.8.1, BD Bioscience, San Jose, CA, USA) software program.

3.10. Statistical Analysis

GraphPad Prism 8.0 software (GraphPad Software, San Diego, CA, USA) was used for
data analysis, the results were presented as mean ± standard deviation (SD). A two-tailed
Student’s t-test was used to determine significant differences (p < 0.05). All experiments
were repeated at least three times.

4. Conclusions

To elucidate the effect of nicotine on the cytotoxicity and genotoxicity of NNK in lung
cells, BEAS-2B cells stably expressing CYP2A13 were constructed and a variety of in vitro
toxicological indicators were tested in this study. The results showed that CYP2A13 played
an indispensable mediating role in cytotoxicity and genotoxicity of NNK. Nicotine inhibited
cytotoxicity and multi-dimensional genotoxicity in NNK-induced B-2A13 cells, possibly
by inhibiting CYP2A13. This study provided mechanistic insights into the protective
effects of nicotine, and suggested that nicotine has a potential protective mechanism
against carcinogenesis of various cigarette smoke components metabolized by CYP2A13.
In addition, it suggested that nicotine may influence toxic effects of some non-carcinogenic
harmful ingredients activated by CYP2A13 and CYP2A6 enzymes, and then affect the
health risks of tobacco products.
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Abstract: Aspergillus flavus and Aflatoxins in grain crops give rise to a serious threat to food security
and cause huge economic losses. In particular, aflatoxin B1 has been identified as a Class I carcinogen
to humans by the International Agency for Research on Cancer (IARC). Compared with conven-
tional methods, Surface-Enhanced Raman Scattering (SERS) has paved the way for the detection of
Aspergillus flavus and Aflatoxins in grain crops as it is a rapid, nondestructive, and sensitive analytical
method. In this work, the rapid detection of Aspergillus flavus and quantification of Aflatoxin B1 in
grain crops were performed by using a portable Raman spectrometer combined with colloidal Au
nanoparticles (AuNPs). With the increase of the concentration of Aspergillus flavus spore suspension
in the range of 102–108 CFU/mL, the better the combination of Aspergillus flavus spores and AuNPs,
the better the enhancement effect of AuNPs solution on the Aspergillus flavus. A series of different
concentrations of aflatoxin B1 methanol solution combined with AuNPs were determined based
on SERS and their spectra were similar to that of solid powder. Moreover, the characteristic peak
increased gradually with the increase of concentration in the range of 0.0005–0.01 mg/L and the
determination limit was 0.0005 mg/L, which was verified by HPLC in ppM concentration. This rapid
detection method can greatly shorten the detection time from several hours or even tens of hours to a
few minutes, which can help to take effective measures to avoid causing large economic losses.

Keywords: Aspergillus flavus; aflatoxins B1; carcinogen; Surface-Enhanced Raman Scattering; colloidal
Au nanoparticles; portable Raman spectrometer

1. Introduction

Aspergillus flavus, a common saprophytic mold widely existing all over the world,
has been recognized as the main pathogenic fungus causing grain crops mildew in the
process of storage. Aspergillus flavus and the closely related subspecies Aspergillus parasiticus
can contaminate grain crops in a wide range [1]. According to FAO reports, the annual
losses caused by fungal pollution in the world have reached tens of billions of dollars, and
most of them are caused by Aspergillus flavus contamination [2]. They can consume a lot of
nutrients, accelerate fat deterioration, and destroy protein, pantothenic acid, niacin, vitamin
A, vitamin D, vitamin E, and other components, resulting in the nutritional reduction
of grain crops. Moreover, 30–60% of them can produce aflatoxins under appropriate
conditions [3].

Aflatoxins are cancerous secondary metabolites from Aspergillus flavus and
Aspergillus parasiticus [4]. They are toxic to humans and animals causing liver damage,
abnormalities, mutations, and cancer, and when in high doses, aflatoxins can be fatal [5].
Due to their high toxicity and carcinogenic potential, they are a high concern for the safety
of food worldwide [6]. At present, more than 20 species of aflatoxins have been found,
mainly including B1, B2, G1, G2, M1, M2, etc. Among them, aflatoxin B1 is the most toxic and
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carcinogenic and has been identified as a Class I carcinogen to humans by the International
Agency for Research on Cancer (IARC) [7,8]. Given these adverse effects, regulatory control
limitations for aflatoxin B1 in food and feed are well-established. China has strictly set
limits of 20 μg/kg of aflatoxin B1 in corn and corn products, according to the national food
safety standard (GB 2761-2017) [9].

Several methods and techniques for the detection and quantification of Aspergillus flavus
and Aflatoxins have been developed. DNA-based techniques have been used for the de-
tection of aflatoxigenic strains of Aspergillus flavus. They mainly include the plate count
method [10], polymerase chain reaction (PCR) and Quantitative PCR (qPCR) [11–14],
enzyme-linked immunosorbent assay (ELISA) [15–18], and so on. High-performance liquid
chromatography (HPLC) [19], thin layer chromatography (TLC) [20], enzyme-linked im-
munosorbent assay (ELISA) [21], and electrochemical impedance spectroscopy (EIS) [22,23]
methods have been used for the detection of aflatoxins. In recent years, molecular spectrum
and hyperspectral imaging were widely used to detect Aspergillus flavus and Aflatoxins [24].
Raman spectroscopy (RS), a modern analytical technique that provides information about
molecular vibrations and consequently the structure of the analyzed specimen, has been
broadly used in various research fields ranging from the medical biological field [25–28] to
food safety [29,30] and electrochemistry [31].

Surface-enhanced Raman scattering (SERS) based on noble metal nanomaterials
or rough surface of a metal sheet has attracted increasing attention due to its unique
characteristics of high sensitivity and the capability of chemical fingerprint recognition.
Caldwell et al. utilized spherical gold nanoparticles with 14 nm and 46 nm diameters
to improve the scattering signal obtained during Raman spectroscopy measurements to
detect small plastic particles [32]. Bharathi et al. utilized picosecond laser-ablated gold
nanoparticles (Au NPs) as surface-enhanced Raman scattering (SERS) substrates to detect
the dye methylene blue and a chemical warfare agent simulant (methyl salicylate) [33].
Zavyalova et al. provided a SERSaptasensor based on colloidal solutions, which combines
rapidity and specificity in the quantitative determination of the SARS-CoV-2 virus [34].
Compared with the colloidal solutions, there is greater SERS signal stability and a better
detection limit may be achieved that allows the detection of low concentrations up to
single-molecule level based on some SERS substrates that were prepared by the template-
assisted electrodeposition [35], binary-template-assisted electrodeposition [36], pulsed laser
ablation [37], and other methods. The surface nanostructures of artificially roughened
metal thin films display many hot spots making them excellent SERS substrates [38]. The
conventional approaches have several limitations including complicated pretreatment
steps, requiring expensive instruments, operational complexity, lack of instrument porta-
bility, and difficulties in real-time monitoring [39–41]. Due to the toxicity of aflatoxin and
people’s attention to food safety, more and more studies on using SERS technology to
detect food security have appeared. The determination of aflatoxin B1 in peanut based on
QuEChERS purification and surface-enhanced Raman spectroscopy (SERS) was carried out
by Wang et al. [42]. Yang et al. used Raman spectroscopy technology to detect zearalenone
(ZEN) and aflatoxin B1 in six kinds of maize samples with different mold degrees [43].
Therefore, it is of great significance to develop a fast, solvent-free, and cost-effective an-
alytical method for noninvasive, rapid, and sensitive detection of Aspergillus flavus and
Aflatoxin B1 in grain crops to prevent potential economic losses.

An important application of SERS in pathogenic microorganisms is to rapidly detect
and identify pathogenic bacteria directly isolated from samples without relying on a culture
medium, so as to improve efficiency and reduce cost. In this paper, the rapid detection of
Aspergillus flavus and quantification of Aflatoxin B1 in grain crops using a portable Raman
spectrometer-based colloidal Au nanoparticles (AuNPs) will be presented. Detection
results of Aflatoxin B1 in grain crops were verified by HPLC in ppM concentration. The
characteristics of Aspergillus flavus and Aflatoxin B1 will help to identify the degree of
contamination by nondestructive testing of grain crops and gain timely control. In addition
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to the diagnostic application, this method is also potentially helpful for further determining
the storage methods of grain crops.

2. Results and Discussion

2.1. SERS of Aspergillus flavus on the Medium and on Corn

A large number of biochemical components on the cell membrane surface of pathogenic
microorganisms can be regarded as the characteristic signs of microorganisms. The struc-
ture and chemical composition information of the substance can be obtained based on SERS
at the single-molecule level. Therefore, SERS has fingerprint recognition characteristics
and high detection sensitivity of surface species, which can be used as a sign for the rapid
identification and identification of fungi.

When Aspergillus flavus was inoculated on the culture medium, the increase of
Aspergillus flavus on the culture medium could be clearly observed with the naked eyes
with the increase of culture days. As shown in Figure 1, the surface color of the medium
inoculated with Aspergillus flavus spores changed significantly from transparent color to
black with the increase in time. The picture of day 0 showed the fresh medium, which
was distinct from the following pictures of day 1, day 2, and day 3, respectively. After cen-
trifuging the culture medium (1 mL) at 8000 g for 5 min, the Aspergillus flavus spores were
collected and resuspended in 1 mL of 0.85% sterile normal saline, and then centrifuged and
washed under the same conditions. The above procedure was repeated another 2–3 times
to remove the culture medium and get the sample, of which 20 μL was taken and added to
500 μL of AuNPs solution and mixed for SERS detection. The SERS of Aspergillus flavus had
fingerprints at 400–1800 cm−1, as shown in Figure 2a, which were mainly reflected in the
characteristic peak absorption and spectral shape, especially at the range of 600–800 cm−1,
1200–1400 cm−1, and 1500–1600 cm−1. The peak of the surface-enhanced Raman spectra of
Aspergillus flavus was analyzed and explained. The peak at 1605–1615 cm−1 represents C=O
stretching in proteins [44], 1343–1346 cm−1 represents DNA base [45], 1315–1317 cm−1 rep-
resents the vibration of (–C=C–) conjugated of Amine III [26], 1302–1306 cm−1 represents
carbohydrates [44], and 805–825 cm−1 represents protein, respectively [46]. The intensity
of the Raman characteristic peak at 1535–1537 cm−1 increased obviously with the growth
of culture time of Aspergillus flavus spore suspension. The experimental results shown from
the SERS of Aspergillus flavus were consistent with the color changes observed directly on
the culture medium. The comparison of non-SERS and SERS of Aspergillus flavus was shown
in Figure 2b. The results showed that the SERS signals of Aspergillus flavus would increase
with the coupling with AuNPs, while under non-SERS conditions, the Raman signals of
normal Aspergillus flavus could hardly be detected by a portable Raman spectrometer.

Figure 1. Growth of Aspergillus flavus on the medium.

When Aspergillus flavus was inoculated on corn grains, the amount of Aspergillus flavus
gradually increased and the color of corn changed significantly with the increase in time,
as shown in Figure 3. The SERS of Aspergillus flavus inoculated on corn grains shown in
Figure 4 was similar to that inoculated on the medium, and they had the same fingerprints
at 400–1800 cm−1. Moreover, the intensity of Raman characteristic peak at 1536–1537 cm−1

increased obviously with the growth of culture time of Aspergillus flavus on corn in
different culture periods. The experimental results shown from the SERS of Aspergillus
flavus were consistent with the color changes observed directly on corn.
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(a) 

 

(b) 

Figure 2. (a) SERS of Aspergillus flavus on the medium in different culture periods. (b) The comparison
of non-SERS and SERS of Aspergillus flavus.
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Figure 3. Growth of Aspergillus flavus on Corn.

Figure 4. SERS of Aspergillus flavus on corn in different culture periods.

2.2. SERS of Aspergillus flavus with Different Concentrations

Colloidal Au nanoparticles (AuNPs) with a particle size of about 60 nm, prepared
according to a previously published procedure [47], served as SERS substrates in this work.
Aspergillus flavus with different concentrations were added to a certain amount of AuNPs
solution and mixed, then different colors of the mixture appeared.

As shown in Figure 5, 102–108 CFU/mL Aspergillus flavus spore suspension and AuNPs
solution were mixed, with the concentration increase of Aspergillus flavus spore suspension,
the mixture color changed from pink to gray gradually. Since the color of AuNPs solution
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will change after Aspergillus flavus is combined with the AuNPs, the greater the color change,
the better the combination between the Aspergillus flavus and the AuNPs. The result showed
that with the increase of the concentration of Aspergillus flavus spore suspension, the better
the combination of Aspergillus flavus spores and AuNPs, the better the enhancement effect
of AuNPs solution on the Aspergillus flavus.

 

Figure 5. Color change of Aspergillus flavus spore suspension mixed with nano gold sol.

A significant challenge for many applications of Raman spectroscopy is that the
spectra are often accompanied by a strong fluorescence background, especially for biological
samples. This background is generally dominated by intrinsic fluorescence from the sample.
There is no doubt that the existence of the resonance effect depends on the wavelength of
the excitation laser. If the excited photon cannot provide enough energy for the molecule to
be in the excited state, the corresponding fluorescence transition will not occur. However,
once the fluorescence is generated, its intensity will be much greater than the Raman
scattering light, thus masking the characteristics of the Raman signal. Therefore, choosing
laser wavelength is an effective way to avoid fluorescent radiation.

The SERS spectra of Aspergillus flavus with different concentrations were determined
by using a portable Raman spectrometer with a 785 nm laser under the conditions of
300 mW of laser power, 20 s of integration time, and three integration times. According to
flocculation theory and hot-spot effect [48,49], when the AuNPs are close to a certain dis-
tance, in the gap between particles a highly enhanced electromagnetic field will be formed,
and hot spots with excellent enhancement effects will be formed, resulting in strong Raman
enhancement signal with the maximum enhancement factor possibly up to 1014–1015. When
the analyte concentration is high, the high concentration ratio AuNPs provides sufficient
adsorption sites for the analyte molecules and flocculates to obtain a strong SERS signal.
As shown in Figure 6, the average SERS spectra of Aspergillus flavus with different concen-
trations were obtained after baseline correction, normalization and smoothing. The results
showed that Aspergillus flavus with different concentrations had similar SERS fingerprints at
400–1800 cm−1, which were mainly reflected in the characteristic peak absorption and spec-
tral shape, especially at the range of 600–800 cm−1, 1200–1400 cm−1, and 1500–1600 cm−1.
Moreover, the intensity of the Raman characteristic peak at 1536 cm−1 and in the range of
1200–1400 cm−1 increased gradually with the increasing concentration of Aspergillus flavus
spore suspension. In addition, it also showed that the combination of Aspergillus flavus
spores and AuNPs was more sufficient with the increase of Aspergillus flavus spore concen-
tration and the enhancement effect was better, which was consistent with the results shown
in Figure 6. Probably due to the limited hot-spot, the Raman signal does not increase with
the concentration of analyte molecules. Even if the concentration ratio of Aspergillus flavus
is further increased, the AgNPs will not combine with more Aspergillus flavus, and the SERS
signal will no longer increase. Therefore, 102–108 CFU/mL Aspergillus flavus spore suspen-
sion should be selected to enable the AgNPs to absorb the abundant Aspergillus flavus to
generate the Raman signals for quantitative analysis.

The dynamic three-dimensional Raman spectrum revealed a dynamic result of the
determination of Aspergillus flavus spore suspension added to the AuNPs solution and com-
bined with the AuNPs, as shown in Figure 7. The results showed that the combination state
of Aspergillus flavus and AuNPs tended to be stable after Aspergillus flavus was added to the
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AuNPs solution for about 10 min. Therefore, the determination effect of the SERS spectrum
would be better after 10 min of sufficient combination of Aspergillus flavus and AuNPs.

Figure 6. SERS spectra of different concentrations of Aspergillus flavus spore suspension.

 
Figure 7. SERS spectrum of dynamic determination of Aspergillus flavus.

The Raman peak at 1536 cm−1 in the SERS diagram of Aspergillus flavus was selected
as the characteristic peak to carry on the semi-quantitative analysis. According to the signal
intensity, the relationship between different concentrations of Aspergillus flavus spore sus-
pension and Raman peak intensity at 1536 cm−1 was drawn by using the least square fitting
method, as shown in Figure 8, indicating that the method could be used for the determi-
nation of Aspergillus flavus. According to the experimental results, when Aspergillus flavus
was between 102–105 cfu/mL, the SERS signal intensity did not change significantly with
the increase in concentration. Therefore, it could be considered that 102 cfu/mL was the
lowest detectable concentration in this detection. Considering the dilution effect of the
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AuNPs solution on the solution of Aspergillus flavus, 20 μL of Aspergillus flavus was diluted
in 500 μL of AuNPs solution. Therefore, the limit of detection (LOD) was 3.85 cfu/mL.

Figure 8. Fitting analysis of SERS test results of different concentrations of Aspergillus flavus spore Suspension.

2.3. SERS of Aflatoxin B1

The Raman spectra of solid aflatoxin B1 were determined so as to reduce the interfer-
ence of solvents and other factors. It can be seen from Figure 9 that there were many Raman
peaks of solid aflatoxin B1, and the most obvious characteristic peaks were produced by
inelastic scattering between incident laser and aflatoxin B1. The aflatoxin B1 molecule
contains an oxanaphthalene o-ketone, a difuran ring, and a cyclopentene ring. The SERS
characteristic peaks of aflatoxin B1 are 662, 686, 717, 776, 829, 927, 1007, 1082, 1135, 1247,
1309, 1366, 1481, 1554, 1559, 1628, 1691, and 1760 cm−1. Among them, the pyran ring
respiratory vibration is at 686 cm−1, the C–O–C Tensile vibration is at 1247 cm−1, and
the C–O–C Tensile vibration is at 1309 cm−1; 1554 cm−1 is the C–C Tensile vibration, and
1599 cm−1 is the C–H plane vibration [50,51].

However, due to the large interference of grain surface and interior in the determina-
tion of aflatoxin in the process of practical application, as aflatoxin exists in the interior
of grain, a certain pretreatment was needed to extract aflatoxin B1. Therefore, in the later
experiments, aflatoxin B1 was dissolved in methanol for SERS determination.

A series of different concentrations of aflatoxin B1 methanol solution (0.01 mg/L,
0.005 mg/L, 0.003 mg/L, 0.001 mg/L, and 0.0005 mg/L) were prepared for SERS detection.
The non-SERS and SERS of aflatoxin B1 were shown in Figure 10, The results showed that
the SERS signals of aflatoxin B1 would increase with the coupling with AuNPs, while under
non-SERS conditions, the Raman signals of normal aflatoxin B1 could hardly be detected
by portable Raman spectrometer. However, the SERS of aflatoxin B1 had fingerprints at
400–1800 cm−1, which were mainly reflected in the characteristic peak absorption and
spectral shape. In addition, the SERS spectra of aflatoxin B1 were similar to that of solid
powder by laser confocal micro Raman spectrometer and the characteristic peak increased
gradually with the increase of concentration when the standard concentration was in the
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range of 0.0005–0.01 mg/L. Compared with other peaks, the characteristic peak intensity at
1556 cm−1 was more linear with the change of concentrations, so the characteristic peak at
1556 cm−1 was selected for the data calculation of detection limit and repeatability. The
fitting equation of the curve was shown in Figure 11. Compared with the results of HPLC
determination in the published paper carried out by the same research group [52], SERS
determination showed the liner range was 0.0005–0.01 mg/L and the limit of detection was
0.0005 mg/L.

 
Figure 9. Raman spectrum of aflatoxin B1 solid powder determined by laser confocal micro Ra-
man spectrometer.

 
Figure 10. SERS spectra of aflatoxin B1 with different concentrations.
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Figure 11. Fitting analysis of SERS test results of different concentrations of aflatoxin B1 methanol solution.

3. Materials and Methods

3.1. Reagents and Materials

Colloidal AuNPs mainly at 60 nm particle size, prepared and provided by our research
group according to the primary work published article, were used as the enhanced substrate
to magnify the Raman signals [47]. Grain crops (corn) were purchased from the Songyuli
farmers’ market of Beijing (China). Aspergillus flavus was provided by the Yanjing beer
company of Beijing (China). Aflatoxin B1 was purchased from Sigma-Aldrich (Shanghai)
Trading Co. Ltd. (Shanghai, China).Potato glucose agar medium (PDA) was purchased
from Beijing Luqiao Technology Co., Ltd. (Beijing, China). Ultrapure water (18.2 MΩ•cm)
was prepared by Millipore (Direct-Q 8 UV-R) and used to prepare all aqueous solutions.
The glassware used in the experiment was cleaned with aqua regia (HCl:HNO3 = 3:1, v/v),
thoroughly rinsed in water, and dried in an oven at 100 ◦C prior to use.

3.2. Culture of Aspergillus flavus

Next, 8.2 g of PDA medium was placed into a 500 mL conical flask with 200 mL of
ultrapure water to obtain the PDA medium solution, which was then heated in a water bath
until the medium was clear and transparent. The solution was then placed in a sterilization
pot at 121 ◦C for 20 min. Further, 15 mL of sterilized PDA medium solution was transferred
to a disposable dish, then Aspergillus flavus was inoculated on the medium and cultured in
a constant temperature incubator at 30 ◦C. After culturing in the incubator for 3–5 days,
the mature standard strain was removed and placed in an ultra-clean workbench. The
spores on the culture medium were washed with sterile water and filtered to obtain a spore
suspension, which was inoculated on corns and cultured at 30 ◦C.

3.3. Preparation of Aflatoxin B1 Samples

For the preparation of aflatoxin B1 samples, 1.0 mg of Aflatoxin B1 powder was
accurately weighed with an analytical balance and was transferred to a 1000 mL volumetric
flask to obtain a 1.0-mg/L Aflatoxin B1 Standard solution after being fixed to the scale with
chromatographic methanol. A series of different concentrations of aflatoxin B1 methanol
solution (0.01 mg/L, 0.005 mg/L, 0.003 mg/L, 0.001 mg/L, and 0.0005 mg/L) was prepared
by diluting 1.0 mg/L aflatoxin B1 solution for SERS determination.
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3.4. SERS Measurement and Spectra Preprocessing

The SERS measurement was conducted by using a portable Raman Spectrometer
(RamTracer–200, Suzhou OptoTrace Technologies Co. Ltd., Suzhou, China) equipped with
a diode laser with a wavelength of 785 nm and power of 300 mW. The wave number range
was 250–1800 cm−1, the resolution was 2 cm−1, and the laser bandwidth was 0.2 nm. The
laser power was 300 mW with an integration time of 20 s and was integrated three times.

Before each measurement, X-axis calibration was carried out with acetonitrile (Spec-
trally Pure) to ensure that the experimental conditions were consistent. Then, 500 μL
colloidal AuNPs solution was transferred with a micropipette and placed into a 2.0 mL
glass bottle, and 20 μL of Aspergillus flavus solution was added and mixed with a vibrator
for Raman spectrum measurement immediately. The original spectra were sequentially
pre-processed by removing cosmic rays and by baseline correction using Wire 4.1 software
(in Via, Renishaw, Gloucestershire, London UK). All of the figures were plotted with Origin
software (version 8.0, OriginLab, Northampton, MA, USA).

4. Conclusions

In this work, the rapid detection of Aspergillus flavus and quantification of Aflatoxin
B1 in grain crops were presented by using a portable Raman spectrometer combined with
AuNPs. The SERS of Aspergillus flavus had fingerprints at 400–1800 cm−1, which were
mainly reflected in the characteristic peak absorption and spectral shape, especially at the
range of 600–800 cm−1, 1200–1400 cm−1, and 1500–1600 cm−1. However, the intensity
of the Raman characteristic peak at 1536 cm−1 increased obviously with the growth of
culture time of Aspergillus flavus spore suspension. When Aspergillus flavus was inoculated
on corn grains, the SERS of Aspergillus flavus was similar to that inoculated on the medium.
With the increase of the concentration of Aspergillus flavus spore suspension in the range
of 102–108 CFU/mL, the better the combination of Aspergillus flavus spores and AuNPs,
the better the enhancement effect of AuNPs solution on the Aspergillus flavus. A series of
different concentrations of aflatoxin B1 methanol solution combined with AuNPs were
determined based on SERS and their spectra were similar to that of solid powder. Moreover,
the characteristic peak increased gradually with the increase of concentration in the range
of 0.0005–0.01 mg/L.

The results showed that rapid detection of Aspergillus flavus and quantitative determi-
nation of aflatoxin B1 by using a portable Raman spectrometer combined with colloidal
Au nanoparticles based on SERS was reliable and could be used for the assessment of
Aspergillus flavus and Aflatoxin B1 contaminants in grain crops during storage conditions.
Compared with the conventional methods, this rapid detection method can greatly shorten
the detection time from several hours or even tens of hours to a few minutes, which is
very important in the detection of grain crops. Once the grain crops are contaminated by
Aspergillus flavus and aflatoxin B1, we can quickly take effective measures according to the
detection results to avoid causing large economic losses.
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Abstract: Polybrominated diphenyl ethers (PBDEs) are classic and emerging pollutants that are
potentially harmful to the human immune system. Research on their immunotoxicity and mech-
anisms suggests that they play an important role in the resulting pernicious effects of PBDEs.
2,2′,4,4′-Tetrabrominated biphenyl ether (BDE-47) is the most biotoxic PBDE congener, and, in
this study, we evaluated its toxicity toward RAW264.7 cells of mouse macrophages. The results show
that exposure to BDE-47 led to a significant decrease in cell viability and a prominent increase in
apoptosis. A decrease in mitochondrial membrane potential (MMP) and an increase in cytochrome
C release and caspase cascade activation thus demonstrate that cell apoptosis induced by BDE-47
occurs via the mitochondrial pathway. In addition, BDE-47 inhibits phagocytosis in RAW264.7 cells,
changes the related immune factor index, and causes immune function damage. Furthermore, we
discovered a significant increase in the level of cellular reactive oxygen species (ROS), and the reg-
ulation of genes linked to oxidative stress was also demonstrated using transcriptome sequencing.
The degree of apoptosis and immune function impairment caused by BDE-47 could be reversed after
treatment with the antioxidant NAC and, conversely, exacerbated by treatment with the ROS-inducer
BSO. These findings indicate that oxidative damage caused by BDE-47 is a critical event that leads
to mitochondrial apoptosis in RAW264.7 macrophages, ultimately resulting in the suppression of
immune function.

Keywords: PBDE; immunotoxicity; macrophage; reactive oxygen species; apoptosis; immune function

1. Introduction

As a kind of flame retardant, polybrominated diphenyl ethers (PBDEs) are widely
utilized in both residential and commercial items [1,2]. They are highly fat soluble and
difficult to break down. They can be transported in diverse environmental media following
discharge into the environment [3] and reach the human body following the bioconcen-
tration and amplification effect of the food chain [4]. In 2004, analysts noted that the total
amount of PBDEs in human blood, milk, and tissue had increased by nearly 100 times in the
past three decades [5]. Due to their toxicity and persistence, some PBDEs were restricted by
the Stockholm Convention in 2009 and 2017 [6], although the use of PBDEs has been con-
siderably reduced in recent years. However, affected by electronics recycling and time lag
effects, PBDEs in the environment will continue to be detected in the coming decades [7,8].
From 2000 to 2019, a meta-analysis of the global distribution and trend of PBDEs in human
blood and milk indicated no significant declining trend [9]. It is nevertheless critical to
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pay attention to the research on the toxicity of PBDEs and other chemicals, particularly
2,2′,4,4′-tetrabrominated biphenyl ether (BDE-47) and 2,2′,4,4′,5-pentabromodiphenyl ether
(BDE-99), which are relatively more hazardous to human health and the environment [10].

Many studies have recently revealed the systemic toxic effect of PBDEs on repro-
duction [11], nerves [12,13], and development [14,15]. PBDEs also damage target organs
such as the liver [16,17] and kidneys [18]. The immune system is an important defense
system of biological organisms, and functional changes in this system can serve as a sen-
sitive index for evaluating the safety of exogenous chemicals. Although data on PBDEs
immunotoxicity are limited, some studies on rodents have shown that long-term exposure
to PBDEs damages components of the immune systems of mice and rats [19–22]. In studies
of other animals, young salmon exposed to PBDEs (270 ng/g) in the lower sections of the
Willamette River demonstrated higher susceptibility to illness, which may be connected to
immune function impairment [23]. Environmentally realistic concentrations (0−634 ng/g
wet diet) of PBDEs are able to alter the immune function of frogs [24], and similar results
were presented for in vitro toxicity research. Exposure to some brominated flame retardants
(DE-71, DE-79, etc.) in a concentration range of 0.01–10 mg/mL for 24 h may stimulate
primary splenocytes by boosting antigen-presenting-related molecule expression and IL-
4 production [25]. Finally, concentrations above 0.01 μg/mL of DE-71 can enhance the
production of normal human PBMC cytokines stimulated by LPS or PHA-L in vitro [26].
Exposure to BDE-47 at concentrations above 5 μM or BDE-209 at concentrations above
20 μM for 24 h can increase intracellular reactive oxygen species (ROS) formation, activate
apoptosis pathways, and damage immune function, such as cell phagocytosis, in peritoneal
macrophages [27]. PBDEs have features of low bioaccessibility [28], easy compound adsorp-
tion onto plastic [29], and binding to serum proteins [30], meaning that not all PBDEs can
enter the cells [31]. Thus, the concentration of PBDEs examined in experiments is higher
than the environmental concentration. In addition, the effect of PBDEs is influenced by the
concentration of exposure, wherein higher concentrations that exceed the defense ability
can cause toxic damage. Depending on the concentration, PBDEs can either stimulate
or inhibit the autoimmune response of various immune cells to some extent. Different
immune response indicators and response trends also complicate the investigation of
immunotoxicity mechanisms and the development of effective defense pathways.

Research on immunotoxicity mechanisms currently focuses on mitochondrial apopto-
sis and the control of ROS. Apoptosis mediated by the mitochondrial pathway is frequently
triggered by ROS, which causes structural changes, rupture, and fragmentation of the
mitochondrial membrane system, with subsequent programmed cell death [32]. ROS
and nitric oxide (NO) generated by cell oxidative stress can disrupt redox equilibrium,
thus resulting in damage to proteins, DNA, and membranes, and finally promoting cell
death [33]. Ivermectin (IVM) has previously been demonstrated to induce the overproduc-
tion of macrophage ROS, cytochrome C release, and damage to double-stranded DNA,
indicating that it might cause immunotoxicity via immunological malfunction and cy-
totoxicity [34]. Exposure to microplastics and two persistent organic contaminants can
considerably affect immune responses in clams and dramatically increase their intracellular
ROS levels [35]. The immune response induced by the fungicides azoxystrobin (AZO) and
iprodione (IPR) can be partially reversed by the antioxidant N-acetylcysteine (NAC) [36].
Similar findings have been shown in related studies of PBDE immunotoxicity in recent
years. When seals were exposed to PBDE homologs at a higher concentration, the ROS
levels and phagocytosis were affected [37].

Macrophages are a type of immune cell that is used to study cell phagocytosis, cellular
immunity, and molecular immunology. They are essential for the host to defend itself
against foreign substances. On the one hand, macrophages can induce inflammation via
the use of reactive nitrogen (RNS) and ROS receptors to mediate phagocytosis and particle
clearance, activating intracellular inflammatory bodies, caspase processes, and the release
of inflammatory mediators [38]. On the other hand, they present antigens by expressing
co-stimulatory molecules and specific cytokines, thereby initiating and controlling specific
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T cell responses. As a result, macrophages are critical for both the innate and adaptive
immune systems [39]. The RAW264.7 cell line is an immortal mouse macrophage line
that is frequently used as an in vitro model to study the immunotoxicity of environmental
pollutants. RAW264.7 cells were chosen to investigate the immunotoxicity and potential
mechanisms of BDE-47 in this study, with a focus on the mitochondrial apoptotic pathway
and phagocytosis, antigen presentation, inflammatory response, phenotypic activation,
and other immune responses. Furthermore, the antioxidant N-acetyl-L-cysteine (NAC) and
ROS-inducer L-buthionine-(S,R)-sulfoximine(BSO) were applied to study the correlation be-
tween immunotoxicity and intracellular ROS levels induced by BDE-47 in RAW264.7 cells.

2. Results

2.1. Effects of BDE-47 on Cell Viability and Morphology

The results of an MTT assay showed that, with an increase in BDE-47 concentration,
the proliferation viability of RAW264.7 cells presented a trend of decreasing with increasing
time and concentration (Figure 1A). This difference was significant at concentrations above
10 μM at 24 h (p < 0.05), and, when beyond 48 h, the results exhibited a very significant
difference for concentrations above 5 μM (p < 0.01). The rate of cell lethality also exhibited
time and concentration-dependent increases (Figure 1B). The cell lethality rate at 24 h
markedly increased in the groups treated with concentrations above 10 μM (p < 0.01). The
obtained results are consistent with the findings of the MTT assay.

Figure 1. Effect of BDE-47 on proliferative viability and morphology in RAW264.7 cells. (A) Cell
proliferation viability characterized by MTT assay (n = 6). (B) Cell mortality determined using trypan
blue staining (n = 6). (C) Cells photographed under light microscopy (200×). Arrows indicate cells
exhibiting cell shrinkage and cytoplasmic membrane blebbing. (D) Cells stained with DAPI and
photographed under inverted fluorescence microscopy (400×). Arrows indicate condensed nuclei.
* Significant difference compared with the control (* p < 0.05; ** p < 0.01). � Significant difference
compared with BDE-47-treated 6 h group (�� p < 0.01).

The number of cells decreased with the increase in the concentration of BDE-47 used
in the treatment for 24 h (Figure 1C). For normal RAW264.7 cells, the edges are clear, the
refractive index of the cells is higher, and a small number of cells become spindle-shaped in
the DMSO solvent control and 5 μM BDE-47 groups. At concentrations greater than 10 μM,
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the number of cells is significantly reduced, and the cell edges appear blurry. When the
concentration of BDE-47 is 40 μM, the microscopic cells become blurred and black, and a
large number of cells are broken. When analyzed by DAPI nuclear staining, treatment with
BDE-47 results in the nuclei becoming brighter, solidified, and concentrated, and partially
fragmented forms appeared compared with the CTR group (Figure 1D).

2.2. BDE-47-Induced Apoptosis in RAW264.7 Cells Is Mediated by the Mitochondrial Pathway

The BDE-47-induced RAW264.7 cell apoptosis in a concentration-dependent manner.
The cell apoptotic rate increased steadily (from 11.34 ± 0.12% to 24.26 ± 0.17%) after
24 h exposure, and the difference between the treated groups and the control group was
statistically significant (p < 0.05) (Figure 2A,B). The intensity of rhodamine 123 fluorescence
in the cells gradually decreased with the increase in the BDE-47 concentration, which
indicates a drop in MMP levels. A significant decrease in the MMP levels was observed
for 5, 10, 20, and 40 μM treatments compared with the control (p < 0.01). For instance, the
intensity of rhodamine 123 fluorescence decreased to 38.41 ± 1.40% in the treated group of
40 μM at 24 h, which was much lower than that of the CTR group (Figure 2C,D). According
to the Western blot results, the expression of pro-apoptotic protein BAX in RAW274.7 cells
exposed to BDE-47 showed an increasing trend. The expression level of anti-apoptotic
protein Bcl-2 showed the opposite trend, with its expression level significantly reduced after
treatment with BDE-47 at concentrations above 20 μM (p < 0.01). The protein expression
of cytochrome C was also examined in cells; it increased in the cytoplasm after BDE-47
exposure, and the differences werE significant at concentrations above 10 μM (p < 0.01)
(Figure 2E,F). The results indicate that cytochrome C is released from the mitochondria
into the cytoplasm. No significant changes in the activities of Caspase-3 and Caspase-9
enzymes were observed between the solvent control group and the control group, while
their activities showed an increasing trend with the increase in the BDE-47 concentration,
which was significant in the 40 μM treatment group (p < 0.01) (Figure 2G).

Figure 2. Effect of BDE-47 on apoptosis in RAW264.7 via the mitochondrial pathway. (A,B) Rep-
resentative graphs and quantitative data of cell apoptosis obtained from flow cytometry analysis.
(C,D) Representative graphs and quantification of mean fluorescence value of MMP changes obtained
from flow cytometry analysis. (E,F) Protein expression level and quantitative statistics of BAX, Bcl-2,
and cytochrome C. (G) Changes in Caspase-3 and Caspase-9 enzyme activities. n = 3; * p < 0.01;
** p < 0.05.
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2.3. BDE-47 Alters Immune Function of RAW264.7 Cells

The capacity of RAW264.7 cells to phagocytize E. coli gradually decreases with the
treatment of BDE-47 for 24 h, and this was significant for the 20 and 40 μM treatments
compared with the CTR (p < 0.05) (Figure 3A,B). BDE-47 treatment could decrease the gene
expression of exogenous antigen-presenting molecule MCH-II, which was significant for
the 5 μM treatment (p < 0.05). The gene expression levels of co-stimulators CD40, CD80,
and CD86 were significantly increased after exposure to BDE-47. The expression level of
the CD80 gene was significantly increased at 10 μM (p < 0.05), and the expression level of
CD86 was obviously increased at 20 μM (p < 0.05) (Figure 3C). Moreover, NO production
was steadily elevated with the increase in the BDE-47 concentration, being significant at
concentrations greater than 10 μM compared with the CTR group (Figure 3D). BDE-47
also increased the secretion of inflammatory factors IL-1β, IL-6, and TNF-α. Compared
with the CTR group, the cytokine level of IL-6 was greatly increased, and significance was
observed at a concentration of 40 μM (p < 0.01); IL-1β was significantly elevated at 20 and
40 μM (p < 0.05). The cytokine levels of TNF-α were greatly elevated with the increase
in the BDE-47 concentration compared with the CTR group (p < 0.01). However, there
was no significant change in the anti-inflammatory factor IL-10 after exposure to BDE-
47 (Figure 3E). We further examined the level of intracellular TNF-α protein expression
using Western blotting experiments. The results are shown in Figure 3F,G. After BDE-
47 exposure, the expression level of TNF-α protein in RAW264.7 cells was significantly
increased. The markers of different phenotypes of RAW264.7 macrophages were detected
by flow cytometry. The expression level of iNOS, which is an M1 pro-inflammatory
phenotype marker, was elevated with the increase in the BDE-47 concentration (Figure 3H,I).
However, the expression level of M2 anti-inflammatory phenotypic marker Arg-1 exhibited
no significant change compared with the CTR group after BDE-47 exposure (Figure 3J,K).

Figure 3. Effect of BDE-47 on immune function and polarization phenotype of RAW264.7 cells.
(A,B) Representative graphs and quantitative data of cell phagocytosis ratios obtained from flow
cytometry analysis. (C) Gene expression levels of presented antigens. (D) NO release level. (E) Levels
of IL-1β, IL-6, TNF-α, and IL-10 secretion. (F,G) Protein expression level and quantitative statistics of
TNF-α. (H,I) Representative graphs and quantitative data of iNOS expression levels obtained from
flow cytometry analysis. (J,K) Representative graphs and quantitative data of Arg-1 expression levels
obtained from flow cytometry analysis. n = 3; * p < 0.01, ** p < 0.05.
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2.4. BDE-47 Increases the Level of Reactive Oxygen Species in RAW264.7 Cells and the Regulation
of Oxidative Stress Genes

DCFH-DA was used to detect the intracellular ROS levels, and the results show a trend
of concentration-dependent increases with the BDE-47 exposure. A significant increase was
observed for the concentrations greater than 10 μM BDE-47 (p < 0.05) (Figure 4A,B). In the
Pearson correlation matrix, a strong negative correlation was observed between ROS levels
and cell proliferative viability, MMP, and cell phagocytosis capacity (r = 0.8–1, p < 0.01).
However, a strong positive correlation was observed between ROS levels and cell mortality,
apoptotic rate, Caspase-3 and Caspase-9 enzyme activity, cytochrome C protein expression,
CD40, CD86, IL-1β, IL-6, TNF-α, and iNOS gene expression, and the capacity to generate
NO (Figure 4C). The 440 oxidative stress genes obtained in the CTD database were mapped
to the differentially expressed genes (1113 upregulated, 696 downregulated) obtained by
transcriptome sequencing, yielding 39 genes differentially regulated by oxidative stress, of
which 23 are upregulated and 16 are downregulated (Figure 4D). The biological processes
found, by Metascape analysis, to be enriched were mainly related to “response to oxidative
stress response”, “response to reactive oxygen species”, and “positive regulation of apop-
totic process” (Figure 4E). The protein–protein interaction network is shown in Figure 4F.
The modular analysis identified two core MCODEs, a cellular response to oxidative stress,
and aerobic electron transport. Increased ROS and modulation of genes associated with
oxidative stress in the transcriptome provide further evidence that ROS is a critical regulator
of BDE-47 stress in RAW264.7 cells.

Figure 4. Effect of BDE-47 treatment on intracellular level of ROS and oxidative stress regulatory
network in RAW264.7 cells. (A,B) Representative graphs and quantitative data of ROS levels ob-
tained from flow cytometry analysis after BDE-47 treatment. (C) Pearson correlation analysis of the
relevant metrics. (D) Differentially expressed genes associated with oxidative stress in transcriptome
sequencing. (E) Biological process analysis of genes differentially expressed under oxidative stress.
(F) Protein–protein network interaction analysis of differentially expressed oxidative stress genes.
n = 3; * p < 0.01, ** p < 0.05.
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2.5. Role of ROS in BDE-47-Induced Apoptosis and Immune Impairment in RAW264.7 Cells
2.5.1. Effect of Antioxidant NAC Pretreatment on BDE-47-Induced Apoptosis and Cellular
Immune Function on RAW264.7 Cells

The antioxidant NAC was employed in the pretreatment to more thoroughly charac-
terize the role of ROS in the process of stress induced by BDE-47 on RAW264.7. The results
indicate that NAC could reduce the rate of BDE-47-induced apoptosis, while there was
no significant effect on the apoptotic rate due to NAC treatment alone. Analyses of the
apoptotic rate revealed that treatment with a combination of NAC and BDE-47 reduced
the apoptotic rate (from 24.00 ± 0.20% to 9.76 ± 0.18%) compared with BDE-47 alone
(Figure 5A,B). Moreover, the NAC measurably alleviated the effects of BDE-47, causing
a drop in MMP and an increase in the intensity of rhodamine 123 fluorescence (from
38.41 ± 1.40% to 15.39 ± 1.04%) compared with BDE-47 only (Figure 5C,D). BDE-47 caused
an elevation in the levels of cytochrome C protein in the cytoplasm, which was inhibited by
the NAC. Treatment with NAC in combination with BDE-47 decreased the expression of
cytochrome C compared with the BDE-47 group (p < 0.01) (Figure 5E,F). The increase in
Caspase-3 and Caspase-9 enzyme activities due to BDE-47 were also inhibited by the NAC
(Figure 5G).

Figure 5. Effect of NAC pretreatment on BDE-47-induced apoptosis in RAW264.7 cells. Cells were pre-
incubated with or without 100 μM NAC and then treated with BDE-47. (A,B) Cell apoptosis is shown
in flow cytometric graphs and histogram. (C,D) Changes in MMP are shown in flow cytometric
graphs and histogram. (E,F) Protein expression level and quantitative statistics of cytochrome C.
(G) Changes in Caspase-3 and Caspase-9 enzyme activities. n = 3; * Significant difference compared
with the untreated controls (* p < 0.05; ** p < 0.01). # Significant difference compared with the
BDE-47-treated group (# p < 0.05; ## p < 0.01).

NAC-alleviated BDE-47 caused a decrease in phagocytosis capacity. The capacity oF
phagocytosis increased (from 17.93 ± 0.25% to 30.37 ± 1.12%) compared with the BDE-47
treatment (Figure 6A,B). BDE-47 caused elevated levels of CD40, CD80, IL-1β, and TNF-α,
which were inhibited by the NAC pretreatment (p < 0.05). Similar results were obtained
in Western blotting experiments, where NAC pretreatment reduced the degree of increase
in TNF-α protein expression caused by BDE-47 exposure (Figure 6F,G). Furthermore, the
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NAC and BDE-47 combined-treatment group showed a lower protein expression of NO
release level and iNOS protein level compared with the BDE-47 group (p < 0.01). The effect
of NAC pretreatment on the expression of CD86, IL-6, MHC-II, IL-10, and Arg-1 had no
significant change after the BDE-47 exposure (Figure 6C–E,H–K).

Figure 6. Effect of NAC pretreatment on immune function and polarization phenotype after BDE-47
exposure of RAW264.7 cells. Cells were pre-incubated with or without 100 μM NAC and then treated
with BDE-47. (A,B) Cell phagocytosis function shown in flow cytometric graphs and histogram.
(C) Gene expression levels of antigen presentation. (D) NO release levels. (E) Levels of IL-1β, IL-6,
TNF-α, and IL-10 secretion. (F,G) Protein expression level and quantitative statistics of TNF-α. Flow
cytometric graphs and histogram of (H,I) iNOS, and (J,K) Arg-1 protein levels. n = 3. * Significant
difference compared with the untreated controls (* p < 0.05; ** p < 0.01). # Significant difference
compared with the BDE-47-treated group (# p < 0.05; ## p < 0.01).
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2.5.2. Effect of Inducer BSO Pretreatment on Apoptosis and Cellular Immune Function
after BDE-47 Exposure

BSO pretreatment increased the rates of BDE-47-induced apoptosis of RAW264.7 cells
from 24.00 ± 0.20% to 60.86 ± 0.27% (Figure 7A,B), and the degree of apoptosis was
also intensified, with a significance level of p < 0.01. In addition, we also measured the
level of NO production and inflammatory factor secretion after the BSO pretreatment,
and the results (Figure 7C,D) were the same as those for the BDE-47-treated group. BSO
pretreatment leads to NO release and increased levels of secretion of the inflammatory
factors IL-1β, IL-6, and TNF-α (p < 0.01). Finally, we used flow cytometry to detect the
macrophage M1-type marker, iNOS, at the protein level, revealing that pretreatment with
the inducer BSO enables increased polarization of RAW264.7 M1 pro-inflammatory typing
after BDE-47 induction (p < 0.05).

Figure 7. Effect of BSO pretreatment on apoptosis and immune function after BDE-47 exposure
of RAW264.7 cells. Cells were pre-incubated, with or without 500 μM BSO, and then treated with
BDE-47. (A,B) Cell apoptosis is shown in flow cytometric graphs and histogram. (C) NO release
levels. (D) Levels of IL-1β, IL-6, and TNF-α secretion. (E,F) Expression of iNOS protein level is shown
in flow cytometric graphs and histogram. n = 3. * Significant difference compared with the untreated
controls (* p < 0.05; ** p < 0.01). # Significant difference compared with the BDE-47-treated group
(# p < 0.05; ## p < 0.01).

3. Discussion

Exposure to BDE-47 can affect the immune system, manifesting as susceptibility to
diseases in the body, abnormal immune responses, immune dysfunction, and cellular
damage [27,40,41]. Macrophages have an innate immune defense mechanism and are
crucial to many pathophysiological processes. This type of immune cell is found in many
tissues of the human body, characterized by its powerful phagocytic activity, and it is highly
active and sensitive. In this study, we report for the first time that BDE-47 can significantly

55



Molecules 2023, 28, 2036

damage the activity and immune function of RAW264.7 mouse macrophages in vitro, and
we explore the role of ROS in immunotoxicity caused by BDE-47.

In the present study, a concentration range of 5 to 80 μM BDE-47 was chosen to inves-
tigate cell toxicity, according to our preliminary study and other previous studies [42,43].
With the increase in concentration, the cell viability was significantly reduced for 24, 48,
and 72 h. However, the cell mortality increased with the increase in BDE-47 concentration,
indicating that BDE-47 inhibits the proliferation of RAW264.7 mouse macrophages. Sim-
ilar results were observed in other cells exposed to BDE-47 [16,44–49]. BDE-47-induced
immunotoxicity is attributed to a decrease in the number of macrophages in various tissues
in the body and weakened proliferative activity, which interferes with responses of the
immune system, similar to the perfluorinated compounds PFOA and PFOS [50].

Current research on the immunotoxicity mechanism of exogenous compounds is
mainly focused on autophagy [51], apoptosis [27], oxidative damage [52], and inflam-
matory response [53]. Mitochondrial pathway-mediated apoptosis is a process of cell
death that is highly regulated by apoptosis genes. In our findings, the protein expression
of Bcl-2 decreased and BAX significantly increased. Furthermore, the MMP levels de-
creased, cytochrome C release to the cytoplasm was increased, and the enzyme activities of
Caspase-3 and Caspase-9 were upregulated, suggesting that the endogenous mitochondrial
apoptotic pathway was triggered. These phenomena are consistent with our previous
studies on Neuro-2a cells [13]. There was also a similar result in a study on acrylamide,
which was found to induce caspase-dependent apoptosis in mouse splenocytes through
mitochondrial-dependent signaling [54].

Macrophages play an extremely important role in inflammation, an innate immune
response [55], and they exert defensive functions through phenotypic polarization, cy-
tokines release, and phagocytosis of foreign particles to maintain the stability of the internal
environment [38]. To further characterize the damage to the macrophage immune function
resulting from BDE-47, we examined changes in phagocytosis, antigen presentation, cy-
tokines secretion levels, and phenotypic markers. The results show that BDE-47 reduces the
phagocytic capacity of macrophages and the expression of antigen-presenting molecules
but increases the expression of co-stimulating factors and the secretion of inflammatory fac-
tors. Macrophages are divided into at least two major polarized phenotypes: M1-polarized
macrophages and M2-activated macrophages [56]. We found that BDE-47 significantly
promotes macrophage polarization to type M1, manifested by the elevated expression of the
pro-inflammatory cytokines TNF-α, IL-6, and IL-1β, increased expression of TNF-α protein
in cells, and increased NO release levels, triggering an inflammatory response in the body
that is accompanied by an elevated expression of the macrophage-type M1 polarization
marker, iNOS. Nevertheless, BDE-47 has no significant effect on macrophage polarization
to the M2 type. The above data show that BDE-47 can significantly affect the macrophage
immune function, such as through decreased phagocytosis, blocking of antigen presenta-
tion, and increased secretion of inflammatory factors, promoting NO production. Moreover,
BDE-47 also has a certain impact on the phenotype of macrophages, inducing macrophages
to M1-type polarization. Bisphenol A, one of the most widely used industrial compounds
for synthesizing materials such as polycarbonate (PC) and epoxy resin, can promote mouse
intraperitoneal macrophage differentiation from the pro-inflammatory M1-subtype but
inhibits differentiation from the anti-inflammatory M2-subtype macrophages [57]. PM2.5
in the air can significantly enhance the polarization of macrophage inflammation M1-type,
interfering with the balance of macrophage inflammation M1 and anti-inflammatory M2
polarization [58]. The above findings are consistent with our results.

ROS is often considered an essential regulatory factor when macrophages defend
against inflammation and other stress [59]. In our study, ROS levels significantly increased
with the concentration of BDE-47 used in exposure to RAW264.7 cells. The ROS that accu-
mulates in macrophages can not only serve as an upstream factor to trigger apoptosis [60]
but also directly damage biological macromolecules, eliciting various inflammatory re-
sponses [61]. ROS plays a mediating role between innate and adaptive immune cells and
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further influences immune processes, such as T cell activation, by antigen delivery [62]. A
Pearson correlation analysis of biological indicators shows a significant correlation with
ROS levels in most cells (Figure 4C). The transcriptome sequencing results further sup-
ported our previous results, such as for IL-6; TNF upregulated oxidative stress-associated
genes also showed the same trend in protein expression in our ELISA and Western blotting
results. To further explore the effects of ROS on BDE-47-induced immunotoxicity, the
antioxidant N-acetylcysteine (NAC) was utilized to study the relationship between the
immunotoxicity and ROS level caused by BDE-47 in RAW264.7 cells. The cytotoxicity
results show that pretreatment with NAC could attenuate BDE-47-caused MMP damage,
cytochrome C release, and the increased enzyme activity of Caspase-3 and Caspase-9,
eventually reversing apoptosis. The biological process enrichment and protein interaction
network modular analysis of the differentially transcriptionally expressed oxidative stress
genes revealed that they were closely related to apoptosis and the transfer of aerobic elec-
tron chains in mitochondria, which, to some extent, supports our research finding that ROS
can regulate the mitochondrial apoptotic pathway.

For the immune function, NAC can inhibit a degree of decreased cell phagocytosis
function after exposure to BDE-47. It has been demonstrated that an increase in ROS is
linked with M1-type activation in macrophages [63], which further stimulates the release
of pro-inflammatory cytokines. NAC also alleviates the production level of NO, the
elevated secretion of inflammatory factors, gene expression of co-stimulating factors, and
protein expression of TNF-α and the M1 macrophage marker, iNOS. NAC was found to
mitigate immunotoxicity in other studies, where NAC pretreatment could alleviate the
immunotoxic effects of azolinone and isomethoxamine fungicides in mice in vitro [36].
Hou et al. showed that the immunotoxicity of aflatoxin B1 and ochratoxin A is associated
with ROS regulation, and the antioxidant NAC can mitigate the combined toxicity in
porcine alveolar macrophages [64]. However, we also found that gene expression levels
of the exogenous antigen-presenting complex, MHC-II, did not increase significantly after
NAC pretreatment, and minimal correlation was also observed in the Pearson correlation
analysis, suggesting that it may have little involvement in the regulation of ROS. More
research is still required to explain the observed phenomena. In addition, we also used
pretreatment with the ROS-inducer BSO to explore the effect of ROS elevation on BDE-
47-induced immunotoxicity [65]. Compared with the NAC pretreatment, diametrically
opposite trends are shown: after the BSO pretreatment, several key indicators, such as
apoptosis, NO production, inflammatory factor level, and M1 polarization of RAW264.7
cells, were significantly increased. This indicates that the BDE-47-induced immunotoxicity
was intensified.

Therefore, our results suggest that the environmental pollutant BDE-47 can cause
an increase in intracellular ROS levels in macrophages. Genes related to oxidative stress
showed transcriptional differences, and the intracellular antioxidant protection mechanism
was affected by the increase in BDE-47 concentration. Moreover, BDE-47 further induces
apoptosis of cells through the mitochondrial pathway, damaging immune function and
generating immunotoxic effects on macrophages (Figure 8).
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Figure 8. The mechanism of BDE-47-induced immunotoxicity in RAW264.7 cells.

4. Materials and Methods

4.1. Chemicals and Reagents

BDE-47 was purchased from AccuStandard (New Haven, CT, USA). DCFH2-DA,
thiazole blue, and dimethyl sulfoxide (DMSO) were purchased from Sigma (St. Louis,
MO, USA). The Annexin V-FITC/PI apoptosis kit was purchased from BD Bioscience
(Franklin Lake, NJ, USA). Arg-1 and iNOS antibodies were purchased from eBioscience
(San Diego, CA, USA). E. coli (strain K-12) was purchased from Invitrogen (Carlsbad,
CA, USA). The IL-10 enzyme-linked immunosorbent assay (ELISA) kit was purchased
from MultiSciences (Hangzhou, China). Cytochrome C antibodies, IL-6, IL-1β, TNF-α
ELISA kits, DAPI dye, rhodamine 123, and Caspase-3 and Caspase-9 activity assay kits
were purchased from Beyotime Biotechnology (Shanghai, China). BAX, Bcl-2, and TNF-α
antibodies were purchased from WanLeiBio Co., Ltd. (Shenyang, China). ECL luminescent
reagent was purchased from Sangon Biotech Co., Ltd. (Shanghai, China). Real-time
fluorescent quantitative reagents were purchased from Takara Biomedical Technology Co.,
Ltd. (Beijing, China). N-acetylcysteine (NAC) and L-buthionine-(S,R)-sulfoximine (BSO)
were purchased from Yuanye Bio-Technology Co., Ltd. (Shanghai, China).

4.2. Cell Culture and Experimental Design

The RAW264.7 mouse macrophage line was obtained from the Shanghai Institute of
Cell Biology (Chinese Academy of Sciences, Shanghai, China). The cells were cultured in
DMEM (Gibco, Grand Island, NE, USA), containing 10% fetal bovine serum (Biological
Industries, Kibbutz Beit Haemek, Israel) and 1% penicillin–streptomycin antibiotics (Gibco,
Grand Island, NE, USA), and then cultured in an incubator at 37 ◦C and 5% CO2.

Logarithmically growing RAW264.7 cells were inoculated in 96-well and 6-well plates
at a concentration of 2.5 × 104 and 2.5 × 105 mL−1, respectively, and cultured overnight.
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The cells were then treated with BDE-47 at various concentrations (0, 5, 10, 20, and 40 μM)
for 24 h for the determination of cell viability, fluorescence level, protein, and mRNA
expression. Untreated cells were used as the control (CTR); cells treated with 0.1% DMSO
(v/v) were used as the DMSO solvent control (DMSO). In addition, RAW264.7 cells were
precultured in 100 μM NAC or 500 μM BSO for 4 h, and then 40 μM of BDE-47 was added
to the cells for 24 h, followed by the calculation of indexes related to apoptosis and immune
function, and for studying the relationship between ROS and immunotoxicity.

4.3. Cytotoxicity Evaluation

The RAW264.7 cell proliferation activity was measured using the MTT assay. In brief,
the cells were exposed to various concentrations of BDE-47 for 24, 48, and 72 h; then, 10 μL
of MTT solution was added to each well and incubated at 37 ◦C for 4 h. After that, 150 μL
DMSO was added to each well to dissolve the methylzan; then, a microplate reader was
used to determine the absorbance (OD) value at 490 nm. Cell viability was calculated as
the percentage of live cells relative to the total number of cells. Trypan blue staining was
used to determine the rate of cell death, as in previous studies [66,67].

4.4. Morphology Observation

After the exposure to BDE-47, the cell surface morphological changes were directly
visualized through an inverted microscope. Additionally, the cells were stained with
0.1 μg/mL DAPI staining solution for 30 min, followed by washing with PBS twice. Then,
the cells were placed under a fluorescence microscope to observe cell nucleus pyknosis.

4.5. Apoptosis Detection

Cell apoptotic rates were detected using an Annexin V-FITC/PI staining kit. The cells
were digested and collected following EDTA-free trypsinization and washed twice with
pre-chilled PBS before being resuspended in Annexin-V binding buffer. The cells were
stained with PI and Annexin V-FITC for 10 min in the dark. The stained cells were assessed
using a BD flow cytometer, and FlowJo software was used to analyze the flow cytometry
data. The apoptotic rate was expressed as the sum of the Q2 quadrant (the percentage of
late apoptotic cells) and Q3 quadrant (the percentage of early apoptotic cells).

4.6. Detection of Mitochondrial Membrane Potential (MMP)

Rhodamine 123 chemical dye was used to evaluate the changes in the MMP. The
treated cells were incubated with rhodamine 123 (5 mg/mL) for 30 min. The cells were
collected by centrifugation and resuspended in PBS. The average FL1 channel fluorescence
intensity, as assessed using the BD flow cytometer, was taken to represent the MMP in
the cells.

4.7. Examination of ROS Level

Intracellular ROS formation was determined using the DCFH-DA probe. Briefly, after
the exposure treatment of the cells, the supernatant was aspirated and washed before
adding the DCFH2-DA probe (10 μM), then incubating for 30 min. The fluorescence
intensity in the FL1 channel was then measured using the BD flow cytometer.

4.8. Caspase Enzymatic Activity

The Caspase-3 and Caspase-9 activities were determined using commercial Caspase-3
and Caspase-9 activity assay kits. First, the treated cell samples were collected, the protein
extracted, and the concentration was then determined using the Bradford method. Sub-
sequently, 50 μL of the sample was added to the assay buffer and catalytic substrate for
reaction and incubated at 37 ◦C overnight. The absorbance at 405 nm was detected using
a microplate reader, and the units of enzyme activity were calculated, according to the
standard curve, as well as the sample protein concentration.
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4.9. Western Blotting

The protein expression levels were determined by Western blot analysis, according to
a previous study [68]. Briefly, protein samples were extracted using RIPA buffer, separated
by SDS-PAGE, transferred to PVDF membranes, incubated for 12 h with antibodies diluted
at the appropriate proportion (BAX antibody 1:1000; Bcl-2 antibody 1:1000; cytochrome
C antibody: 1:200), and, for 1 h, with horseradish peroxidase-conjugated antibodies. The
membrane was washed with TBST three times for 5 min each. The immunoreactive bands
were detected with ECL reagents, according to the manufacturer’s instructions. ImageJ
software was used to quantify the bands, and the protein expression levels of BAX, Bcl-2,
and cytochrome C were standardized, based on comparison with β-actin protein.

4.10. Phagocytic Capacity

The treated cells were cultured in a serum-free fresh medium containing the biotiny-
lated particles of FITC-labeled Escherichia coli (K-12 strain) for 1 h. After that, the cells were
collected and washed three times with PBS to eliminate unincorporated E. coli, and the cell
fluorescence was then detected by using flow cytometry, according to the method referred
to in a previous study [69].

4.11. Quantitative Real-Time Polymerase Chain Reaction (QRT-PCR) Analysis

Total RNA was extracted from the treated RAW264.7 cells with TRIizol, according to
the manufacturer’s protocol. Then, the cDNA was synthesized from the total RNA using
a first-strand cDNA synthesis kit. The real-time PCR was performed using SYBR Green
Supermix and PCR primers in a cycler. The sequences of primers used in the real-time PCR
are listed in Table 1. The amplification was performed in 20 μL of the total mixture volume.
The amplification program was as follows: predenaturation at 95 ◦C for 30 s, followed by
40 cycles of 95 ◦C for 5 s, and 60 ◦C for 34 s. GAPDH was used for normalization in the
relative quantitative analysis, and the standard 2−ΔΔCt method was used in the calculation.

Table 1. Specific primer sequences for qRT-PCR.

Target Gene Forward (5′-3′) Reverse (5′-3′)

MHC-II GTGTGCAGACACAACTACGAGG CTGTCACTGAGCAGACCAGAGT
CD40 ACCAGCAAGGATTGCGAGGCAT GGATGACAGACGGTATCAGTGG
CD80 CCTCAAGTTTCCATGTCCAAGGC GAGGAGAGTTGTAACGGCAAGG
CD86 ACGTATTGGAAGGAGATTACAGCT TCTGTCAGCGTTACTATCCCGC

GAPDH CATCACTGCCACCCAGAAGACTG ATGCCAGTGAGCTTCCCGTTCAG

4.12. Cytokine Secretion Levels and NO Production

The supernatant of the treated cells was collected, and the cytokine levels of IL-10, IL-6,
IL-1β, and TNF-α were detected by ELISA, according to the manufacturer’s instructions.
The NO production in each group was determined using the Griess kit, with the OD
determined at 550 nm wavelength.

4.13. Cell Phenotype

INOS and Arg-1 are classic markers of the M1 pro-inflammatory phenotype and M2
anti-inflammatory phenotype, respectively. The detection of polarization marker protein
expression levels was carried out using flow cytometry, according to a method referred
to in previous studies [70,71]. The treated cells were fixed with a fixative solution for
20 min at 25 ◦C, and, after being washed with PBS twice, the cells were treated with a
permeabilization solution and then incubated with PE-labeled Arg-1 and APC-labeled
iNOS antibodies for 30 min at 4 ◦C in the dark. Then, the samples were analyzed by BD
flow cytometry after washing.
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4.14. RNA-Seq and Analysis of the Oxidative Stress Regulatory Network

RAW264.7 cells were treated with BDE-47 at a concentration of 20 μM (BDE-47)
for 24 h and then harvested. The RNA extraction, purity, and quantification, and the
transcriptome sequencing and analysis were performed by Personalbio Technology Co.,
Ltd. (Shanghai, China). After the sequencing, clean reads were obtained and aligned to the
mouse genome, and the differentially expressed genes (DEGs) between the two groups were
analyzed using DESeq (2012) R software. The significance of the gene expression differences
was assessed with the p-value < 0.05 and log2 (fold change) > 1 as the threshold value.
Relevant entries were retrieved from the CTD database (https://ctdbase.org, accessed on
15 October 2022) with the keyword “oxidative stress” to obtain associated genes, which were
mapped to the differentially expressed genes obtained from the transcriptome sequencing.
Gene ontology and protein–protein interaction analyses were performed using Metascape
(https://metascape.org, accessed on 5 November 2022).

4.15. Data Analysis

For each experiment, we analyzed three or more replicates in a completely random
manner. The experimental data are the average ± standard error (mean ± SEM), with
GraphPad Prism 8.4 software for chart visualization. SPSS 26 software was used for the sta-
tistical analysis of the data. The HSD Tukey test was used to assess the significance between
the control and experimental groups, and p < 0.05 indicates significance. Pearson correlation
was used to analyze the interaction between the variables, for which visualization was
realized using the ggplot2 package.

5. Conclusions

We found that BDE-47 can induce apoptosis of RAW264.7 cells via the mitochondrial
pathway, causing immune function damage. The ROS inhibitor NAC could reverse apopto-
sis and alleviate the immune impairment caused by BDE-47, which could be conversely
exacerbated by the inducer BSO. Intracellular ROS levels were found to be one of the
regulators leading to BDE-47 immunotoxicity.
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Abstract: Euphorbia factors, lathyrane-type diterpenoids isolated from the medical herb Euphorbia
lathyris L. (Euphorbiaceae), have been associated with intestinal irritation toxicity, but the mechanisms
underlying this phenomenon are still unknown. The objective of this study was to evaluate the
transcriptome and miRNA profiles of human colon adenocarcinoma Caco-2 cells in response to
Euphorbia factors L1 (EFL1) and EFL2. Whole transcriptomes of mRNA and microRNA (miRNA) were
obtained using second generation high-throughput sequencing technology in response to 200 μM EFL
treatment for 72 h, and the differentially expressed genes and metabolism pathway were enriched.
Gene structure changes were analyzed by comparing them with reference genome sequences. After
72 h of treatment, 16 miRNAs and 154 mRNAs were differently expressed between the EFL1 group
and the control group, and 47 miRNAs and 1101 mRNAs were differentially expressed between
the EFL2 group and the control. Using clusters of orthologous protein enrichment, the sequenced
mRNAs were shown to be mainly involved in transcription, post-translational modification, protein
turnover, chaperones, signal transduction mechanisms, intracellular trafficking, secretion, vesicular
transport, and the cytoskeleton. The differentially expressed mRNA functions and pathways were
enriched in transmembrane transport, T cell extravasation, the IL-17 signaling pathway, apoptosis,
and the cell cycle. The differentially expressed miRNA EFLs caused changes in the structure of the
gene, including alternative splicing, insertion and deletion, and single nucleotide polymorphisms.
This study reveals the underlying mechanism responsible for the toxicity of EFLs in intestinal cells
based on transcriptome and miRNA profiles of gene expression and structure.

Keywords: Euphorbia semen; Euphorbia factors; transcriptome; RNA sequencing; bioinformatics;
gene structure

1. Introduction

Euphorbia semen is the ripe and dry seeds of Euphorbia lathyris Linnaeus (Euphorbiaceae),
which are widely distributed in East Asia, South Europe, Russia, Australia, and America [1].
In China, Euphorbia semen has been used as a traditional medicine for thousands of years,
since the Song dynasty. It is used for the treatment of amenorrhea, edema, abdominal
distension, constipation, oliguria, and anuria by oral administration, as well as for therapy
for stubborn dermatophytoses and warts by external use on the skin [2,3]. In recent years,
Euphorbia semen has been reported to have excellent pharmacological actions allowing it to
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inhibit adipogenesis, reverse tumor multidrug resistance, and treat terminal schistosomiasis,
giving it the potential to be developed as a weight-loss and oncotherapy drug [4–6].

Safety should be a matter of concern during drug use. In the Compendium of Materia
Medica, Euphorbia semen was classified as a toxic medicinal herb. In the clinical setting, the
recommended oral dosage of Euphorbia semen is 1–2 g in accordance with the 2020 edition
of the Chinese Pharmacopoeia [7]. At an overdose of 9–15 g, the poisoning symptoms
are generally manifested as dizziness, nausea, vomiting, palpitations, spontaneous cold
sweating, and a pale complexion. However, blood pressure drops, profuse sweating, cold
limbs, shallow and thick breathing, and a weak pulse can occur in serious illness cases [8].
After intragastric administration of an aqueous extract of Euphorbia semen, the LD50 was
1.7950 g/kg (95% confidence interval of 1.6211–1.9879) in mice [9]. So far, more than
15 types of 240 compounds have been isolated and identified from Euphorbia semen, and
Euphorbia factors belonging to the lathyrane-type diterpenoids family are the main toxic
components [10]. Euphorbia factors L1 (EFL1) and L2 (EFL2) can accelerate the peristalsis
rate of the small intestine and thus contribute to the induction of intestinal tract irritation
and diarrhea [11]. The intense intestinal toxicity of Euphorbia semen has limited its safe
clinical use.

As a classical toxic herb that is used to target to the intestine in traditional Chinese
medicine, there is an urgent need to clarify the intestinal toxicological mechanism as-
sociated with Euphorbia semen, especially regarding Euphorbia factors. Next generation
high-throughput RNA sequencing (RNA-seq) provides methods with which to find the
gene targets of toxic xenobiotics. With the advantages of low cost and time, ultra-high
data output and high accuracy, RNA-seq has been introduced into the pharmacological
and toxicological studies of traditional medicines such as Fuzi decoction [12], lycorine [13],
Shuxinyin formula [14], and so forth. Messenger RNA (mRNA) is formed by transcription
and executes its biological functions after being translated into proteins. However, the
translation of mRNA into functional proteins can be silenced by microRNA (miRNA) at the
post-transcriptional level [15]. miRNA, a kind of small non-coding RNA, is about 21–23 nu-
cleobases in length, and widely exists in viruses, plants, and animals with high evolutionary
conservation [16]. miRNA is transcribed from DNA sequences into pri-miRNA, before
being processed into pre-miRNA and exported into the cytoplasm. After being processed
by RNase III Dicer, the mature miRNA duplex is produced [17]. To form the RNA-induced
silencing complex (RISC), the miRNA duplex is loaded into the Argonaut (Ago) family
of proteins. The 5′ ends of Ago proteins from the RISCs of miRNA will pair with 3′ un-
translated regions (3′-UTRs) of cytoplasmic mRNAs, inhibiting translation or promoting
the degradation of the mRNAs [18]. The 3′-UTR is the main region of binding, and other
regions of gene promoters, the 5′UTR, and the coding sequence have also been reported as
binding locations [19].

To provide evidence for safe clinical drug use, in the present study, we compre-
hensively used mRNA and miRNA sequencing technologies to explore the mechanisms
underlying EFL-induced intestinal toxicity in the human colon adenocarcinoma cell line
Caco-2. The gene expression pattern and structural modification were analyzed, and the
gene function was enriched by bioinformatics analysis.

2. Results

2.1. Effects of EFLs on the Survival of Caco-2 Cells

The cytotoxic effects of EFL1 and EFL2 on Caco-2 were assessed at different time
intervals using the MTT assay. EFL1 and EFL2 significantly inhibited cell viability in a
concentration-dependent manner (Figure 1). After being exposed to 200 μM EFL1 for 72 h,
the cell viability of Caco-2 cells was 77.9%; after being exposed to EFL2 concentrations of
50, 100, and 200 μM, the cell viability decreased to 91.4%, 80.2%, and 73.1%, respectively.
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Figure 1. Cytotoxicity of EFLs in Caco-2 cells. Concentration effect of EFLs on cell viability was
determined by the MTT assay, the cells viability of each EFLs group was expressed in percentage
in comparison with vehicle control group. Data were presented as mean ± standard deviation
from three independent experiments. * p < 0.05 or ** p < 0.01 compared with vehicle control of the
same compound.

2.2. Quality Control and Mapping of RNA Sequencing Data

Based on the cell viability of Caco-2 cells after EFL exposure, a concentration of 200 μM
was chosen for further study. High-throughput sequencing was performed for the analysis
of mRNA and miRNA expression in Caco-2 cells with or without EFLs exposure. As shown
in Table S3, average quantities of 69.4, 74.7, and 71.0 million raw reads of mRNA were
obtained from the control, EFL1, and EFL2 groups, respectively. After checking the read
quality, the Q20 was 98.3% and Q30 was 94.5% in all samples. In the control, EFL1, and EFL2
groups, 68.4, 73.6, and 70.1 million clean reads were chosen to map to the human reference
genome, and the unique mapping ratios were 90.04%, 89.74%, and 89.27%, respectively.

The miRNA quality control is shown in Table S4. The Q20 was 99.43% and Q30 was
98.2% in all the samples. In the control, EFL1, and EFL2 groups, average quantities of 19.3,
18.3, and 18.9 million raw reads were obtained with 16.9, 15.4, and 16.6 million clean reads,
respectively, and 8.5, 7.3, and 8.2 million reads were mapped to the positive and negative
RNAs of the human reference genome.

2.3. Assembly of mRNA Transcripts

The mRNA transcripts were assembled in StringTie software. Based on the network
flow algorithms and optional de novo assembly, the complex datasets were assembled into
transcripts. The number of transcripts contained in most genes was <4, and the number
of genes consisting of only one transcript reached 34,965 (Figure S1A in Supplementary
Materials). All samples contained a total of 221,912 transcripts, including 66,911 transcripts
> 1800 bp, followed by 49,384 transcripts with a length of 401–600 bp (Figure S1B). Most
of the transcripts contained exons with fewer than 10 bp, and the number of transcripts
consisting of 2 exons reached 32,846 (Figure S1C).
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2.4. Functional Annotation of mRNA and miRNA in Databases

The mRNA functional annotation was performed using the COG, GO, KEGG, NR,
Swiss-Prot, and Pfam databases (Table S5). In total, 203,268 (97.48%) transcripts and
46,195 (78.45%) genes were successfully annotated. Most of the transcripts and genes
were annotated in NR (89.39% and 77.46%, respectively), followed by COG (83.44% and
68.78%, respectively), Swiss-Prot (82.16% and 66.89%, respectively), GO (70.57% and 53.47%,
respectively), KEGG (67.14% and 48.15%, respectively), and Pfam (41.17% and 28.11%,
respectively).

The known and novel miRNA functional annotation were performed in miRBase and
miRDeep2, respectively. An average of 1153, 1109, and 1130 known miRNAs, as well as
356, 355, and 356 novel miRNAs were reported in the control, EFL1, and EFL2 groups,
respectively (Table S6).

2.5. The Fold Change in mRNA and miRNA Quantified by RT-qPCR

In the differentially expressed genes, a total of 14 mRNAs and 10 miRNAs were
detected using RT-qPCR, and the correlation between the fold change in RT-qPCR and
mRNA-seq was analyzed using linear regression. In the EFL1 group, the mRNA had a
regression equation of Y = 0.892X − 2.761, R2 = 0.957 (Figure S2A), with miRNA hav-
ing Y = 1.108X − 0.025, R2 = 0.967 (Figure S2B). In the EFL2 group, the mRNA had a
regression equation of Y = 0.924X − 3.759, R2 = 0.9903 (Figure S2C), with miRNA hav-
ing Y = 0.941X + 0.079, R2 = 0.9987 (Figure S2D). The gene expression levels detected by
RT-qPCR and mRNA-seq were consistent.

2.6. Differentially Expressed Genes and miRNA-mRNA Crosstalk

Standards of fold change (FC) ≥ 2 and p value ≤ 0.05 were set as significant up- or
downregulated differentially expressed genes (DEGs) for mRNA, and FC ≥ 1.5 and p value
≤ 0.05 were used for miRNA. After treatment of EFL1, a total of 16 miRNAs were differen-
tially expressed compared with the control group, of which 6 miRNAs were downregulated
and 10 miRNAs were upregulated (Figure 2A); 154 mRNAs were differentially expressed,
of which 66 mRNAs were downregulated and 88 miRNAs were upregulated (Figure 2C). In
the EFL2 group, 47 miRNAs were differentially expressed compared with the control group,
of which 23 miRNAs were downregulated and 24 mRNAs were upregulated (Figure 2B);
1101 mRNAs were differentially expressed, of which 695 mRNAs were downregulated and
406 mRNAs were upregulated (Figure 2D).

To describe the miRNA-mRNA crosstalk, the top five differentially expressed miRNAs,
namely, hsa-miR-6774-3p, hsa-miR-6715a-3p, hsa-miR-4523, hsa-miR-548av-3p, and hsa-
miR-616-3p in the EFL1 group, and hsa-miR-5090, hsa-miR-1255b-5p, hsa-miR-4284, hsa-
miR-146a-3p, and hsa-miR-4458 in the EFL2 group were selected. As shown in Figure 2E,F,
the target genes of miRNA are presented in respect of three databases: miRnada, TargetScan,
and RNAhybrid.

The overlaps between the target mRNAs of the top five differentially expressed miR-
NAs and differentially expressed mRNAs were analyzed. In the EFL1 group, 100 target
mRNAs of miRNAs were reported, but no genes were in the overlap. In the EFL2 group,
162 target mRNAs of miRNAs were reported, and 7 of them were in the overlap, namely
MDGA1, C3orf18, QRICH2, PROM2, AKR1C1, HPGD, and CCDC148.
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Figure 2. The volcano map of differentially expressed mRNA and miRNA between control and
EFLs (A–D). The crosstalk between top 5 differentially expressed miRNA and corresponding regu-
lated mRNA (E,F). The square is miRNA, and the circle is mRNA. Red is upregulation, and green
is downregulation.
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2.7. Functional Annotation of Differentially Expressed mRNA in EFL-Treated Cells

The COG functional annotation of differentially expressed mRNA is shown in Figure 3A.
Most mRNA functions were enriched in intracellular trafficking, secretion, and vesicu-
lar transport, as well as post-translational modification, protein turnover, chaperones,
transcription, signal transduction mechanisms, and the cytoskeleton.

Figure 3. (A) The COG classification of differentially expressed mRNA in EFL-treated Caco-2 cells.
(B) GO and (C) KEGG annotation of the differentially expressed mRNA in the EFL1 group. (D) GO
and (E) KEGG annotation of the differentially expressed mRNA in the EFL2 group.
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The GO enrichment of the differentially expressed mRNA indicated that EFL1 affects
the negative regulation of programmed necrotic cell death, cell–cell junction assembly,
gap junction channel activity, cell–cell organization, and cell communication by electrical
coupling (Figure 3B). EFL2 affects the response to oxygen-containing compounds, the
cell surface receptor signaling pathway, transmembrane transporter activity, ion trans-
membrane transport, channel activity, and passive transmembrane transporter activity
(Figure 3D).

The KEGG enrichment of the differentially expressed mRNA indicated that EFL1
mainly affects mitophagy, protein digestion and absorption, the IL-17 signaling pathway,
oxidative phosphorylation, and the TGF-beta signaling pathway (Figure 3C). EFL2 affects
the arachidonic acid metabolism, cAMP signaling pathway, lysosome, bile secretion, and
the Wnt signaling pathway (Figure 3E).

2.8. Functional Annotation of the Target Genes of Differentially Expressed miRNA in EFL-Treated Cells

The COG functional annotation of the target genes of differentially expressed miRNAs
is shown in Figure 4A, most functions were enriched in terms of transcription, post-
translational modification, protein turnover, chaperones, signal transduction mechanisms,
intracellular trafficking, secretion, and vesicular transport.

In the EFL1-treated group, the GO enrichment of the target genes of differentially
expressed miRNAs showed enrichment of the term’s biological regulation, membrane,
protein binding, and intracellular membrane-bounded organelle (Figure 4B). In the EFL2-
treated group, the enriched terms were regulation of multicellular organismal development,
cell projection, regulation of transcription from the RNA polymerase II promoter, positive
regulation of gene expression and membrane region (Figure 4D).

In the EFL1-treated group, the KEGG enrichment of the target genes of differentially ex-
pressed miRNA showed enrichment of the terms AMPK signaling pathway, autophagy, and
inflammatory mediator regulation of TRP channels (Figure 4C). In the EFL2-treated group,
the enriched terms were the MAPK signaling pathway, chemokine signaling pathway, Ras
signaling pathway, and cAMP signaling pathway (Figure 4E).

2.9. The Protein–Protein Interaction (PPI) of Differentially Expressed mRNA

The genes network was investigated through analysis of PPIs. After EFL1 treatment for
72 h in Caco-2 cells, the core genes involved in the network were shown to be RPL7, RPL7A,
RPL14, MT-ND5, ATP5G1, BMS1, RPS15, PKM, RPL21, WDR12, SKP1, EPO, SLC12A5,
OCLN and PAX2 (Figure 5A). These genes regulate peptide chain elongation, translational
control, respiratory electron transport, ATP synthesis by chemiosmotic coupling, rRNA
processing in the nucleus and cytosol, RNA binding, processing of capped intron-containing
pre-mRNA, mitotic G1 phase and G1/S transition, development EPO-induced Jak-STAT
pathway, K-Cl cotransporter activity, tight junction paracellular permeability barrier, and
transcription factor binding.

In EFL2-treated Caco-2 cells, the core genes involved in the PPI network were shown
to be RPS15, RPL4, RPL7, RPS2, RPL15, RPSAP58, RPS3, RPL13, RPS20, RPS11, ALB, FN1,
SERPINE1, IFIT1, IFITM1 and MT-ATP6 (Figure 5B). These genes were found to be involved
in peptide chain elongation, RNA binding and structural constituents of the ribosome,
laminin receptor activity, the response to elevated platelet cytosolic Ca2+, integrin family
cell surface interactions, signaling receptor binding, the interferons-mediated signaling
pathway, the innate immune system, respiratory electron transport, ATP synthesis by
chemiosmotic coupling, and transcriptional activation of mitochondrial biogenesis.

2.10. The Functional Annotation of Differentially Co-Expressed mRNA

After EFL1 and EFL2 treatment in Caco-2 cells, 57 mRNAs were the differentially co-
expressed as the union (Figure 6A), and a cluster analysis heat map was created (Figure 6B).
The GO enrichment indicated that the differentially co-expressed mRNA affected plasma
lipoprotein particle oxidation, the positive regulation of T cell extravasation, death effector
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domain binding, and the neuron apoptotic process (Figure 6C). The KEGG enrichment
terms included platinum drug resistance, the RIG-I-like receptor signaling pathway, ribo-
some biogenesis in eukaryotes, IL-17 signaling pathway, apoptosis, the NOD-like receptor
signaling pathway, oxidative phosphorylation, cell adhesion molecules, and the cell cycle
(Figure 6D).

 

Figure 4. (A) The COG classification of differentially expressed miRNA in EFL-treated Caco-2 cells.
(B) GO and (C) KEGG annotation of the differentially expressed miRNA in the EFL1 group. (D) GO
and (E) KEGG annotation of the differentially expressed miRNA in the EFL2 group.
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Figure 5. The PPI network of differentially expressed mRNA in EFL1 (A) and EFL2 (B) treated
Caco-2 cells.

Figure 6. (A) The Venn diagram of differentially expressed mRNA in each EFL-treated group. The
cluster analysis heat map (B), GO (C) and KEGG (D) enrichment of 57 differentially co-expressed
mRNAs.

2.11. Visual Analysis of Metabolic Pathways Involved in Differentially Expressed Genes

After the treatment of Caco-2 cells for 72 h, EFL1 affected a few metabolic pathways
including nucleotide metabolism, the metabolism of cofactors and vitamins, xenobiotic
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biodegradation and metabolism (glyoxylate and dicarboxylate metabolism, citrate cycle,
chlorocyclohexane and chlorobenzene degradation, and oxidative phosphorylation), car-
bohydrate metabolism (pyruvate metabolism), and amino acid metabolism (phosphonate
and phosphinate metabolism, and D-Alanine metabolism) (Figure S3A). EFL2 affected
most of the metabolic pathways, including the metabolism of terpenoids and polyketides,
xenobiotic biodegradation and metabolism, amino acid metabolism, nucleotide metabolism,
the metabolism of cofactors and vitamins, the metabolism of other amino acids, and the
biosynthesis of other secondary metabolites, especially glycan biosynthesis and metabolism,
lipid metabolism, carbohydrate metabolism, and energy metabolism (Figure S3B).

2.12. Relative Expression Levels of Proteins Involves in Oxidative Stress and Mitochondria

In the PPI network (Figure 5), genes involved in oxidative stress and mitochondrial
energy metabolism were presented. In the Western blotting assay, heme oxygenase 1 (HO-
1) and heat shock 70 kDa protein (HSP-70) were selected as the biomarkers of oxidative
stress, cytochrome c oxidase 5 (COX-5), mitochondrial fission 1 protein (Fis1), mitofusin-1
(Mfn-1), and dynamin-like 120 kDa protein optic atrophy 1 (OPA1) were the biomarkers of
mitochondrial energy metabolism. As shown in Figure 7, after treatment of EFLs, HO-1
and HSP-70 were activated, and the COX-5, Fis-1, and Mfn-1 were inhibited, as well as
OPA-1 was increased.

 

Figure 7. The relative expression levels of proteins involved in oxidative stress and mitochondrial
energy metabolism. ** p < 0.01 compared with vehicle control group.

2.13. Gene Structure Change after EFL Treatment in Caco-2 Cells

In the Caco-2 cells treated with EFLs for 72 h, 2022 and 5385 AS were reported in the
EFL1 and EFL2 groups, respectively, and most of them were SEs, with a total of 1499 (74.1%)
and 3830 (71.1%), respectively (Table S7).

The Indel numbers of 17 regions were recorded. The totals of 3240.3, 3157.3, and 2988.7
Indels were found in the control, EFL1, and EFL2 groups, respectively, and the number in
the EFL2 group was significantly decreased when compared with the control group (Table
S8). Most of the Indels were distributed in intronic, UTR3, ncRNA_intronic, intergenic, and
ncRNA_exoinc regions, and those with no Indel were distributed in the exonic-splicing
and ncRNA_splicing regions.

As shown in Table S9, 564,449, 562,139, and 509,564 SNP sites were recorded in the
control, EFL1, and EFL2 groups, respectively. The total numbers of SNP, C/T and G/A
transition, and T/A transversion sites in the EFL2 group were significantly decreased when
compared with the control group. The SNP sites were distributed in all of the 17 regions,
mainly in the intronic, UTR3, intergenic, exonic, and ncRNA_exonic regions (Table S10).
No regional distributions were significantly different.
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3. Materials and Methods

3.1. Materials

EFL1 and EFL2 were purchased from Spring & Autumn Biological Engineering Co.,
Ltd. (Nanjing, China). The chemical structure and purity of EFL1 were described in our
previous study [20]. The chemical structure of EFL2 was confirmed by 400 MHz 13C and
1H nuclear magnetic resonance (NMR) spectra (Bruker, Rheinstetten, Germany), and the
purity of EFL2 was 99.63% as determined by high-performance liquid chromatography
(HPLC) (Agilent, Santa Clara, CA, USA) (Figure 8).

 
Figure 8. (A) The chemical structure of EFL2. The nuclear magnetic resonance spectra of EFL2. The
left panel was the 13C spectra (B), and the right panel was the 1H spectra (C). The purity of EFL2
detected by HPLC (D). Chromatographic conditions: Gemini C18 column (250 × 4.6 mm, 4 μm
particle size); mobile phase of methanol:water = 65:35; flow rate: 1.0 mL/min; detection wavelength:
250 nm; column temperature: 35 ◦C; injection volume: 5 μL; injection concentration: 2 mg/mL in
methanol. The retention time of EFL1 was 21.473 min, and the area percent of EFL1 was 99.63%.

3.2. Cell Culture and Treatment

Caco-2 cells were obtained from Biotides Biotechnology Co., Ltd. (Beijing, China), and
the genetic information was identified by short tandem repeats. The cells were cultured in
minimum essential medium (MEM, Gibco, New York, NY, USA) supplemented with 10%
fetal bovine serum (Gibco), 100 U/mL penicillin G sodium salt, 100 μg/mL streptomycin
sulfate, 1% sodium pyruvate, 1% GlutaMAX and 1% non-essential amino acid. Cells were
maintained in an incubator (Thermo Fisher, Langenselbold, Germany) in an atmosphere
of 5% CO2 at 37 ◦C. EFLs were dissolved in dimethyl sulfoxide (DMSO) and then diluted
in MEM medium to concentrations of 12.5, 25, 50, 100, and 200 μM. The final working
concentration of DMSO in cell culture experiments did not exceed 1%.
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3.3. Measurement of Cytotoxicity Using the MTT Assay

The viability of Caco-2 cells exposed to EFLs was evaluated using MTT cytotoxicity
assay. In brief, 104 cells were seeded in 96-well plates and treated with gradient concentra-
tions of EFLs for 72 h. After incubation, cells received 20 μL 5 mg/mL MTT per well and
were maintained at 37 ◦C for 4 h. After removing the medium, 100 μL of 4% isopropanol
acid was added to dissolve the intracellular formazan product. The optical density of
formazan was measured at a wavelength of 570 nm using a microplate reader (Omega,
Ortenberg, Germany).

3.4. RNA Extraction and cDNA Library Construction

Caco-2 cells were seeded in 25 cm2 flasks, and the total RNA was isolated by adding
500 μL TRIzol (Invitrogen, Carlsbad, CA, USA). The RNA quality was determined using
1% agarose gel electrophoresis. RNA samples with a qualified purity of OD260/OD280 ≥
1.8 and OD260/OD230 ≥ 1.5 were measured using Nanodrop 2000 (Thermo Scientific). The
RNA integrity number (RIN) was further assessed using a bioanalyzer 2100 (Agilent).

Poly-(A)-containing mRNA was isolated using oligo (dT) magnetic beads. A fragmen-
tation buffer was added to disrupt mRNA into 300 bp short fragments, and these were
then used as templates to synthesize the first-strand cDNA using reverse transcriptase and
random hexamers. Second-strand cDNA was synthesized using dNTPs, RNase H, and
DNA polymerase I. The double-strand cDNA was subjected to end repair and adapter
ligation. Adapter-modified fragments were purified and amplified to create a cDNA library.

The Truseq Small RNA kit (Illumina, San Diego, CA, USA) was used to construct the
cDNA library of miRNA. Briefly, 1 μg total RNA was used to add 3′ and 5′ adaptors, for the
synthesis of first-strand cDNA by random hexamers. The cDNA was amplified by 12 PCR
cycles and purified in 6% Novex TBE PAGE gel, before being quantified by PicoGreen
TBS380. After bridge PCR by cBot, a cluster was generated for subsequent sequencing.
Assays were performed in triplicate.

3.5. Transcriptome Sequencing and Bioinformatics Analysis

Transcriptome sequencing was performed on the second-generation high-throughput
sequencing platform of Novaseq 6000 (Illumina). Homo sapiens GRCh38 was applied
as the reference genome. The FASTX-Toolkit 0.0.14 was used to calculate the base mass
distribution and base error rate distribution. The raw reads were subjected to adapter
trimming, and low-quality reads were filtered using SeqPrep and Sickle [21]. The high-
quality clean reads were aligned to the human genome using TopHat2 [22]. The transcript
assembly was performed in StringTie. The overlapping read pairs were assembled into
super reads. Then, the super reads were aligned to the reference genome to construct the
graph of the splice site. The paths with high read coverage were retained and assembled
to form transcripts. Then, they were annotated in the Clusters of Orthologous Groups
(COG), Gene Ontology (GO), Kyoto Encyclopedia of Genes and Genomes (KEGG), Non-
Redundant Protein Sequence Database (NR), Swiss-Prot and Pfam databases for mRNA
using DIAMOND [23], Blast2GO [24], HMMER [25] and KOBAS2.1 [26] software and
servers, and miRBase [27] or miRDeep2 [28] were used for miRNA annotation. The gene
expression levels were calculated based on transcripts per million reads (TPM) using
RSEM [29]. iPath3.0 (http://pathways.embl.de, accessed on 28 July 2019) was used to
visualize and analyze metabolic pathways [30]. It contains three types of pathway maps:
the metabolic pathways including 146 KEGG pathways involved in the overall metabolism
of biological systems, the regulatory pathways including 22 KEGG regulatory pathways,
and the biosynthesis of secondary metabolites including 58 KEGG pathways.

3.6. miRNA-mRNA Network

The target gene of miRNA was analyzed by the intersection of three databases: miR-
nada [31], TargetScan [32], and RNAhybrid [33]. In the paradigm suggesting that miRNAs
are restrictive to mRNA, miRNA can couple with mRNA to silence or degrade it. Fur-
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thermore, apart from the classic negative regulation, a positive correlation of mRNA and
miRNA has also been reported as the complementary mechanism and perturbation of
feedback loops. This positive regulation was not included in the present study. Finally,
Cytoscape 3.5.1 was used to construct the protein–protein interaction between miRNA
and mRNA.

3.7. RNA Isolation and Quantitative Real-Time Polymerase Chain Reaction (RT-qPCR)

RT-qPCR was performed to identify the expression of DEGs. Total RNA from Caco-2
cells was isolated using TRIzol reagent (Invitrogen, Carlsbad, CA, USA). To quantify the
relative gene expression, the primers were synthesized, as shown in Tables S1 and S2, with
β-actin and U6 used as the endogenous controls of mRNA and miRNA, respectively. The
universal PCR reverse primer and U6 forward primer were used for the cDNA reverse
transcription of miRNA. RT-qPCR was performed using a 20 μL reaction volume. The
relative gene expression was calculated using the 2−ΔΔCt method (Schmittgen and Livak,
2008), and the fold change was normalized to that observed in the control group.

3.8. mRNA Gene Structure Analysis

The gene structure changes were identified by aligning sequenced sequences with
reference genome sequences. Single nucleotide polymorphisms (SNPs) are genetic markers
on the genome formed by single nucleotide variations. Another structure change is the
insertion and deletion (InDel) of fragments relative to the reference genome, which may
contain one or more bases. The SNP types, including base conversion and transversion,
mutation frequency and depth, as well as the Indel frequency and depth, were calculated
using Samtools software [34]. The gene sequence of eukaryotic cells contains introns
and exons. After the gene is transcribed into mRNA precursors, the introns are removed
by RNA splicing bodies, while the exons are retained in the mature mRNA. Alternative
splicing (AS) means that unspliced RNA can have multiple forms of exon splicing, so that
a gene can translate different proteins, thereby improving the complexity and adaptability
of the system under various physiological conditions. The AS, including the skipped exon
(SE), alternative 5′ splice site (A5SS), alternative 3′ splice site (A3SS), mutually exclusive
exon (MXE), and retained intron (RI), were quantified and analyzed in the Junction Count
Only mode of rMATS software [35].

3.9. Protein Expression Detected by Western Blotting

The cells were cultured in 6-well plates and treated with 200 μM EFL1 or EFL2 for 72 h.
Cells were lysed by RIPA and the protein concentrations were quantified by BCA method.
Equal amounts of 20 μg proteins were loaded for separation by SDS-page electrophoresis,
and then electrophoretically transferred to polyvinylidene difluoride membranes. After
blocking in 5% skim milk and successively incubation with primary and secondary anti-
bodies (Proteintech and Abclonal, Wuhan, China), the membranes were exposed to ECL
chemiluminescence solution (Beyotime, Shanghai, China) for imaging.

3.10. Statistical Analysis

The data are expressed as the mean ± standard deviation. One-way analysis of
variance was performed using SPSS software (IBM, Armonk, NY, USA) to compare the
differences between groups. Values of * p < 0.05 or ** p < 0.01 were considered statisti-
cally significant.

4. Discussion

Euphorbiaceae plants are mainly distributed in the tropics and subtropics and include
more than 300 genera and more than 8000 species. In China, there are more than 80 plants
from the Euphorbia genus, and 40 of them are used for traditional medicines, while over
40% of them are toxic [36]. Euphorbia kansui S.L.Liou ex S.B.Ho [37], Euphorbia pekinensis
Rupr. [38], Euphorbia ebracteolata Hayata [39], Euphorbia fischeriana Steud. [40], Euphorbia

77



Molecules 2022, 27, 6931

lathyris L., and Euphorbia hirta L. [41], have been reported to be poisonous. There are typical
gastrointestinal irritation xenobiotic substances that induce clinical symptoms of acute
gastroenteritis, nausea, vomiting, abdominal pain, diarrhea and hematochezia. Although
the toxicity effects have been reported in many clinical cases, the toxicity mechanism has
still not been fully revealed.

In the 2020 edition of the Chinese Pharmacopoeia, 83 traditional Chinese medicinal
materials are considered to be toxic. Depending on the intensity of toxicity, these materials
are categorized into three levels, and Euphorbia semen belongs to the middle level [42]. The
excellent pharmacological efficacy of Euphorbia semen makes it difficult to remove from the
list of medicinal plants, but its clinical use is severely restricted due to the drug’s safety.
In a pharmacokinetic study, SD rats and rhesus macaques were used for the intragastric
administration (i.g.) and intravenous injection of EFL1, and the T1/2 (i.g.) values were 12.6 h
and 9.9 h, while the bioavailability values were 2.0 and 4.6, respectively [43]. Although the
oral bioavailability of EFL1 was low, toxicological studies has reported that the methanol,
ethyl acetate, petroleum ether, and aqueous extract of Euphorbia semen cause reduced
spontaneous activities, watery stools, wet perioral hair, urinary incontinence, and tics in
mice treated with EFL1 (i.g.) once [44,45]. Jaretzky and Köhler used 2.5 mL/100 g seed oil
of Euphorbia semen for once i.g. dose in rats. Diarrhea was reported as the toxicity endpoint,
and this was related to accelerated intestinal rhythm movement [11]. In our previous study,
EFL1 impaired the intestinal barrier integrity and accelerated the defecation cycle in the
coelomic model organism Caenorhabditis elegans [46].

The main toxic component of Euphorbia semen is lathyrane, of which EFL1 and EFL2
have high proportions of the mass fraction [47,48]. In the present study, these two toxic
compounds were selected to explore the toxicological mechanism of Euphorbia semen, and
the transcriptome profiles were analyzed based on the Caco-2 intestinal cell line model.
After treatment of EFLs for 72 h, the cell viability was inhibited. Through second-generation
high-throughput sequencing of mRNA and miRNA, more differentially expressed genes
were discovered in the EFL2 group, suggesting that EFL2 is more toxic to Caco-2 cells.
Through gene assembly and functional annotation, gene function enrichment was per-
formed. A previous study found that EFL1 inhibited the mRNA expression of aquaporin,
a protein facilitating water transport across the plasma membrane, thus contributing to
abnormal intestinal permeability [49]. In our study, GO and KEGG enrichment of EFL1
found enrichment of the terms cell–cell junction, transporter activity and transmembrane
transport. This factor was also shown to regulate ion and molecule transport and result in
osmolality disturbance. The results were consistent with previous reports in the literature.
The gene function enrichment in the EFL2 group included the terms cAMP, IL-17, and
TGF-beta signaling pathway, suggesting that ATP and energy metabolism dysfunction as
well as the inflammatory response occur in intestinal cells. Once the cells are in a state of
energy deficiency, the reverse concentration transport will be blocked, resulting in abnor-
mal intestinal osmotic pressure [50]. The inflammation usually damages the integrity of
the intestinal barrier, and the tight junctions and adherent junctions between cells break,
allowing the intestinal endotoxins produced by the intestinal flora to be transported to the
circulatory system [51]. Intestinal inflammation is the leading cause of diarrhea [52].

Next-generation high-throughput sequencing methods have been applied in the study
of transcriptomes and have revolutionized the understanding of gene structure changes
in AS, Indel and SNP, the most abundant gene polymorphisms in eukaryotic genomes
that are usually associated with various diseases [53]. Nearly all transcripts from human
protein-coding genes undergo several forms of AS, such as SE, A5SS, A3SS, MXE, and RI.
After the gene is transcribed into mRNA precursors, the introns are moved by RNA splicing
bodies, while the exons are retained in the mature mRNA. Unspliced RNA has multiple
forms of exon splicing, so a gene can translate different proteins at different times and in
different environments, thereby increasing the complexity or adaptability of the organism
under different physiological conditions [54]. An SNP refers to a genetic marker formed by
a single nucleotide variation on the genome. SNPs are numerous in number and rich in
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polymorphisms. SNPs appear most frequently on CG sequences, and most of them are C/T
conversions, since the C in CG is often methylated, and becomes thymine after spontaneous
deamination. It is divided into conversion and transversion, according to the characteristics
of the SNP [55]. The Indel refers to the difference in the whole genome between two
parents, where one parent has a certain number of nucleotide insertions or deletions in
the genome relative to the other parent. It involves the insertion or deletion sequence of
small fragments in the genome, the lengths of which are between 1 and 50 bp [56]. Indel
occurrence is mainly related to genomic features and DNA replication errors. It has an
average density of one Indel per 7.2 kb in the human genome [57]. In the present study,
after treatment of EFL1 or EFL2 in Caco-2 cells, thousands of AS sites were discovered,
and most of them were SEs. This might be the adaptive response for cells. The number of
Indels in the EFL2 groups was significantly decreased, suggesting the less genetic length
polymorphism. The C/T and G/A transitions, T/A transversion, and total SNP numbers
in EFL2-treated Caco-2 cells were decreased, and SNPs occurring in any region of the gene
had the potential to affect the protein structure or expression levels of the gene products.
The EFLs, especially EFL2, could induce changes in the AS, Indel, and SNP sites in Caco-2
cells and thus contribute to gene expression and affect the biological function.

5. Conclusions

In conclusion, as the main diarrheal toxicity components of Euphorbia semen, EFL1 and
EFL2 caused profiles changes in miRNA and mRNA, and the gene functions were enriched
in the terms transmembrane transport, T cell extravasation, the IL-17 signaling pathway,
apoptosis, and the cell cycle. The hsa-miR-6774-3p and hsa-miR-5090 were identified as the
key miRNAs for the silencing and degradation of target mRNAs after the exposure of EFLs.
Regarding the gene structure, EFL2 induced the AS, Indel and SNP components. This
study provides gene expression, functional and structural information regarding Caco-2
cells exposed to EFLs. To the main deficit of the present study, all the conclusions were
conducted based on bioinformatic analysis, and further molecular biological experiments
should be performed to validate whether the DEGs-related functions or pathways were
changed in reality.
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Abstract: As a tumor-targeting oncolytic adenovirus (Ad), conditionally replicating adenovirus
(CRAd) can access the cell interior by binding to coxsackievirus-Ad receptors (CARs) and specifically
replicate and destroy cancer cells without lethal effects on normal cells. The transduction efficiency
of CRAd is highly dependent on the number of CARs on the cell membrane. However, not all tumor
cells highly express CARs; therefore, improving the transduction efficiency of CRAd is beneficial
for improving its antitumor effect. In this study, 6-cyclohexyl methyl-β-D-maltoside (6-β-D), as
maltoside transfection agent, showed several advantages, including high transfection efficiency, low
toxicity, and potential for intensive use and easy operation. With pretreatment of cancer cells with
low concentration of 6-β-D (≤5 μg/mL), the transduction efficiency of “model” Ad (eGFP-Ad) was
improved 18-fold compared to eGFP-Ad alone. 6-β-D improved the antitumor effect of CRAd while
being safe for normal cells, in which treatment with 6-β-D helped the lethal effects of CRAd at a
multiplicity-of-infection ratio of 10 (MOI 10) achieve the oncolytic outcomes of MOI 50. This means
that if CRAd is combined with 6-β-D, the amount of CRAd used in clinical practice could be greatly
reduced without diminishing its curative effect or exposing patients to the potential side effects
of high-titer CRAd. Finally, the underlying mechanism of antitumor effect of CRAd + 6-β-D was
primarily investigated, and we found that 6-β-D increased the virus’s replication in cancer cells at
the early stage of infection and activated the apoptosis signaling pathway at the late stage of the cell
cycle. This research will provide an effective technical reference for further improving Ad-mediated
cancer gene therapy in clinical practice.

Keywords: 6-cyclohexyl methyl-β-D-maltoside; transduction efficiency; conditionally replicative
adenovirus; lethal effect; gene therapy

1. Introduction

Conditionally replicating adenovirus (CRAd) is a tumor-targeting oncolytic aden-
ovirus used in cancer gene therapy [1–4]. As a carrier of tumor-specific survivin promoter,
CRAd can selectively replicate in cancer cells under the effect of survivin and lyse those
cells without lethal effect on normal cells [5–9]. The adenoviruses mainly attach to cox-
sackie/Ad receptors (CARs) on cell surfaces to access into cells. However, CARs are lacking
on the membrane of some kinds of tumor tissues and cells, which leads to a lower Ad
transduction efficiency [2,10,11]. Therefore, it is important to efficiently transfer exogenous
genes into cancer cells to improve therapeutic outcomes in cancer gene therapy [12–14].

Transfection agents with high efficiency and low toxicity have been considered a
promising approach to overcoming this serious obstacle. Currently, commonly used trans-
fection reagents include calcium phosphate, nanomaterials, liposomes, and non-liposomal
agents [3,15–19]. The glycoside agent 6-cyclohexyl methyl-β-D-maltoside (6-β-D) is a
bipolar molecule with a hydrophilic polar group and a hydrophobic nonpolar group. It
has been reported that 6-β-D can insert into the cell membrane, break down membrane
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lipids, and release membrane proteins without disturbing the structural stability of the
membrane proteins [20–22], thereby altering cell membrane permeability and mediating
exogenous substances into cells. Theoretically, as a non-liposomal agent, 6-β-D shows sev-
eral advantages in gene- and drug-delivery systems, including high transduction efficiency,
low toxicity, intensive applications, and easy operation. However, up to now, research
on the use of 6-β-D as a new gene delivery carrier in Ad-mediated gene therapies has
been limited.

In this study, the appropriate doses of 6-β-D with high transduction efficiency and
low toxicity were determined. Based on the safe dose, we measured the lethal effects of
CRAd with and without 6-β-D on different human cancer cells. In addition, the antitumor
mechanism of CRAd was explored. The results showed that 6-β-D at very low concentration
(several ppm) could significantly improve the transduction efficiency of Ad into cells. CRAd
had a broad-spectrum killing effect on different types of cancer cells, while safe to human
normal cells. The lethal effect of CRAd showed positive relationships with multiplicity-
of-infection ratio (MOI) and treatment time. CRAd replication significantly increased
in 6-β-D-pretreated human cancer cells. When combined with 6-β-D, CRAd at MOI 10
achieved the killing effect of MOI 50 on cancer cells. It is suggested that the viral titer
could be greatly reduced in clinical practice, which could free patients from the potential
adverse effects of high-titer adenoviruses. This study will provide technical support and a
theoretical basis for improving the clinical application of Ad in cancer gene therapy.

2. Results and Discussion

2.1. Conditional Replication Adenoviruses Can Kill Cancer Cells Specifically

As shown in Figure 1a, CRAds enter into cells by recognizing the glycoprotein CAR
receptors on the cell surface. CRAd contains a specific survivin promoter before the
E1A gene. It has been widely shown that the survivin gene is highly and specifically
expresses in many human tumors, but absent in normal adult differentiated cells [6–9]. The
incorporation of a survivin promoter leads to CRAd’s specific replication in human cancer
cells, and eventually kills them to release offspring viruses to further infect neighboring
cancer cells. Therefore, the Ad vector with a survivin promoter has potential to target
human cancer cells.

CRAds had a broad-spectrum killing effect on different types of cancer cells, while
being safe for human normal cells. There is a positive antitumor correlation with the
multiplicity of infection or duration of treatment (Figure 1b,c). However, different types of
cancer cells showed different sensitivities to CRAds. Specifically, the most efficient oncolytic
effects occurred on esophageal cancer cells EC109 and breast cancer cells MCF-7. As for the
human normal skin fibroblast cells, the survival rate of BJ-1 cells was 85.43 ± 3.56% at MOI
10, indicating that CRAd was safe for human normal cells.

The CRAds were more effective in the treatment of esophageal and breast cancers,
but less so in ovarian cancer, because only 60% of SKOV-3 cells were killed even as the
multiplicity of infection reached 50. This may be due to the membrane of ovarian cancer
cells lacking CAR receptors [2,10,11], thus hindering adenoviruses entering the SKOV-3
cells through the CAR receptors. Moreover, survivin gene expression was lower in ovarian
cancer cells SKOV-3 and normal BJ-1 cells than that in breast cancer cells MCF-7 and
esophageal cancer cells EC109 (Figure 1d,e). These above results collectively explain the
varying oncolytic effects of CRAds on different cancer cells.
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Figure 1. CRAd can replicate and package the offspring adenoviruses specifically in cancer cells.
(a) Proposed antitumor mechanism of CRAd; (b) Antitumor effects of CRAd (MOI 10) on different
cells for different durations (in days); (c) Antitumor effects of CRAd at varying MOI ratios on the
4th day; (d) Survivin mRNA expression in various cell lines; (e) Survivin protein in various cells, as
detected by Western blot. Quantitative analysis of survivin protein could been seen in Supplementary
Materials. Note: The different letters indicate that differences reached extremely significant levels
(p < 0.001).

2.2. High Transduction Efficiency and Low Cytotoxicity of 6-β-D

The killing effect of CRAd on cancer cells can be improved by increasing the viral
titer in vitro. However, this is not desirable in vivo because of the potential side effects
in practice. It is important to allow more CRAds to invade cancer cells and replicate
and package more offspring viruses to achieve better curative effects. Therefore, using
transfection reagents to improve the transduction efficiency of CRAd was considered.

In this study, a glycoside material, 6-cyclohexyl methyl-β-D-maltoside (6-β-D), was
selected and used to explore its transduction efficiency. The 6-β-D is a bipolar molecule
with a hydrophilic polar group and a hydrophobic non-polar group that can help foreign
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substances invade target cells by changing the permeability of cell membranes [20–22].
As shown in Figure 2a, the cell viability showed no difference between 6-β-D-treated
(12 μg/mL) and untreated cells, indicating 6-β-D at this concentration exhibited an unobvi-
ous inhibitory effect on cell growth (p > 0.05).

 

Figure 2. When eGFP was used as a reporter gene, 6-β-D showed low cytotoxicity and high trans-
duction efficiency in different human cell lines. (a) Cytotoxicity of 6-β-D on Het-1A and EC109 cells;
(b) 6-β-D promoted eGFP expression in EC109 cells; (c) Transduction efficiency of eGFP-Ad was
affected by different concentrations of 6-β-D. Note: The same letter means no significant difference
(p > 0.05), while different letters indicate that differences reached significant levels (p < 0.05).

We adopted the Ad with enhanced GFP expression (eGFP-Ad) as a “reporter” to
rapidly and quantitatively evaluate the transduction effect of 6-β-D. By directly observing
the amount of lightened GFP+ cells, we found that the transduction rate of Ad alone was
only 5%, while the 6-β-D treatment showed remarkably more GFP expression (Figure 2b).
It indicated that more eGFP-Ad invaded cells with application of 6-β-D. There was a
correlation between the 6-β-D concentration and the transduction efficiency. The most
efficient concentration of 6-β-D was 2~5 μg/mL in vitro cellular system, at which >95%
of EC109 and HepG2 cells were successfully transfected by eGFP-Ad (Figure 2b,c). The
transduction efficiency was improved 18-fold with application of 6-β-D (Figure 2c).

In addition, comparing the transduction rates between cancer cells and normal cells,
eGFP-Ad was more efficient in infecting cancer cells than normal cells under the action
of 6-β-D. In Figure 2c, the transduction rates of cancer cells HepG2 and EC109 were
98.37 ± 1.56% and 95. 67 ± 4.04%, respectively, while they were 70.27 ± 7.16% and
55.60 ± 11.02% in normal cells L02 and Het-1A, respectively. Moreover, the 6-β-D was safe
for cultured cells at a concentration of below 5 μg/mL. This meant that it was unnecessary
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to remove the 6-β-D solution after pretreating cells at low concentrations (<5 μg/mL). Thus,
the experimental steps can be simplified, making the operation more convenient. Collec-
tively, the results proved that 6-β-D showed more advantages as a transfection reagent,
including high efficiency, low toxicity, low cost, and easy operation.

2.3. Application of 6-β-D Improved the Oncolytic Effect of CRAd

Compared with normal cells BJ-1, CRAd had a significant killing effect on cancer
cells (p < 0.01, Figure 1b), and the killing effect was positively correlated with multiplicity
of infection (Figure 1c). As shown in Figure 3, when CRAd of MOI 10 infected cancer
cells, on the fourth day, the survival rates of EC109 and MCF-7 cells were 43.49 ± 3.26%
and 47.04 ± 2.53%, respectively. As MOI reached 50, cell survival rate decreased to 15%
(Figure 3a). After 6-β-D pretreatment, CRAd at MOI 10 could further improve the killing
effect on cancer cells. The lethal rates were as high as 85.33 ± 1.64% and 84.68 ± 2.74% in
EC109 and MCF-7 cells, respectively, which were significantly different from that of CRAd
alone (p < 0.01, Figure 3b).

Figure 3. Application of 6-β-D improved the oncolytic effect of CRAd. (a) Comparison of cytopathic
effects on esophageal cancer cells EC109 vs. human normal skin fibroblast cells BJ-1 after infection
with different titers of CRAd (×200); (b) The synergistic killing effect of CRAd (MOI 10) + 6-β-D
achieved outcomes of higher MOI 50 on various cancer cell lines. Note: Different letters indicate
significant difference in pairwise comparison, while the same letter means no significant difference.
The difference was significant in lowercase letters (p < 0.05) and extremely significant in uppercase
letters (p < 0.01).

The oncolytic effect of CRAd (MOI 10) + 6-β-D was similar to that of CRAd with
high viral titer (MOI 50) (p > 0.05, Figure 3). In these treated groups, almost all the cancer
cells were killed and floated, and the few remaining cells were weak and round in shape
(Figure 3a). This meant the viral titer could be reduced by combining 6-β-D with CRAd in
clinical practice. It can be used as an auxiliary reagent to obtain higher gene-transduction
efficiency, thus reducing the amount of CRAd in Ad-based gene therapy.

However, for normal cells BJ-1, most of them still adhered to the culture flask, and
the cellular morphology was intact without obvious damage (Figure 3a). This result
further proved that CRAd selectively killed cancer cells and had a lower attacking effect on
normal cells.

2.4. Combining 6-β-D with CRAd Increased Virus Replication in Cancer Cells

E1A is an early-expressed gene related to adenovirus replication [5,23,24]. In this
experiment, we detected the expression of E1A to evaluate the amount of CRAds entering
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cells after drug treatment. First, cells were treated with 6-β-D for about 20 min and then
infected with CRAd of MOI 10. After 4 h, the cells were flushed with PBS three times to
remove the superfluous viruses and replaced with fresh medium to cultivate for another
24 h. Thereafter, the DNA copy number and mRNA expression of E1A were detected.

As shown in Figure 4a,b, E1A gene expression in 6-β-D + CRAd-treated cells increased
significantly over that in 6-β-D-untreated cells; especially in EC109 and MCF-7 cells, the
DNA copy number increased nearly four-fold (Figure 4a). This indicates that CRAd
invasion of cancer cells was improved by 6-β-D treatment. Meanwhile, CRAd-E1A mRNA
expression was significantly higher in EC109 and MCF-7 cells than in BJ-1 cells (Figure 4b).
The higher expression of E1A was consistent with the killing effect of CRAd.

 

Figure 4. Combination of 6-β-D with CRAd increased viral replication in various cancer cell lines.
(a) 6-β-D promoted CRAds invasion into cancer cells; (b) As detected by Real time-PCR, 6-β-D
increased CRAd–E1A mRNA expression in cancer cells.

Furthermore, the TCID50 method was applied to detect CRAd replication and am-
plification in EC109 and SKOV-3 cells with and without 6-β-D. It was reported that most
adenoviruses could enter cells within 3 or 4 h of infection. During this period, the intracellu-
lar viruses had not yet packaged the offspring viruses. Therefore, the viral titer detected at
3 h reflected the amount of CRAds entering cells. After 96 h of infection, CRAds replicated
numerous progeny viruses. The results collected at this stage reflected the replication
ability of CRAds. Therefore, the viral titers were analyzed after 3 h and 96 h infection.

As shown in Table 1, 6-β-D treatment facilitated more CRAds entering cancer cells at
the initial stage of infection. The viral titer had increased 1.5-fold and 1.58-fold in SKOV-3
and EC109 cells, respectively, while 96 h later, the CRAds proliferated more rapidly in
EC109 cells than in SKOV-3 cells. The 6-β-D-treated group was 4.9-fold of the untreated
one. This explains why the killing effect of CRAds on EC109 cells was better than that on
SKOV-3 cells.

Table 1. Viral titer of CRAd detected by TCID50.

Time Treatment
Fold (Titer/PFU/mL)

SKOV-3 EC109

3 h
CRAd 1 (105.3) 1 (105.5)

6-β-D + CRAd 1.50 (105.5) 1.58 (105.7)

96 h
CRAd 1 (109.5) 1 (1010.4)

6-β-D + CRAd 1.86 (1010) 4.90 (1011.2)

In brief, the above results indicated that intracellular CRAds can exert a strong cyto-
pathic effect on cancer cells with high E1A and survivin expression. The more oncolytic
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CRAds entered cells, the more CRAds replicated in cancer cells, and thus more significant
killing effects were exhibited on cancer cells.

According to the flow cytometry (FCM) results, the proportions of apoptotic and
necrotic cells in CRAd-treated groups were significantly higher than those in 6-β-D-treated
and untreated groups (Figure 5a–e). Moreover, there was no significant difference be-
tween 6-β-D-treated and untreated groups, indicating the safety of 6-β-D to human cells
(Figure 5a–e). In Figure 5c,d, the cellular apoptotic rate increased from 73.6% to 86.9%,
indicating that 6-β-D promoted the killing effect of CRAd at cell-safe doses.

Figure 5. Effects of CRAd on Caspase-3 activity and cellular apoptosis. CRAd-induced cellular
apoptosis detected by flow cytometry. (a) Control: EC109 cells; (b) 6-β-D-treated EC109 cells;
(c) CRAd-treated EC109 cells; (d) 6-β-D- and CRAd–treated EC109 cells; (e) Quantitative analysis of
cellular apoptosis; (f) CRAd stimulated Caspase-3 activity in EC109 and SKOV-3 cells.

Caspase-3 is an initial protein of the apoptosis pathway. In Figure 5f, Caspase-3
activity in both CRAd-treated EC109 and SKOV-3 cells was significantly higher than that of
untreated cells. This result suggested that CRAd treatment stimulated Caspase-3 activity
and initiated the cellular apoptosis pathway. Furthermore, Caspase-3 activity in EC109
cells was generally greater than that in SKOV-3 cells under 6-β-D + CRAd treatment
(Figure 5f), verifying the better killing effect of CRAd on esophageal cancer cells. These
data corresponded to the previous results.

Collectively, we speculate that CRAd may exert its lethal effect on cancer cells through
two different mechanisms. First, at the early stage of infection, it mainly does so via specific
replication in cancer cells to produce more progeny adenoviruses to cause cytolysis. Second,
CRAd replication stimulates Caspase-3 activity, which triggers the apoptosis signaling
pathway at the late stage of the cell cycle.
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3. Materials and Methods

3.1. Cell Lines and Drugs

The human cancer cells (including esophageal cancer cell EC109, liver cancer cell
HepG2, breast cancer cell MCF-7, ovarian cancer cell SKOV-3, and cervical cancer cell
HeLa), human normal esophageal cell (Het-1A), and human normal skin fibroblast (BJ-1)
cell lines were obtained from the National Collection of Authenticated Cell Cultures (Shang-
hai, China). The human normal liver cell line (L-02) was collected from the China Center
for Type Culture Collection (Wuhan, China). 6-β-D was purchased from Sigma-Aldrich
(St. Louis, MO, USA). The CCK-8 kit and bicinchoninic acid (BCA) kit were acquired from
Beyotime Institute of Biotechnology (Shanghai, China). An AceQ quantitative polymerase
chain reaction (qPCR) kit was obtained from Vazyme Biotech Co., Ltd. (Nanjing, China).
TRIzol LS Regent, which was used for extraction of total ribonucleic acid (RNA), was
purchased from Tiangen Biotech Co., Ltd. (Beijing, China). CRAd and eGFP-Ad were
constructed and preserved in our laboratory in accordance with previously published
methods [5]. Briefly, CRAd with strong cancer-dependent proliferation was created by in-
troducing the cancer-specific survivin promoter to regulate adenoviral E1A gene expression,
and the E1B gene was deleted from the Ad.

3.2. Cytotoxicity Assay

The cellular toxicity of 6-β-D was detected using the CCK-8 method [25,26]. First,
EC109 and Het-1A cells were seeded in a 96-well plate at a density of 8 × 103/well and
cultured at 37 ◦C with 5% CO2 for 24 h. Then, each well was incubated with 100 μL
6-β-D (max. 12 μg/mL) for about 20 min. The regent was discarded and replaced with
fresh Dulbecco’s Modified Eagle’s medium (DMEM), and cells were cultivated for another
48 h. Finally, the cytotoxicity test was conducted according to the CCK-8 protocol. Optical
density (OD) was measured at 450 nm using a Multiskan Sky microplate spectrophotometer
(Thermo Fisher Scientific, Waltham, MA, USA). The cell viability was calculated according
to Equation (1), as follows. The experiment was repeated 3 times.

Cell survival rate (%) = (ODtreatment − ODblank)/(ODcontrol − ODblank) × 100% (1)

3.3. Transduction Efficiency

We adopted a “model” Ad (eGFP-Ad) to evaluate how well 6-β-D improved the
transduction efficiency. The concentrations of 6-β-D solution were 1, 2, 5, and 12 μg/mL.
Before virus infection, 100 μL of 6-β-D solution at different concentrations was separately
added to each well. After 20 min, HepG2 and L-02 cells were transducted with MOI 10
and EC109 and Het-1A cells with MOI 20 of eGFP-Ad for 4 h. Then, the drug solution
was replaced with 500 μL fresh DMEM medium, and cells were cultivated for another
48 h. Next, the GFP expression was observed under a fluorescence microscope, counting
GFP+-cells and comparing counts between the 6-β-D-treated and -untreated groups. The
transduction efficiency was calculated as the ratio of the percentage of GFP-expressing cells
to that of whole cells under the observation field. For each sample, five observation fields
were randomly selected for data collection, and each experiment was repeated 3 times.

3.4. Survival Inhibition Effect Assay

According to the selected dosage of 6-β-D used in the transduction efficiency assay,
the synergistic effect of 6-β-D and CRAd in killing cancerous cells was analyzed using
the CCK-8 method. Three cancer cell lines (EC109, MCF-7, and SKOV-3 cells) and one
human normal cell line (BJ-1) were selected and seeded in a 96-well plate at a density
of 8 × 103/well and cultured for 24 h. For each cell line, four treatment groups were
established: the CRAd (MOI 10, 30, 50)-treated group, 6-β-D (5 μg/mL)-treated group,
6-β-D (5 μg/mL) + CRAd-treated (MOI 10) group, and blank control group. After treatment
for 4 days, cell survival rate was calculated according to Equation (1).

90



Molecules 2023, 28, 528

3.5. RNA Preparation and RT-PCR

Total RNA was prepared using TRIzol LS Regents (DP430, Tiangen, Beijing, China).
Reverse transcription was performed using Hiscipt®IIQ Select RT SuperMix for qPCR
(+gDNA wiper) (Vazyme Biotech Co., Ltd., Nanjing, China). The E1A and survivin gene ex-
pressions were quantitatively analyzed using SYBR Green qRT-PCR premix (TaKaRa, Kyoto,
Japan) (2−ΔΔCt method) on a fluorescent quantitative PCR system (MX3000P, Stratagene, La
Jolla, CA, USA). PCR amplification used an AceQ qPCR kit (Q111-02/03, Vazyme Biotech
Co., Ltd., Nanjing, China) and started with an initial denaturation step at 95 ◦C for 5 min; fol-
lowed by 40 cycles of 95 ◦C for 30 s, 58 ◦C for 30 s, and 72 ◦C for 30 s; and a final elongation
step at 72 ◦C for 3 min. Primer sequences for E1A were F: 5′-TCCTCACCCTCTTCATCCTC-
3′, R: 5′-GAACCACCTACCCTTCACGA-3′. Primer sequences for survivin were F: 5′-
CAGCCCTTTCTCAAGGACCAC-3′, R: 5′-TTTCTCCGCAGTTTCCTCAAA-3′. Glyceralde-
hyde 3-phosphate dehydrogenase (GAPDH) was an internal reference gene and its primer
sequences were F: 5′-TTCCGTGTTCCTACCCCCAA-3′, R: 5′-AGCCCAAGATGCCCTTCAG-
3′. These gene primers were designed using Premier software version 5.0 and synthesized
by Sangon Biotech (Shanghai, China).

3.6. Viral Titer Assay

The viral titer was tested using the median tissue culture infectious dose (TCID50)
assay, which was calculated according to Karber’s formula.

3.7. Flow Cytometry (FCM)

FCM determination was performed on 6-β-D-treated (5 μg/mL), CRAd (MOI 50)-
treated, 6-β-D (5 μg/mL) + CRAd (MOI 10)-treated, and untreated cells. After treatment for
72 h, cells were harvested and stained with Annexin-V-Fluorescein isothiocyanate (FITC)
and propidium iodide (PI). Then, the cells were analyzed on a FACScan flow cytometer
equipped with CellQuest software version 5.1 (BD Biosciences, Franklin Lakes, NJ, USA).

3.8. Caspase-3 Activity Analysis

Caspase-3 activity was analyzed in four treatment groups: 6-β-D (5 μg/mL) only,
CRAd (MOI 10) only, 6-β-D (5 μg/mL) + CRAd (MOI 10), and blank control. For this assay,
a Caspase-3 Activity Assay Kit (C1116, Beyotime Biotechnology, Shanghai, China) was
used according to the manufacturer’s protocol.

3.9. Statistical Analysis

Results were expressed as mean ± standard deviation (SD) for continuous variables.
One-way analysis of variance (ANOVA) of Bonferroni’s post hoc test was used to compare
differences among various groups using GraphPad Prism software version 8.0 (GraphPad
Software, Inc., San Diego, CA, USA). p < 0.05 was considered statistically significant, and
p < 0.01 was extremely significant.

4. Conclusions

Conditionally replicating adenoviral vectors, carrying a specific survivin gene pro-
moter, tend to propagate in cancer cells and eventually lyse cancer cells. In this study,
6-β-D as a new transduction agent showed several advantages, including high transduction
efficiency, low toxicity, intensive application, cost effectiveness, and easy operation. With
application of 6-β-D, the lethal effect of CRAd at MOI 10 improved significantly, achieving
the oncolytic outcomes associated with the use of a higher titer (MOI 50). This meant that
by using 6-β-D + CRAd, clinicians could greatly reduce the amount of CRAd without
reducing its curative effect, thereby sparing patients from most of CRAd’s potential side-
effects caused by higher viral titer. Finally, the mechanism underlying the antitumor effect
of CRAd was primarily investigated. This study will increase the feasibility of reducing
viral titer to improve antitumor effects through the use of a safe transfection agent in
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adenovirus-based gene therapy. These insights may prove to be a timely opportunity for
the application of CRAd in clinical treatment of cancers.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/molecules28020528/s1, Figure S1: Quantitative analysis of survivin
protein (Figure 1e); Figure S2: Survivin protein in various cells (HeLa, EC109, MCF-7, SKOV-3, BJ-1),
as detected by Western blot (Figure 1e); Figure S3: GAPDH protein in various cells (HeLa, EC109,
MCF-7, SKOV-3, BJ-1), as detected by Western blot (Figure 1e).
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Abstract: Neuroblast differentiation-associated protein AHNAK, a large structural scaffold protein,
remains mysterious in biological processes. AHNAK plays a suppressive or progressive role in differ-
ent types of cancers. To investigate the role of the AHNAK in hepatocellular carcinoma (HCC), cell
viability assays were performed to determine the cell proliferation of the stable AHNAK-knockdown
HepG2 cell line; co-immunoprecipitation (Co-IP) and liquid chromatography coupled with tandem
mass spectrometry (LC-MS/MS) were performed on HCC and matched paracancerous (MPC) tissues.
The Metascape platform was used for enrichment analyses; the “ComplexHeatmap” package was
applied for cluster analyses and visualization. Co-IP, Western botting and immunofluorescence
double staining were performed to assess the interactions between AHNAK and insulin-like growth
factor 1 receptor (IGF-1R). AHNAK silencing reduced the viability of HepG2 cells; the interactome in
HCC and MPC tissues enriched 204 pathways and processes, which partially reflected the signature of
HCC field cancerization. AHNAK could co-localize and interact with IGF-1R. These results suggested
that the AHNAK complex contributes to HCC growth, potentially by interacting with IGF-1R.

Keywords: neuroblast differentiation-associated protein AHNAK; hepatocellular carcinoma (HCC);
insulin-like growth factor 1 receptor (IGF-1R); interactome; field cancerization

1. Introduction

Hepatocellular carcinoma (HCC) is one of the most common and lethal tumors world-
wide and the most common type of primary liver cancer, accounting for 75–85% of cases [1].
Despite several signaling pathways having been identified to be related with the pro-
gression of HCC, the molecular mechanism of HCC development remains complicated.
Adjacent tumor tissues are not completely normal tissues [2], which is known as field
cancerization [3,4]. Although histologically normal, they share some common molecular
alterations with tumors. Field cancerization has been shown to affect circRNA expression
profiles in gastric cancer [3]. This understanding might also provide new enlightenment
for the study of the occurrence and development of HCC.

Neuroblast differentiation-associated protein AHNAK, also known as desmoyokin [5],
is a large structural scaffold protein (molecular mass >620 kDa) that remains mysterious
and plays diverse roles in the biological processes of various cancers [6]. As reported
in the literature, AHNAK suppressed the proliferation and invasion of triple-negative
breast cancer via different signaling pathways [7]. AHNAK also suppressed the progress
of ovarian cancer by impairing the canonical Wnt/β-catenin pathway [8]. Similar results
occurred in colorectal cancer [9] and melanoma [10]. However, a high level of AHNAK
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was associated with poor outcome in pancreatic ductal adenocarcinoma (PDAC) [11] and
laryngeal carcinoma [12]. It could enhance the metastasis of lung cancer via epithelial–
mesenchymal transition [13] and promote migration and invasion in mesothelioma [14].
In liver cancer, our previous research found that the mRNA expression of AHNAK was
elevated in liver cancer tissues and the methylation level of AHNAK decreased from liver
disease to HCC [15]. However, the molecular mechanism via which AHNAK is involved
in HCC progression is unclear.

Therefore, this study utilized co-immunoprecipitation (Co-IP) and liquid chromatog-
raphy coupled with tandem mass spectrometry (LC-MS/MS) to analyze the AHNAK
interactome in liver cancer and matched paracancerous (MPC) tissues, aiming to inves-
tigate the AHNAK involving signaling pathways. Our findings indicate that AHNAK
could serve as a potential candidate targeting the IGF-1R signaling pathway to promote
the development of HCC.

2. Results

2.1. Specific Knockout of AHNAK Protein Can Inhibit the Proliferation of HepG2 Cells

To determine the effect of AHNAK on HepG2 cell proliferation, modified lentiviral
AHNAK vectors were used to knock out the expression of AHNAK in HepG2 cells. The
expression of AHNAK was markedly diminished with the application of sgAHNAK-1,
sgAHNAK-2 and sgAHNAK-3 lentiviruses (Figure 1A). Due to the higher efficiency, the
sgAHNAK-1 lentivirus was utilized in our subsequent experiments. Cell counting kit-8
(CCK8) assays demonstrated that AHNAK silencing led to reduced viability of HepG2 cells
(Figure 1B).

Figure 1. AHNAK expression was essential for HepG2 cell growth: (A) Results of Western blotting
analysis of AHNAK expression in sgCtrl, sgAHNAK-1, sgAHNAK-2 and sgAHNAK-3 HepG2 cells,
and HepG2 cells. (B) Cell counting kit-8 assays were used to determine cell viability in sgCtrl and
sgAHNAK-1 HepG2 cells, and HepG2 cells (n = 3).

2.2. Expression Analysis of AHNAK Protein in Liver Cancer Tissues

In previous studies [15], we found high-level mRNA expression of AHNAK in HCC
tissue, which was consistent with the results of The Cancer Genome Atlas (TCGA) and the
Genotype-Tissue Expression (GTEx) database (Figure 2A). Here, we analyzed the expression
of AHNAK protein in HCC and MPC tissues. We found that the AHNAK protein expression
level in tumor tissues was higher than that in MPC tissues, and the results were confirmed
with Western blotting (Figure 2B) and immunohistochemistry (Figure 2C–E). These results
showed that AHNAK overexpressed both in HCC and MPC tissues compared with donor
liver tissues. The presence of field cancerization has been confirmed in HCC [16,17].
The cancer-promoting AHNAK expressed in HCC field cancerization might be a new
opportunity worthy of study to explore the signature of HCC field cancerization and to
comprehend the important role that AHNAK plays in HCC development and progression.
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Figure 2. AHNAK was overexpressed in HCC tissues: (A) Up-regulated mRNA expression of
AHNAK in HCC tissues samples from TCGA database (369 tumor and 50 normal samples) and
GTEx database (110 normal samples); p < 0.001. (B) Results of Western blotting analysis of protein
expression of AHNAK in donor liver, tumor and MPC tissues. Results of immunohistochemical
analysis of protein expression of AHNAK in donor liver (C), MPC tissues (D) and HCC tissues
(E). Scale bar, 50 μm. TCGA, The Cancer Genome Atlas; GTEx, Genotype-Tissue Expression; MPC,
matched paracancerous.

2.3. Identification of AHNAK as a Candidate Involved in IGF-1 Signaling Transduction

The HCC field cancerization concept proposes that the paracancerous tissues of HCC
patients are at a high risk of HCC [18]. To determine the role of AHNAK in the field
cancerization of HCC, we analyzed the AHNAK interactome in HCC and MPC tissues.
Three HCC tissues and their MPC tissues were tested using endogenous Co-IP and LC-
MS/MS. To reduce false positives, Co-IP was performed on samples using antibody isotype
IgG as control. Therefore, a total of 12 samples were tested using LC-MS/MS, and their
total ion current chromatograms are shown in Supplementary Materials: Figure S1. By
comparing the results of anti-IgG and anti-AHNAK, the proteins that could not be detected
in the anti-IgG samples but could be detected in the anti-AHNAK ones were selected as the
total interaction proteins of AHNAK in the samples. The total and specific non-redundant
proteins interacting with AHNAK in HCC and MPC tissues of three HCC patents are shown
in Figure 3A,B. The protein functional annotation and enrichment of signaling pathways
were analyzed with the Reactome Gene Sets in Metascape platform. The enriched pathways
using proteins interacting with AHNAK both in HCC and MPC tissues from Pat.1, Pat.2
and Pat.3 were 241, 324 and 280, respectively. The intersection of three Venn diagrams
identified 204 enriched pathways shared by all three HCC patents (p < 0.001) (Figure 3C).
The AHNAK protein involving 204 enriched pathways could be mainly divided into 10
categories: cellular signal transduction, cell cycle, cellular response to stress, degradation
of proteins, metabolism of biological macromolecules, citric acid cycle, apoptosis, transport
of proteins and small molecules, transcription and translation, and immune response. As
can be seen in the heat map, the 204 enrichment pathways involving AHNAK protein were
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different comparing HCC with MPC tissues, which suggested that AHNAK might perform
different functions in MPC and HCC tissues (Figure 3D).

Figure 3. AHNAK involving pathways identified using LC-MS/MS: (A) Total proteins interacting
with AHNAK in HCC and MPC tissues using Co-IP and LC-MS/MS. (B) Venn diagram graphic
showing common and specific protein interaction with AHNAK between HCC and MPC tissues
from Pat.1, Pat.2 and Pat.3. (C) Venn diagram graphics showing 204 enriched pathways shared by
all three HCC patients (p < 0.001). (D) Heatmap showing the 204 enrichment pathways in HCC and
MPC tissues. The discrete red scale represents statistical significance, and gray indicates a lack of
significance. LC-MS/MS, liquid chromatography coupled with tandem mass spectrometry; Co-IP,
co-immunoprecipitation; MPC, matched paracancerous.

Of the 10 categories of enriched pathways and processes involving AHNAK protein,
4 are shown in Figure 4, and 6 are shown in supplementary Figure S2. The differences in
the enriched statistical significance of apoptosis, cellular response to stress, metabolism
of biomacromolecules, and transcription and translation (Figure 4A) were not obvious in
MPC and HCC tissues, which suggests that HCC field cancerization might first occur in
these pathways and processes. While most cell cycle pathways (Figure 4C), part of cellular
signal transduction pathways (Figure 4D), the degradation of proteins, the transport of
proteins and the immune response showed statistical significance in HCC tissues, it was
not the same case in MPC tissues. In other words, these pathways were enriched in HCC
tissues, while they were little or no enriched in MPC tissues. The results showed that these
pathways involving AHNAK were activated in HCC but not in MPC tissues. In MPC
tissues, citric acid cycle (Figure 4B) and respiratory chain processes were still in dominant
positions among the energy generation sources. Taken together, these results indicated
differences of AHNAK involved enrichment pathways and processes between HCC and
MPC tissues and partially reflected the signature of HCC field cancerization.
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Figure 4. Heatmap showing enrichment pathways involving AHNAK protein in HCC and MPC
tissues: (A) Transcription and translation. (B) Citric acid cycle. (C) Cell cycle; (D) Cellular signal
transduction. Red text indicating enriched pathway: “IGF uptake and transportation”. MPC, matched
paracancerous.

It is known that giant AHNAK is located on the cell membrane and in the cytoplasm
and it possesses an N-terminal PDZ-like region (postsynaptic density protein-95, disc
large and zonula occludens-1) [19], which could interact with the C-terminal tail (serine-
threonine-cysteine) of insulin-like growth factor 1 receptor (IGF-1R) [20]. IGF-1 is a ligand
of IGF-1R, which is phosphorylated and activated when binding to the factor. According to
the results of Co-IP, LC-MS/MS and previous studies [19,20], we hypothesize that AHNAK
might bind to IGF-1R and subsequently has an effect on the transportation and uptake of
IGF-1 or the activation of the receptor.
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2.4. Identification of AHNAK as a Novel IGF-1R-Interacting Protein

To test the hypothesis that AHNAK protein might interact with IGF-1R, serum-starved
HepG2 cells were examined. HepG2 cells were starved overnight and were then stimulated
with IGF-1 (50 ng/mL) for a time interval, as shown in Figure 5A, prior to harvesting. The
Western blotting analysis of whole-cell extracts demonstrated that treatment with IGF-1 led
to the potentiating of AHNAK expression. To further investigate the role of AHNAK in
IGF-1 signaling transduction, immunofluorescence double staining and Co-IP were used
to assess the interactions between AHNAK and IGF-1R. As shown in Figure 5B, HepG2
cells were starved overnight and were then stimulated with IGF-1 (50 ng/mL) for 1 h.
Confocal microscopy analyses revealed that IGF-1 could induce AHNAK (green puncta)
expression on the cell membrane and in the cytoplasm of serum-starved HepG2 cells;
meanwhile, the result demonstrated the co-localization of AHNAK with phosphorylated
IGF-1R (red puncta). Based on protein sequences, an online tool, PPA-Pred2, was used
to make a prediction on the protein binding affinity between AHNAK and IGF-1R. The
predicted value of Delta G (binding free energy) indicates spontaneous binding between
two proteins, and the higher the absolute value of Delta G is, the more stable the binding
affinity is. The value of Delta G was predicted to be −37.66 kcal/mol between AHNAK
and IGF-1R using the “Miscellaneous” category. Then, the interaction was confirmed with
Co-IP experiments. HepG2 cells were starved overnight and then stimulated with IGF-1
(50 ng/mL) for 1 h. Immunoprecipitation followed by Western blotting was performed to
detect the interactions between AHNAK and IGF-1R. Our data showed that AHNAK was
pulled down by anti-IGF-1R; meanwhile, IGF-1R was also pulled down by anti-AHNAK.
Then, they were detected using the corresponding antibody (Figure 5C). These data verified
the direct physical binding of AHNAK and IGF-1R in vitro, which suggested that the
AHNAK complex promoted HCC growth, potentially by interacting with IGF-1R.

Figure 5. Identification of AHNAK as a novel IGF-1R-interacting protein: (A) Western blotting
experiments showed that IGF-1 induced AHNAK expression. (B) Confocal microscopy scans of
immunofluorescence double staining showed that AHNAK (green) co-localized with IGF-1R (red) in
serum-starvation-treated HepG2 cells. (C) Co-immunoprecipitation and Western blotting experiments
showed interactions between AHNAK and IGF-1R.

3. Discussion

AHNAK has been previously identified as a structural scaffold protein [5], implicated
in a range of cancer-related pathways and processed as an ambiguous factor [7,8,11,14,17],
which might depend on the type of tumor cells [21]. AHNAK has been described as a
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nucleoprotein that is significantly suppressed in neuroblastoma cell lines [22]. Immunore-
action to AHNAK has mainly been observed in the cytoplasm of normal cells compared
with melanoma [10] and bladder urothelial carcinoma cells [22], whereas high levels of
AHNAK have been shown to predict a poor outcome in PDAC [11], HCC [17] and laryngeal
carcinoma [12]. AHNAK has also been reported to enhance metastasis in lung cancer [13]
and mesothelioma [14]. Based on these observations, AHNAK might be a multifunctional
protein and play variable roles in different types of cancers.

To investigate what interacted with AHNAK and its role in HCC, we performed Co-IP
and LC-MS/MS using anti-AHNAK in HCC and MPC tissues, due to AHNAK being
also expressed in MPC tissues. It has been shown that MPC tissues are not completely
normal tissues, which is known as field cancerization and was first studied by Slaughter
and Southwick [23]. It has been proposed that tumors originate from a field of mutation
cells, such as aberrations of genetic, epigenetic or biochemical nature, which creates a
permissive environment for malignant evolution, which could occur with or without mor-
phological changes [24]. The molecular and cellular mechanisms underpinning the etiology
of field cancerization remain largely unknown. In this study, AHNAK immunoreaction
was observed both in MPC and HCC tissues, but not in donor liver. That proved to be an
opportunity to explore the relationship between HCC field cancerization and the AHNAK
interactome. The results showed that a total of 204 enriched pathways and processes
involved by AHNAK in each HCC patient. Some pathways and processes, including
transcription and translation, apoptosis, transport of proteins and small molecules, cellular
response to stress and metabolism of biomacromolecules represented similar enrichment
statistical significance both in HCC and MPC tissues, which suggests that AHNAK is
involved in them both in MPC and HCC tissues. HCC field cancerization might first occur
in these pathways and processes. The citric acid cycle and respiratory chain processes
were still in dominant positions among the energy generation sources in MPC tissues.
Generally, most types of cancer cells produce energy predominantly through the War-
burg effect, which is a less efficient process of “aerobic glycolysis” consisting of a high
level of glucose uptake followed by lactic acid fermentation taking place in the cytosol,
not the mitochondria, and the preferential production of lactate even in the presence of
abundant oxygen [25].

About half of the 204 pathways and processes mainly focusing on cell cycle, cellular
signal transduction, degradation of proteins and immune response represented enrichment
statistical significance in HCC tissues but a lack of significance in MPC tissues. AHNAK
might perform more functions in HCC than in MPC tissues. In tumor cells, AHNAK
mRNA was found to be significantly enriched in the G0 and G1 phases and substantially
reduced in S/G2 of the cell cycle [26]. AHNAK serves as a G1-enriched interactor of
p53-binding protein 1 (53BP1) to regulate the tumor cell cycle [26]. The AHNAK-53BP1
complex has been shown to suppress p53 target gene networks in multiple cancer types;
meanwhile, AHNAK also directly interacts with p53 and inhibits p53-mediated target gene
expression [27]. The concealed role of AHNAK in curbing the spontaneous activation
of p53 response to fine-tune the levels of “G1-S checkpoint” has been identified. These
results together indicate that high-level expression of AHNAK is relevant to cancer cell
proliferation, in particular, that caused by a p53 function defect [26]. These results are
consistent with our observation of AHNAK-enriched G0/G1- or p53-related pathways and
processes in HCC tissues (Figure 4C).

IGF/IGF-1R signaling plays a crucial role in tumorigenesis, proliferation and metastasis
through the regulation of multiple downstream signaling pathways, including PI3K/AKT
and MAPK/ERK pathways [28]. In a previous study, following the analysis results from
TCGA database, AHNAK and IGF-1 were selected as independent risk factors associated
with the prognosis of patients with bladder urothelial carcinoma [29]. The activation of
IGF-1R signaling was associated with poor prognosis in HBV-related HCC [30]. In this
study, IGF-1 could intrude the overexpression of AHNAK in starvation-treated HepG2 cells.
Additionally, the N-terminal PDZ-like region possessed by AHNAK could interact with
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the C-terminal tail (serine-threonine-cysteine) of IGF-1R [19,20]. We applied immunofluo-
rescence double staining and Co-IP to confirm the hypothesis of the interaction between
AHNAK and IGF-1R. In the future, we need to study whether AHNAK plays a key role in
IGF-1R phosphorylation and IGF/IGF-1R signaling pathway activation.

4. Materials and Methods

4.1. Cell Culture

Hepatoma cell line HepG2 cells were maintained in Dulbecco’s Minimal Essential
Medium (DMEM) supplemented with 10% fetal bovine serum, 50 units/milliliter of peni-
cillin and 50 microgram/milliliter streptomycin sulfate. Then, they were incubated at
37 ◦C in a humidified atmosphere of 5% CO2. Prior to the addition of IGF-1 (Cell Signaling
Technology, Danvers, MA, USA), cells were maintained overnight in serum-free medium.

4.2. Tissue Samples

In total, four HCC patients who were admitted at Beijing You’An Hospital, Capital
Medical University, from 1 June 2013 to 30 December 2016 were recruited. Liver donor
tissues, tumor tissues and MPC tissues located at least 2 cm from the tumor were obtained at
the time of segmental surgical resection or liver transplantation. The diagnosis of HCC was
confirmed with a histopathological examination, and medical records were reviewed for
clinicopathological characteristics, according to the following 2012 EASL clinical practice
guidelines: Management of chronic hepatitis B virus infection and Barcelona clinic liver
cancer staging system. Exclusion criteria were as follows: less than 18 years old; co-infection
with human immunodeficiency virus, hepatitis C virus or hepatitis D virus; coexistence
of liver injury caused by drug intake, alcohol consumption or autoimmune hepatitis;
pregnancy; lactation. This study was approved by the medical research ethics committee of
Beijing You’An Hospital, Capital Medical University, and adhered to the 1975 Declaration
of Helsinki.

4.3. CoIP for Nano-LC-MS/MS Analysis

Tissue lysate was centrifuged at 14,000× g for 15 min at 4 ◦C, and protein A agarose
beads (50%) were added to the supernatant; then, it was shaken at 4 ◦C for 10 min on
horizontal ice to remove non-specific foreign proteins and reduce the background. From
the samples, we removed protein A beads after centrifuging at 14,000× g for 15 min at
4 ◦C. We slowly shook the mixture of antibody and tissue lysate at 4 ◦C overnight. We
added 100 μL of protein A agarose beads to capture the antibody and its bound proteins,
and we slowly shook the antigen–antibody mixture at 4 ◦C overnight. We then centrifuged
the mixture at 14,000× g for 5 s, collected the agarose bead antibody complex, removed
the supernatant, and washed with cooled phosphate-buffered saline (PBS) buffer for three
times.

4.4. Trypsin Digestion

The samples were treated with 5 mM dithiothreitol (dissolved in 25 mM ammonium
bicarbonate) at room temperature for 40 min for disulfide bond reduction. The samples
were treated with 15 mM iodoacetamide (dissolved in 25 mM ammonium bicarbonate)
and kept away from light at room temperature for 40 min. Trypsin was added in a ratio of
1:50 for protease digestion at 37 ◦C overnight. After the desalination process, the peptide
sample eluted with the highly hydrophobic eluent was vacuumized for standby.

4.5. Liquid Chromatography-Tandem Mass Analysis

The extracted peptide sample was redissolved with 0.1% acetic acid and centrifuged
at 13,000× g for 10 min for mass spectrometry analyses. Peptides were separated using
liquid chromatography using an Acclaim Pep Map 100 column and an EASY-Spray column
on an EASY-NLC 1000 system (ThermoFisher Scientific, Waltham, MA, USA). The loading
sample volume was 3 μL. The gradient was generated using mobile phase A (0.1% formic
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acid in water) and mobile phase B (0.1% formic acid in acetonitrile). Mass spectrometry was
performed using an Obitrap Fusion Lumos mass spectrometer (ThermoFisher Scientific).
The spray voltages were set at 2.2 kV, and the heated capillary temperature was 270 ◦C. The
parameters of the MS/MS scan were as follows: resolution, 60,000 at 400 m/z; maximum
isolation time, 30 ms; normalized collision energy, 40%. Data-dependent MS/MS: up to top
five most intense peptide ions from the preview scan in Obitrap.

4.6. Protein Identification and Annotation

The raw MS files were analyzed and searched against the Uniprot-Homo Sapiens
protein sequence database using Maxquant [31]. The parameters were set as follows: the
protein modifications were carbamidomethylation (C) (fixed) and oxidation (M) (variable);
the enzyme specificity was set to trpsin; the maximum missed cleavages were set to 2; the
precursor ion mass tolerance was set to 3 ppm; and MS/MS tolerance was 0.01 Da. Only
highly confidently identified peptides were chosen.

The protein functional annotation and identification of signaling pathways of potential
targets were performed using Gene Ontology (GO) and Kyoto Encyclopedia of Genes
and Genomes (KEGG) enrichment analyses using the Metascape platform. The “Com-
plexHeatmap” software package was used in R (Version 3.6.3) for cluster analyses and
visualization. The online prediction software Protein-Protein Affinity Predictor (PPA-Pred2)
is available at https://www.iitm.ac.in/bioinfo/PPA_Pred/ (accessed on 19 May 2022).

4.7. Immunoprecipitation (IP) and Western Blotting Analysis

Cells were lysed, and proteins were extracted and quantified. The cell lysates were
incubated with specific antibodies or the anti-IgG control for 3–4 h at 4 ◦C with rotation.
Then, samples were incubated with protein A/G agarose beads (Santa Cruz Biotechnology,
Santa Cruz, CA, USA) overnight at 4 ◦C with rotation. The beads were pelleted using
centrifugation at 1000× g for 30 s at 4 ◦C; then, they were boiled for 10 min at 95 ◦C and
resolved with 10% SDS-polyacrylamide gel electrophoresis. The separated proteins were
transferred to PVDF membranes (Millipore, Bedford, MA, USA), and the membranes were
blocked in 5% skim milk and incubated overnight at 4 ◦C with anti-AHNAK or anti-IGF-1R
at a dilution of 1:200. After washing with TBST, the membranes were incubated with a
horseradish peroxidase-conjugated secondary antibody for 1 h at room temperature. Finally,
the membranes were incubated with enhanced chemiluminescent reagents (Millipore) and
exposed to autoradiography film in the dark.

4.8. Immunohistochemistry Array

The slides were dewaxed, rehydrated, and blocked with 3% hydrogen peroxide, and
antigen retrieval was performed with citrate buffer (Dako target retrieval solution; citrate
buffer at pH 6.0). Slides were incubated with AHNAK antibody at a dilution of 1:50 (Santa
Cruz Biotechnology) overnight at 4 ◦C. Then, the slides were incubated with secondary
antibody and daminobenzidine after washing with phosphate-buffered saline.

4.9. SgRNA Plasmid Constructs and Generation of a Stable AHNAK-Knockout HepG2 Cell Line

AHNAK was knocked out using the CRISPR/cas9 method. In brief, the main steps
were as follows: First, four sgRNAs were designed: sgCtrl (5′-CCTCGTTCACCGCCGTCG
CG-3′), sgAHNAK-1 (5′-TCTTCGTGGTGTAGATGCGC-3′), sgAHNAK-2 (5′-CCATCTTCC
GACTTCAGCCG-3′) and sgAHNAK-3 (5′-CTGAAAGGCCCTAACGTAAA-3′). The primers
were inserted into the sgRNA backbone to construct the lentivirus plasmid vectors. Lentivi-
ral production was performed by transfecting the lentivirus vectors into HEK 293H cells
and collecting the resulting supernatant after 48 h. Titers were determined by detecting
the WPRE sequence that was located on the lentiviral vector and could be integrated
into the cell genome with a target gene with a qRT-PCR assay. HepG2 cells were in-
fected with sgCtrl, and AHNAK sgRNA-1, -2 and -3 lentiviruses and were screened using
basticidin resistance.
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4.10. Cell Viability Assays

CCK8 assays were performed to determine cell proliferation. An equal number of the
indicated cells in 200 μL of culture medium was seeded into 96-well plates for 24 h. At
the indicated time, 20 μL of CCK-8 working solution (Boster, Wuhan, China) was added
into each well and incubated with culture medium at 37 ◦C for 2 h. Cell viability was
determined using an absorbance value of OD450 nm on a microplate reader.

4.11. Confocal Immunofluorescence

Briefly, cells on chamber slides were fixed with 4% paraformaldehyde and permeabi-
lized with 0.2% TritonX-100. The samples were probed with specific antibodies against
AHNAK (Santa Cruz) and p-IGF-1R (Cell Signaling Technology) at 4 ◦C for 12 h and then
incubated with FITC- and TRITC-labeled secondary antibodies (1:200 dilution) for 1 h.
After each step, cells were washed two times using PBS. The cell nuclei were stained with
DAPI for 3 min, and a Leica DM14000B confocal microscope was used to capture images.

5. Conclusions

In conclusion, our results partially reflected the signature of HCC field canceriza-
tion and showed that AHNAK promoted HCC growth, potentially by interacting with
IGF-1R. We performed Co-IP and LC-MS/MS on HCC and MPC tissues to explore the
relationship between HCC field cancerization and the AHNAK interactome. The results
of immunofluorescence double staining and Co-IP confirmed the interaction between
AHNAK and IGF-1R. The role of AHNAK in IGF-1R phosphorylation and IGF/IGF-1R
signaling pathway activation is an important research direction.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/molecules27248680/s1, Figure S1: Total ion current chromatograms
of 12 samples tested with LC-MS/MS, Figure S2: Six categories of enriched pathways and processes
involving AHNAK protein.
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Abstract: Gene silencing is an important biological strategy for studying gene functions, exploring
disease mechanisms and developing therapeutics. 8–17 DNAzyme is of great potential for gene
silencing, due to its higher RNA-cleaving activity. However, it is not generally used in practice, due to
its divalent cation dependence and poor understanding of its cellular mechanisms. To address these
issues, we have explored its activity in vitro and in cells and found that it can cleave RNA substrates
under the simulated physiological conditions, and its gene-silencing activity is additionally enhanced
by its RNase H compatibility, offering both cleavage and antisense activities in cells. Further, chemical
modifications can facilitate its stability, substrate binding affinity and gene-silencing activity. Our
research results suggest that this DNAzyme can demonstrate high levels of activities for both actions
in cells, making it a useful tool for exploring biomedical applications.

Keywords: 8–17 DNAzyme; gene silencing; catalysis; antisense; chemical modifications

1. Introduction

Gene silencing takes place naturally in cells by suppressing the expression of a gene at
transcriptional or translational levels [1]. Following the discovery and demonstration of
RNA interference (RNAi) [2], many astounding advances have been accomplished through
gene silencing, in studying gene functions [3], inter-genic interactions and molecular
mechanisms of diseases. Most importantly, it is a promising strategy to tackle various
diseases, as many diseases are caused by the wrong expression of genes.

There are many gene-silencing methodologies based on nucleic acid sequences, such
as antisense oligonucleotides (ASOs), small interfering RNAs (siRNAs), microRNAs (miR-
NAs), ribozymes, DNAzymes and others [4,5], making it possible to treat any difficult
diseases. Among them, ASOs and siRNAs have been approvedfor use as therapeutics
in disease treatments [6]. However, they still have shortcomings, for example, siRNAs
are of relatively poor stability, immunogenicity and “off-target” effects in vivo, and ASOs
have relatively low efficacy and high “off-target” effects when used at high concentrations
in practices [7]. Although both RNA-cleaving ribozymes and DNAzymes can specifi-
cally cleave RNA substrates, DNAzymes are simpler and more stable than ribozymes.
Further, DNAzymes have many advantages, including stability, small molecular size,
high selectivity, designability, modifiability and availability [8], making them potential
gene-silencing tools.

Two chiefly studied RNA-cleaving DNAzymes are 10–23 DNAzyme (Dz10–23) and
8–17 DNAzyme (Dz8–17), due to their RNA-cleaving activities and substrate selection in
vitro and in cells [9]. Each consists of a catalytic loop (13–15 nt) and two substrate-binding
arms of variable lengths and sequences, recognizing RNA substrates through the Watson–
Crick base pairing [10]. While Dz10–23 is successfully used for gene silencing [11,12], it
cannot be applicable to every target gene due to its cleavage site choice and its accessibility
to RNA targets. 8–17 DNAzyme, with the determined structure [10] for rational design, is
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presumably of greater potentials for gene silencing. Unfortunately, research on Dz8–17 is
still not sufficient for silencing gene expression efficiently in cells. The lower utility of Dz8–
17 is attributed to the poor understanding of its cellular mechanisms and divalent cation
dependence [10,13]. Since the physiological ionic strengths of free Mg2+ (approximately
0.5–1.0 mM) [14] are reasonably high, likely sufficient to support DNAzyme catalysis, other
reasons (such as the DNAzyme stability, nonspecific binding, and target accessibility) might
play major roles in causing its poor cellular activities.

To face these problems, we decided to explore the in vitro cleavage of Dz8–17 un-
der simulated physiological conditions, Dz8–17 modifications, and target accessibility.
DNAzymes without any modifications can be quickly cleaved by endonucleases and ex-
onucleases in cells and serum. Therefore, in order to make DNAzymes more active in cells,
molecular modifications are necessary. Chemical modification is currently a smart strategy
to maintain the intracellular activity of DNAzymes. Most commonly, phosphorothioate
(PS) linkages are used. PS modification was first used to protect ASOs from the degra-
dation of serum exonuclease and endonuclease [15], and later it was also used to protect
DNAzymes [16]. Compared with unmodified DNAzymes, PS-modified DNAzymes have
reduced catalytic activity, but their ability to inhibit gene expression in cultured cells is
much stronger than that of their unmodified form [17], as it is more resistant to cellular
nuclease degradation. The second most popular is 2′-O-Me (OMe), a natural modification
widely used for ASOs and aptamers [18]; it can also protect DNAzymes from nuclease
degradation [19]. The third most popular is locked nucleic acids (LNAs), a remarkable
duplex stabilizer, which has been successfully applied to the modifications of siRNAs [20]
and ASOs [21]. Although chemical modifications can enhance the gene-silencing activ-
ity of Dz10–23 in cells [16,19], the intracellular activity of chemically modified Dz8–17
remains unknown.

Further, we investigated its cellular activity using the mRNA of EGFP as the target,
which is broadly used in gene-silencing studies [12,22]. For identifying the accessible
target mRNA sites in cells, we designed a set of Dz8–17 enzymes and examined their
activities on cleaving the mRNA fragment in vitro. Interestingly, we found that some Dz8–
17 enzymes identified in vitro also worked best in cells, indicating the consistency between
in vitro and cellular activities. In addition, for the activity consideration, we studied this
DNAzyme and performed in vitro and cellular investigations in order to provide insights
into the mechanisms and cellular activities of Dz8–17. Finally, we successfully identified the
chemically modified Dz8–17 with both cleavage and antisense activities on EGFP mRNA
in cells (Figure 1).

 

Figure 1. 8–17 DNAzyme exerts high gene-silencing effect via catalytic cleavage and antisense activities.

108



Molecules 2023, 28, 286

2. Results and Discussion

2.1. The Design of DNAzymes Targeting EGFP mRNA

According to the EGFP mRNA sequence (Figure S1) and cleavage site of Dz8–17
(AG or GG) and the basis of bioinformatic analysis, we designed and synthesized a set of
Dz8–17 DNAzymes (12 DNAzymes, Dz01–Dz12, Table 1) targeting the EGFP-coding region.

Table 1. The sequences of twelve Dz8–17 enzymes targeting EGFP mRNA.

Name Sequence (5′-3′) 1 Target Region Tm (◦C)

Dz01 GGGCAGCTTGTCCGAGCCGGTCGAAGGTGGTGCAGA 143–165 72.5
Dz02 GCACTGCACGTCCGAGCCGGTCGAAGTAGGTCAGGG 191–213 70.0
Dz03 GGCTGAAGCATCCGAGCCGGTCGAAGCACGCCGTAG 198–220 70.8
Dz04 GGGGTAGCGGTCCGAGCCGGTCGAAGAAGCATGCA 206–228 70.1
Dz05 AGAAGTCGTGTCCGAGCCGGTCGAAGCTTCATGTGG 231–253 65.6
Dz06 GACGTTGTGGTCCGAGCCGGTCGAAGTTGTAGTTGT 431–453 63.7
Dz07 CGTTCTTCTGTCCGAGCCGGTCGAATGTCGGCCATG 459–481 66.5
Dz08 TGCCGTTCTTTCCGAGCCGGTCGAAGCTTGTCGGCC 462–484 70.9
Dz09 TGCAGATGAATCCGAGCCGGTCGAATCAGGGTCAGC 126–148 65.5
Dz10 TGAAGTTCACTCCGAGCCGGTCGAATGATGCCGTTC 477–499 63.8
Dz11 GAGCTGCACGTCCGAGCCGGTCGAAGCCGTCCTCGA 515–537 73.7
Dz12 ACGCTGCCGTTCCGAGCCGGTCGAATCGATGTTGTG 508–530 68.8

1 Red font, catalytic core sequence of Dz8–17.

2.2. Identification of the DNAzyme with Gene-Silencing Activity in Cells

First, we transcribed the full-length mRNA of EGFP (882 nt, Figure S2) as the long
substrate for these twelve DNAzymes. In order to better investigate the cleavage of
Dz8–17 in cells, we simulated physiological conditions for performing in vitro cleavage
experiments. The in vitro cleavage studies indicated that eleven of the twelve Dz8–17
enzymes had various degrees of cleavage activity (Figure 2a). We found that Dz04 and
Dz08 had relatively higher activities (Figure 2a). By using short RNA substrates (23 nt,
Table S1), we confirmed the catalytic activities of Dz04 and Dz08 (data not shown).

Later, we tested the eleven DNAzymes for gene-silencing activities in cells. To resist
nuclease degradation, two PS linkages were introduced to each end of their binding arms.
Then, they were co-transfected into 293T cells with EGFP expression plasmids (transient
transfection). By measuring the intensity of EGFP fluorescence after 48 h, we found that
Dz04 had the strongest activity in gene silencing (Figure 2b, Table 2). We performed a
secondary structure prediction of mRNA using RNAfold, and found that the target region
(206–228) of Dz04 formed a big open window, which can ease the target binding for Dz04.
Although some Dz8–17 enzymes such as Dz06 and Dz08 had relatively higher cleavage
activities in vitro, they had poor gene-silencing effects due to their poor target accessibility
in cells.

To confirm the substrate-specific recognition of DNAzyme Dz04, we incorporated
two mismatches into each arm individually or both (Table S2). We found that after in-
corporating two mismatches on each arm (Figure 3a), the silencing activity was reduced
(compared with the wildtype Dz04), while it was most reduced when there were four mis-
matches on both arms. Interestingly, the two mismatches on the left arm caused a stronger
reduction in activity than those on the right arm.

109



Molecules 2023, 28, 286

Figure 2. Finding the DNAzyme with gene-silencing activity in cells. (a) In vitro cleavage study
of twelve Dz8–17 DNAzymes via agarose gel analysis. All reactions were carried out under simu-
lated physiological conditions (150 mM KCl, 0.5 mM MgCl2, pH 7.5) at 37 ◦C for 2 h. s: substrate;
P1: product 1; P2: product 2. (b) EGFP gene-silencing study with the DNAzymes in cells. The fluores-
cent data were collected 48 h after transfection and reported as mean value ± SD of three repeats.
The transfection concentrations of the DNAzymes were 400 nM, and Mock was a negative control
using ultrapure water instead of a DNAzyme. NSP: negative DNAzyme control with nonspecific
arm sequences. Each DNAzyme and control were labeled with different colors.

Table 2. The inhibition ratios of 11 DNAzymes targeting EGFP mRNA and NSP control.

DNAzymes Inhibition Ratio (%) DNAzymes Inhibition Ratio (%)

Dz01 <5 Dz07 0
Dz02 32 Dz08 0
Dz03 37 Dz09 12
Dz04 53 Dz10 0
Dz05 0 Dz11 0
Dz06 0 NSP 0

Further, to confirm the activity–concentration relationship, we investigated vari-
ous DNAzyme concentrations in the cellular experiments. The silencing activity was
concentration-dependent (Figure 3b). These results collectively indicated that Dz04 indeed
targeted EGFP mRNA, causing cellular gene silencing. Our results suggest that the physio-
logical ionic strengths may be sufficient for DNAzyme catalysis in cells. In addition, the in
vitro catalytic experiments can guide efficient DNAzyme identification in cells.
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Figure 3. Identification the DNAzyme (Dz04) gene-silencing activity in cells. (a) The mismatched arm
sequences of Dz04 compromised the EGFP gene silencing, and the data significance was determined
by a Student’s t-test (*** p < 0.001, **** p < 0.0001); Each DNAzyme and mock control were labeled
with different colors. (b) The gene-silencing activities of Dz04 at different concentrations.

2.3. The DNAzyme with Both Cleavage and Antisense Activities in Cells

Our experiments above indicated that DNAzyme Dz04 is fairly active in vitro and in
cells. To clarify its cellular mechanisms, we mutagenized the DNAzyme by changing T1 to
C1 (Dz4M, Figure 4a,b), inactivating its cleavage activity without perturbing the overall
structure (Figure 4c). Dz4M can bind to its target through hybridization as well as Dz04
(Figure 4b). We co-transfected PS-modified Dz04 and Dz4M (with two PS linkages at both 5′
and 3′ ends, Table S2) individually into 293T cells with EGFP expression plasmids. Twenty-
four hours later, after transfection, we quantified the RNA expression levels by RT-PCR. We
found that compared with the mock control, Dz04 offered a 70% reduction in gene silencing,
while catalytically inactive Dz4M merely offered a 50% reduction (Figures 4d and S3). This
difference (20%, p < 0.05) indicated that Dz04 was catalytically active in cells. In addition,
the cellular activity with this single-base mutation suggested that Dz04 had antisense
activity as well. Our results confirmed our hypothesis that the physiological ionic strengths
are sufficient for DNAzyme catalysis in cells. However, the antisense nucleic acid effect
was dominant in the gene-silencing activity of Dz8–17, which is consistent with the 10–23
DNAzyme [23,24].

2.4. In Vitro Studies of the Stability, Catalysis and RNase H Compatibility of the DNAzymes
Modified on the Arms

To increase the biological stability of the DNAzyme, we introduced modifications at
its ends OMe and LNA, in addition to the PS linkages, to increase duplex binding and
reduce degradation by intracellular nucleases [11]. However, on the basis of our investi-
gations above, we need to balance chemical modifications with the stability, DNAzyme
cleavage activity and antisense function (such as RNase H compatibility or RNase H-caused
RNA digestion).

To address these issues collectively, we designed and synthesized the DNAzyme with
PS, OMe and LNA modifications on the arms (Figure 5a). First, we examined the stability
of these modified enzymes (Table S3) in fetal bovine serum (FBS). We found that LNA was
the most stable and PS and OMe were less stable, while non-modified Dz04 was almost
completely degraded by FBS within 24 h (Figure 5b).
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Figure 4. The DNAzyme (Dz04) with both cleavage and antisense activities in cells. (a,b) are
secondary structures of Dz04, Dz4M and Dz04-4s. (c) The in vitro cleavage activities of Dz04-4s and
Dz4M-4s under simulated physiological conditions. All reactions carried out in 1.0 μM Dz8–17, 1.0 μM
substrates, 150 mM KCl and 0.5 mM MgCl2 at 37 ◦C for 2 h. (d) The cellular mRNA degradation by
Dz04-4s and Dz4M-4s was analyzed by RT-qPCR, 24 h after the DNAzyme transfection. Stu-dent’s
t-tests were used to assess significance of the data according to mean values and SDs of three repeats
(* p < 0.05). Dz04, Dz4M and mock control were labeled with different colors.

Figure 5. In vitro studies of stability, catalysis and RNase H compatibility of the DNAzymes with arm
modifications. (a) Phosphorothioate linkage (PS), 2′-O-methyl ribonucleotide (OMe), 2′-O and 4′-C
LNA (LNA) are represented by “s”, “underlined” and “box” labels, respectively. (b) Stability study
of the modified DNAzymes under FBS serum treatment. (c) In vitro cleavage study of the modified
DNAzymes under physiological conditions. S: substrate; P: product. (d) Modified DNAzyme
compatibility with RNase H.
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Second, we performed the in vitro cleavage of the modified Dz04 on the short RNA
substrate (Table S3) and we found that the chemical modifications did not alter their
activity significantly, excluding Dz04-4Ome and Dz04-4s(4Ome)m (Figure 5c). Third, to
investigate the impacts of the modifications on the antisense function (such as RNase H
compatibility), we performed in vitro experiments on RNase H-directed hydrolysis of RNA.
The results showed that the OMe and LNA in the middle of each arm reduced the RNase H
compatibility (Figure 5d), while the PS, OMe and LNA modifications at both ends did not.

Our results indicated that most of these modifications do not significantly reduce
the cleavage activity of Dz8–17, and the two modifications (such as LNA) at each end are
sufficient for the stability requirements. Since OMe and LNA in the middle of the arms are
incompatible with RNase H-mediated RNA degradation [25], OMe and LNA at the end of
each arm allowed for RNase H compatibility (antisense-mediated cleaving activity).

2.5. The Modified DNAzyme with High Activities in Cells

To find out the optimal number of modified nucleotides on each end, we designed
Dz04 containing one, two, three and four PS linkages at both ends (Table S4). Our results
showed that the modified DNAzymes had higher activity than the unmodified one, while
the higher number of PS did not significantly increase the cellular activity (Figure 6a),
indicating that two modified nucleotides at each end (for PS linkages) were sufficient.

To further explore the gene-silencing activities of DNAzymes with different chemical
modifications, we transfected cells with DNAzymes containing the PS, OMe or LNA
modifications with EGFP-expression plasmids, and analyzed the fluorescence intensity
after 48 h. We discovered that at the DNAzyme concentration of 100 nM, the gene-silencing
efficiencies of DNAzymes with terminal LNA, PS and OMe (Figure 6b,c; Table S3) were 82,
60 and 36%, respectively. Further, we found that the LNA-modified cleaving DNAzyme
(Dz04-4LNA) offered 82% inhibition, while the mutant (Dz4M-4LNA) without cleaving
activity offered 75% inhibition. In addition, OMe or LNA combined with the terminal PS
did not further increase the activity. Moreover, the introduction of OMe and LNA in the
middle of the arms largely reduced the cellular activities of DNAzymes, consistent with
previous in vitro studies.

In order to eliminate the possibility of non-specific gene silencing by the chemical
modifications, we designed scrambled controls with the same modifications (Dz4S, the
scrambled sequences of the corresponding Dz04, Table S3). As expected, we found that
none of the scrambled controls had gene-silencing activities (Figure 6b,c).

Since LNA modifications are incompatible with RNase H-mediated RNA degrada-
tion [25], we have concluded that in cells, DNAzymes modified with two LNAs at each end
have higher stability, catalytic activity, RNA substrate affinity (antisense-mediated arresting
activity) and RNase H compatibility (antisense-mediated cleaving activity), thereby offering
fine gene-silencing tools.
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Figure 6. The modified DNAzyme (Dz04) with high gene-silencing effect in cells. (a) Effect of Dz04 PS
modifications on gene silencing. Statistical significance was determined by a Student’s t-test of three
repeats (** p < 0.01). (b) Gene silencing of Dz04 with different chemical modifications. The fluorescent
data significance was determined by a Student’s t-test (* p < 0.05, ** p < 0.01, *** p < 0.001). Dz04-4s,
Dz04-4OMe and Dz04-4LNA contained two PS, OMe and LNA modifications at both 5′ and 3′ ends
of Dz04, respectively. Dz04-4s(2LNA)m contained one LNA in the middle of each Dz04-4s arm.
Dz04-4s(2OMe)m and Dz04-4s(4OMe)m contained one and two OMe modifications in the middle of
each Dz04-4s arm, respectively; Dz4M-4LNA contained two LNAs at both 5′ and 3′ ends of Dz4M
(Figure 4b). Dz4S-4s, Dz4S-4OMe and Dz4S-4LNA contained two PS, OMe and LNA modifications at
both 5′ and 3′ ends of Dz4S, respectively. Dz4S-4s(2LNA)m contained one LNA in the middle of each
Dz4S-4s arm. Dz4S-4s(2OMe)mand Dz4S-4s(4OMe)m contained one and two OMe modifications
in the middle of each Dz4S-4s arm, respectively. Their detailed sequences are shown in Table S3.
(c) Cellular fluorescent images of EGFP gene silencing with the modified DNAzymes in Figure 6b.
Scale bar: 500 μm.

3. Materials and Methods

3.1. Materials

293T cell lines and pEGFP-C1 plasmids were derived from our laboratory. Growth
media (DMEM) was supplemented with 10% FBS and 1% antibiotic–antimycotic. 293T cell
lines were maintained up to 30 passages in a 37 ◦C/5% CO2 incubator. All oligonucleotides
were synthesized by Sangon (Shanghai, China). Trypsin EDTA and penicillin streptomycin
were purchased from Biosharp (Hefei, China). DMEM basic media and fetal bovine
serum and Opti-MEM were purchased from Gibco. Lipofectamine 3000 was purchased
from Invitrogen. A CCK-8 kit was purchased from AbMole. A HiScribe™ T7 in vitro
Transcription Kit and RNase H were purchased from NEB. A Total RNA Isolation Kit,
HiScript III RT SuperMix for qPCR, and ChamQ Universal SYBR qPCR Master Mix were
purchased from Vazyme (Nanjing, China).
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3.2. Methods
3.2.1. Bioinformatics Tools for Designing 8–17 DNAzymes

We used OLIGO Primer Analysis Software (Oligo 7) to design DNAzymes semi-
automatically (the oligo length and the Tm value were set at 23 nt and 65–80 ◦C, respec-
tively). The secondary structures of DNAzymes were analyzed by Predict a Bimolecular
Secondary Structure Web Server (https://rna.urmc.rochester.edu/RNAstructureWeb (ac-
cessed on 9 September 2021)) “URL”. The binding specificities of designed DNAzymes
were analyzed by the basic local alignment search tool (BLAST) from NCBI (www.ncbi.
nlm.nih.gov/BLAST (accessed on 10 September 2021)) “URL” to avoid binding to the host
transcriptome non-specifically.

3.2.2. In Vitro Substrate Cleavage

For the long RNA substrates (882 nt), the reaction components were as follows: 5 μL
2× Reaction buffer (100 mM HEPSE, pH 7.5, 300 mM K+, 1 mM Mg2+), 1 μL RNA substrates
(300 ng/μL), 1 μL DNAzymes (10 μM), 3 μL DEPC ddH2O. For short RNA substrates (23 nt),
the reaction components were as follows: 5 μL 2× Reaction buffer, 1 μL RNA substrates
(2 μM), 1 μL DNAzymes (1 μM), 3 μL DEPC ddH2O. The above reaction components were
mixed thoroughly and then incubated at 37 ◦C for 2 h. After the reaction, the cleavage
products were analyzed by agarose gel electrophoresis (882 nt) or PAGE (23 nt).

3.2.3. Co-Transfection of 293T Cells with DNAzymes and pEGFP-C1

293T cells were plated in a 96-well plate (2 × 104 cells/well, four replicates/sample)
or a 12-well plate (2 × 105 cells/well) the day before co-transfection, and then were co-
transfected with 100 ng pEGFP along with different DNAzymes (final concentration of
100 nM or 400 nM) using Lipofectamine 3000 according to the manual’s instructions. After
48 h of incubation, the cells expressing EGFP were scanned for fluorescence intensity,
measured with a microplate reader (Varioskan LUX, Thermofisher, Beijing, China) or
visualized with fluorescence microscopy (Nikon, Beijing, China).

3.2.4. RNA Quantification (qRT-PCR)

Twenty-four hours after transfection, RNA was extracted from the transfected cells us-
ing a FastPure Cell/Tissue Total RNA Isolation Kit according to the protocol. HiScript III RT
SuperMix for qPCR was applied for genomic DNA removal and cDNA synthesis. Real-time
PCR reactions were carried out in LightCycler® 96 (Roche, Shanghai, China) using ChamQ
Universal SYBR qPCR Master Mix according to the protocol. The expression of EGFP gene
was normalized to the GAPDH, and the primers are listed as follows: EGFP forward primer:
5′-CGGCAAGCTGACCCTGAA-3′, EGFP reverse primer: 5′-GACGTAGCCTTCGGGCA-
3′; GAPDH forward primer: 5′-ACCCACTCCTCCACCTTTGA-3′, GAPDH reverse primer:
5′-CTGTTGCTGTAGCCAAATTCGT-3′.

3.2.5. Stability Tests of Modified DNAzymes in FBS

The reaction components were assembled as follows: 1.0 μL DNAzymes (10 μM),
0.5 μL FBS and 8.5 μL ultrapure water. The reaction mixes were incubated at 37 ◦C for 0 h,
6 h, 12 h, 24 h or 48 h. Reactions were stopped by addition of 10 μL denaturing gel-loading
buffer and denatured at 95 ◦C for 2 min. Finally, 5 μL denatured products were placed on a
16% PAGE denaturing gel for electrophoresis and analysis.

3.2.6. RNase H-Induced Hydrolysis of RNA

The reaction components were assembled as follows: 5.0 μL 2× RNase H Reaction
buffer, 1.0 μL RNA substrates (2.0 μM), 1.0 μL DNAzymes, 0.1 μL RNase H, 2.9 μL DEPC
H2O. The reaction mixes were incubated at 37 ◦C for 10 min. Finally, the products were
placed on a 16% PAGE denaturing gel for electrophoresis and analysis.
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3.2.7. Statistical Analysis

Student’s t-tests were used in GraphPad Prism 5.0 to analyze variances between groups
(* p < 0.05, ** p < 0.01, *** p < 0.001 and **** p < 0.0001 represented significant results).

4. Conclusions

In summary, our research results provided insights into the catalytic activities and
cellular antisense mechanisms of Dz8–17. In the presence of minimal divalent cations, it is
catalytically active, and its gene-silencing activity is additionally enhanced by its RNase H
compatibility in cells. In addition, we found that chemical modifications (such as LNA)
can greatly enhance its activity in cells. Our investigations can also provide guidance
for designing Dz8–17, such as in optimizing the arm lengths and placing modifications
at the terminal positions to take advantage of the RNase H compatibility. Our studies
demonstrated that under physiological conditions, the modified 8–17 DNAzyme can
demonstrate high activities collectively regarding catalysis and antisense, making it a
useful tool for exploring genetic functions and biomedical applications.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules28010286/s1, Figure S1: EGFP mRNA sequence and
the target sites of Dz04 and Dz08.; Figure S2: Agarose gel analysis of EGFP mRNA by in vitro
transcription; Figure S3: The original real time PCR trace of a typical experiment in Figure 4d.
Table S1: The sequences of short RNA substrates; Table S2: The sequences of Dz04, Dz4M, Dz4S and
mismatched controls; Table S3: The sequences of Dz04 and Scr control with different modifications at
both arms; Table S4: Dz04 sequences with various number of PS linkages on each arm.
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Abstract: Breast cancer (BC) is among the most universal malignant tumors in women worldwide.
Aging is a complex phenomenon, caused by a variety of factors, that plays a significant role in
tumor development. Consequently, it is crucial to screen for prognostic aging-related long non-
coding RNAs (lncRNAs) in BC. The BC samples from the breast-invasive carcinoma cohort were
downloaded from The Cancer Genome Atlas (TCGA) database. The differential expression of
aging-related lncRNAs (DEarlncRNAs) was screened by Pearson correlation analysis. Univariate
Cox regression, LASSO–Cox analysis, and multivariate Cox analysis were performed to construct
an aging-related lncRNA signature. The signature was validated in the GSE20685 dataset from
the Gene Expression Omnibus (GEO) database. Subsequently, a nomogram was constructed to
predict survival in BC patients. The accuracy of prediction performance was assessed through the
time-dependent receiver operating characteristic (ROC) curves, Kaplan–Meier analysis, principal
component analyses, decision curve analysis, calibration curve, and concordance index. Finally,
differences in tumor mutational burden, tumor-infiltrating immune cells, and patients’ response to
chemotherapy and immunotherapy between the high- and low-risk score groups were explored.
Analysis of the TCGA cohort revealed a six aging-related lncRNA signature consisting of MCF2L-AS1,
USP30-AS1, OTUD6B-AS1, MAPT-AS1, PRR34-AS1, and DLGAP1-AS1. The time-dependent ROC
curve proved the optimal predictability for prognosis in BC patients with areas under curves (AUCs)
of 0.753, 0.772, and 0.722 in 1, 3, and 5 years, respectively. Patients in the low-risk group had better
overall survival and significantly lower total tumor mutational burden. Meanwhile, the high-risk
group had a lower proportion of tumor-killing immune cells. The low-risk group could benefit more
from immunotherapy and some chemotherapeutics than the high-risk group. The aging-related
lncRNA signature can provide new perspectives and methods for early BC diagnosis and therapeutic
targets, especially tumor immunotherapy.

Keywords: breast cancer; signature; aging; cancer; nomogram; immunotherapy; tumor mutation burden

1. Introduction

Breast cancer (BC) is among the most universal malignancies in women worldwide,
and its incidence is increasing yearly. It has exceeded lung cancer to become the world’s
largest cancer since 2020 [1]. BC is a highly heterogeneous disease, thereby indicating vast
differences in gene expression profiles, clinicopathological characteristics, and biological
behavior [2]. Tumor stage, histological grade, and molecular subtype are often used as
prognostic factors for evaluating BC patients in clinical practice. However, the prognostic
information of BC patients cannot be accurately predicted through these clinical character-
istics, thereby resulting in inaccurate diagnosis of patient prognosis. Some low-risk patients
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may be treated unnecessarily or excessively, whereas those with high risk of recurrence
or metastasis may be undertreated [3]. Accordingly, it is necessary to utilize novel prog-
nostic biomarkers and a corresponding predictive model to risk-stratify the heterogeneous
population with BC and to guide individualized treatment.

Aging is a complex phenomenon caused by many factors, and it is an important and
inevitable biological process. It manifests as a gradual loss or degradation of functions at all
levels of the human organism [4]. The link between aging and cancer has become stronger
in recent years [5]. Aging is a comorbidity of BC, strongly indicating that aging-related
transcriptomes contribute to BC progression [6]. Aging-related genes (ARGs) play critical
roles in the generation and regulation of senescent cells. They also influence tumor cell
progression. Alteration of ARGs may provide novel implications for tumor pathogenesis,
diagnosis, and therapy [7]. More and more researchers have demonstrated that aging-
related prognostic biomarkers can help obtain the potential diagnostic or prognostic value
of malignancies, including colorectal, lung, and ovarian cancers [8–10].

Long non-coding RNA (lncRNA) are non-coding RNA with a length greater than
200 nucleotides. Studies have shown that lncRNAs play an important role in the dosage
compensation effect, epigenetic regulation, cell cycle and cell differentiation regulation,
etc. These lncRNAs have crucial effects in all kinds of biological processes, including cell
multiplication, differentiation, invasion, apoptosis, and metastasis [11]. Aging-related
lncRNAs (ARlncRNAs) participate in the genesis, metastasis, invasion, chemotherapy
resistance, and prognosis of BC [12–15]. These studies focus on a single lncRNA in BC. A
comprehensive signature that includes multiple genes is more predictive than a signature
that includes only one gene [16]. A novel BC prognosis model based on aging-related
lncRNA has not been reported. Therefore, it is crucial to screen for prognostic ARlncRNAs
in BC.

We set up a prognostic model ground on six differentially expressed aging-related
lncRNAs and validated their prognostic performance in the GSE20685 dataset. Afterward,
we developed a novel nomogram that combines the risk scores with clinicopathological
information to provide precise prognostic information for BC patients. Finally, we explored
the immune landscape of the tumor micro-environment (TME), analyzed tumor mutational
burden (TMB), and predicted the sensitivity to drug therapy with different risk scores
(Supplementary Figure S1). Our findings provided new views to accurately predict the
prognosis for BC patients and improve treatment programs.

2. Results

2.1. Differential Expression of Age-Related lncRNA Identification

First, 1135 ARlncRNAs were appraised on account of co-expression analysis of ARGs
and lncRNAs expression levels in BC samples (|Pearson R| > 0.4, p < 0.001). We screened
287 significant DEarlncRNAs between 1022 BC patients and 112 normal patients for subse-
quent analysis (|log2 FC| > 1 and p < 0.05). We incorporated 198 up-regulated genes and
89 down-regulated genes (Figure 1A; Supplementary Figure S2).
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Figure 1. Construction of an aging-related lncRNA prognostic signature. (A) Volcano plot of differ-
entially expressed lncRNAs in tumor samples and normal samples using the Pearson correlation
analysis. Red dots represent up-regulated genes and blue dots represent down-regulated genes.
(B,C) LASSO analysis to screen 20 prognostic aging-related lncRNAs by tenfold cross validation.
(D) Sankey diagram of the relationship of 6 aging-related lncRNAs with related mRNAs and risk
types. (E) Construction and visualization of co-expression network of aging-related lncRNAs and
mRNAs using Cytoscape. Red rectangles represent prognostic lncRNAs, and blue rectangles repre-
sent aging-related mRNAs. (F) Expression patterns of 6 aging-related genes, relationship between
risk scores and survival times, and distribution of risk scores in high- and low-risk-score groups.
(G) Time-dependent receiver operating characteristic (ROC) curves and area under the curve (AUC)
analyses in the TCGA training cohort. (H) Kaplan–Meier curves of overall survival of BC patients in
high-risk and low-risk score groups by the log-rank test.
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2.2. The Construction of Age-Related lncRNA Signature and Verification

First, 64 prognostic lncRNAs related with aging were appraised in the training set on
account of the univariate Cox regression analysis. Second, we implemented the LASSO
regression to reduce overfitting. The quantity of aging-related lncRNAs was reduced to
20 (tenfold cross validation (10-CV) gained prognostic lncRNAs by minimum lambda
values)(Figure 1B,C). Subsequently, a risk signature composed of six lncRNAs was estab-
lished by the multivariate COX analysis, including MCF2L-AS1, USP30-AS1, OTUD6B-AS1,
MAPT-AS1, PRR34-AS1, and DLGAP1-AS1 (Supplementary Table S2). In the light of
the risk score formula, we sequentially scored the risk of TCGA-BRCA patients. Risk
Score = MCF2L-AS1 × (−0.6581) + USP30-AS1 × (−0.9132) + OTUD6B-AS1 × (1.4151) +
MAPT-AS1 × (−0.8676) + PRR34-AS1 × (−1.0859) + DLGAP1-AS1 × (−1.5074). Based
on the optimal X-tile truncation of risk score, the training set was split into low-risk and
high-risk groups. In the training cohort, the optimal cutoff was identified as −6.6. Further-
more, between the two risk subgroups, the heatmap presented the expression pattern of the
six lncRNAs related with aging (Figure 1F). The Sankey diagram indicated the correlation
among risk types, genes related with aging, and prognostic lncRNAs related with aging
(Figure 1D). The co-expression network between these six lncRNAs and genes related with
aging in BC was visualized using Cytoscape 3.7.2 software (Figure 1E). Compared with the
subgroup with low risk, the subgroup with high risk had observably lower OS, which was
indicated by the Kaplan–Meier analysis. In the two different risk groups, BC patients with
higher risk score showed lower overall survival (Figure 1H). Furthermore, the first-rank
predictability of the prognosis risk score in BC patients with AUCs of 0.753, 0.772, and
0.722 in 1, 3, and 5 years, respectively, was proved by the ROC curve (Figure 1G). To prove
the precision of the aging-related lncRNA feature, every patient in the test cohort was
given a risk score on the same basis as the training queue formula. The testing cohort
patients were then split into two different risk subgroups employing an identical cutoff
value (Figure 2A). On the basis of the training cohort, risk scores can distinguish BC patients
from two different risk subgroups, and the lower the risk score was, the better prognosis
the BC patient had (Figure 2C). The satisfactory predictability of the BC patients’ prognosis
with AUCs of 0.662, 0.646, and 0.637 in 1, 3, and 5 years, respectively, was demonstrated by
the risk score (Figure 2F).

We downloaded the GSE20685 dataset, but we excluded patients with a lack of clinical
information. Finally, we had 327 BRCA patients (Supplementary Table S3). The TCGA-
BRCA cohort was split into a low-risk subgroup and a high-risk subgroup on the basis of
the same cutoff as the TCGA-training (Figure 2B). Compared with the subgroup with low
risk, the OS of the subgroup with high risk was remarkably lower, which was indicated by
the Kaplan–Meier test (Figure 2D). The AUCs at 1, 3, and 5 years were 0.719, 0.712, and
0.680, respectively (Figure 2G). The expression values of prognostic lncRNAs of BC patients
by the external validation cohort was extracted, and the risk score of 327 patients in the
GSE20685 was calculated on the basis of the risk score formula. Patients in the GSE2068
cohort were split into two different subgroups in the light of the truncation value of the
training queue (Supplementary Figure S3). We validated the reliability of the aging-related
lncRNA signature in predicting prognosis through the ROC curve (Figure 2E,H). The
protein levels of these eight aging markers were used to express normal and BC tissues
(Figure 3).
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Figure 2. Validation of the aging−related lncRNA prognostic signature. Expression patterns of 6
aging−related genes, relationship between risk scores and survival times, and distribution of risk
scores in the TCGA test cohort (A) and in the TCGA−BRCA cohort (B). Kaplan−Meier curves of
overall survival of BC patients in the TCGA test cohort (C), in the TCGA−BRCA cohort (D), and in
the GSE20685 cohort (E) by the log−rank test. Time−dependent ROC curves and AUC analyses in
the TCGA test cohort (F), in the TCGA−BRCA cohort (G), and in the GSE20685 cohort (H).
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Figure 3. Immunohistochemical images obtained from the Human Protein Atlas.

2.3. Construction of a Nomogram of BC Patients

Then, we assessed whether a signature-based risk score was a separate prognostic
factor for BC patients. According to the univariate Cox regression analysis, risk score
was a prognostic indicator for BC patients (HR = 1.46, 95% CI = 1.30–1.64, p < 0.001)
(Figure 4A). The risk score remained a separate prognostic marker for OS (HR = 1.47,
95% CI = 1.31–1.65, p < 0.001) in the multivariate Cox regression analysis, which adjusted
for other clinical characteristics (Figure 4B). Simultaneously, the ROC curve—which is
time-dependent—indicated that, compared with other clinical characteristics, the AUS of
the risk score in 1, 3, and 5 years achieved 0.713, 0.707, and 0.673, respectively (Figure 4C–E).
Compared with other independent clinical characteristic variables, the risk score was bet-
ter. To further improve the clinical application of the aging-associated lncRNA signature,
we formed a novel nomogram that combined the clinicopathological information with
risk score to forecast OS at 1, 3, and 5 years in BC patients (Figure 4F). The ROC curve
demonstrated excellent predictability, with AUCs at 1, 3, and 5 years reaching 0.863, 0.805,
and 0.771, respectively (Figure 4H). The predictive performance and clinical value of the
prognostic chart was evaluated by calibration curve and DCA analyses. The predicted
possibility of 1-year, 3-year, and 5-year OS in the nomogram was in accord with the actual
observation, which was indicated by the calibration curve (Figure 4G). This nomogram had
compelling specificity and sensitivity in predicting clinical outcomes. The DCA curves con-
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firmed our expectations. The nomogram had optimal predictive net benefit compared with
traditional clinicopathological features (Figure 4J). Meanwhile, the C-index proved that the
prognostic nomogram had better discrimination ability (Figure 4I). These abovementioned
outcomes demonstrated that, for predicting the prognosis in BC patients clinically, the
nomogram was appropriate.

Figure 4. Construction and validation of a clinical prognostic nomogram for survival prediction.
(A) Results of the univariate Cox regression analyses. (B) Results of the multivariate Cox regression
analyses. (C–E) 1-, 3-, and 5-year ROC analyses of risk scores and clinical features. (F) The nomogram
is based on the TCGA-BRCA cohort. (G) Calibration curves of the nomogram. (H) Time-dependent
ROC curves and AUC analyses. (I) Concordance index (C-index) of the nomogram. (J) Decision
curve analyses (DCA) comparing the predictive capacities.

2.4. Correlation of the Risk Score with Clinicopathological Features

We evaluated the correlation between the risk score and clinicopathologic features in
BC patients. The low-risk group highly expressed MCF2L-AS1, MAPT-AS1, USP30-AS1,
PRR34-AS1, and DLGAP1-AS1, whereas the high-risk group highly expressed OTUD6B-
AS1, as indicated in the heat map (Figure 5A). The risk score showed different patterns of
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distribution among different clinicopathological features of BC patients, involving TNM
staging, survival status, age, and clinical stage (Figure 5B,C; Supplementary Figure S4).
Risk scores were higher in BC patients with deeper invasion (stage T3-T4), advanced
stage (stage III-IV), or who had died (Figure 5B,C). We also conducted survival analyses
of aging features in different clinical feature subgroups. The BC patients had a higher
probability of survival across age, M stage, T stage, and clinical stage in the low-risk group.
Overall, the aging-associated model was well-correlated with clinical features and was
able to predict survival in BC patients who had different clinical features (Figure 5D–J). We
explored the independent prognostic value of the six molecular subtypes while considering
the molecular heterogeneity of BC. The use of the Kaplan–Meier curve was assessing the
connection between the expression of the six lncRNAs in the prognosis of BC patients and
our risk model. In BC patients, only the high expression of OTUD6B-AS1 was linked with
poor prognosis, whereas in BC patients, the high expression of the other five lncRNAs
was linked with a good prognosis (Figure 5K–P). The risk score was inseparable from the
clinicopathological characteristics of BC and can be used as an efficient auxiliary tool for
forecasting the prognosis of BC patients, which these results demonstrated.

Figure 5. Cont.
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Figure 5. The relationship between risk scores and clinicopathological features. (A) The heatmap
shows the distribution of six aging-related lncRNAs and clinicopathological features in high- and low-
risk groups in TCGA-BRCA cohort. (B) Aging-related lncRNAs in the cohorts stratified by survival
outcome. (C) Aging-related lncRNAs in the cohorts stratified by tumor size. (D–J) Correlation
between different clinicopathological parameters and prognosis. (K–P) The expression of the six
aging-related lncRNAs is significantly different in high- and low-risk groups using the log-rank test,
*** p < 0.001.

2.5. Differential Analysis of Signaling Pathway and Immune Functions in the Groups with High
Risk and Low Risk

We utilized GSEA to investigate the discrepancies in the KEGG and GO between the
two groups. In the subgroup with high risk, the enriched signaling pathways were linked
with tumor initiation and progression, such as PPAR signaling pathways, ECM receptor
interactions, and TGF-β signaling pathways, which the KEGG analysis proved (Figure 6A).
The high-risk subgroup was enriched with genetically altered cellular components, such as
chromosomal region chromosomes and centromeric regions, as shown in the GO analysis
(Figure 6C). In addition, the enriched signaling pathways in the group with low risk, such
as Graft-versus-host disease, autoimmune thyroid disease, and primary immunodeficiency,
were related to immunity according to the KEGG analysis (Figure 6B). The GO analysis
indicated enriched biological processes of mRNA splice junction alterations, such as mRNA
splice site selection and mRNA five splice site recognition (Figure 6D). Considering the
variety of enriched immune-related pathways, we performed a detailed quantification
of 16 immune cells and the corresponding 13 immune pathways and functions by the
ssGSEA. We further searched the correlation between the different risk score and immune
pathways. Five immune functions and six immune cell types were obviously linked with
the aging-related risk score (Figure 6E,F). Moreover, the PCA revealed that, contrasted with
all genes (Figure 7A) and all lncRNAs (Figure 7B), the BC patients were obviously divided
into two different groups by the six lncRNAs in the risk model (Figure 7C).
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Figure 6. The gene set enrichment analysis (GSEA) and immune function between the high- and
low-risk groups. The GSEA method was performed to identify and visualize the differential Kyoto
Encyclopedia of Genes and Genomes (KEGG) (A,B) and Gene Ontology (GO) (C,D) enrichment
analyses in the high- and low-risk groups. (E) Results of immune functions. (F) Results of infiltrating
fractions of immune cells. * p < 0.05, ** p < 0.01, *** p < 0.001, ns (no significance).

2.6. Analysis of Immune Cell Infiltration

We further explored whether the aging-related lncRNA signature was connected
with tumor immunity. We employed the XCELL, QUANTISEQ, EPIC, TIMER, and MCP-
COUNTER immune databases to calculate the differences between high- and low-risk
subgroups in the proportion of tumor-infiltrating immune cells for the aging signature
(Figure 7D). The relative proportions of the 22 tumor-infiltrating immune cells were further
analyzed by the CIBERSORT in each sample. Interestingly, in the two different risk groups,
the enrichment of the tumor-infiltrating immune cells showed different dimensions (Fig-
ure 8B; Supplementary Figure S5). Subsequently, the connection of the tumor-infiltrating
immune cells and risk score was explored through Spearman’s analysis [17]. Figure 8C,D
indicates that resting NK cells, M2 macrophages, and M0 macrophages were positively
related with risk score. Plasma cells, B memory cells, monocytes, activated NK cells, resting
mast cells, regulatory T cells, and CD8+ T cells were all negatively associated with risk
score. Meanwhile, eight immune cells were remarkably related with the risk score on the
basis of the Pearson correlation analysis (Figure 8E–L). The outcomes showed that the six
lncRNAs in our risk model can discriminate different features of immune cell infiltration
in BC.
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Figure 7. Principal component analysis (PCA) and correlation of risk scores with immune cell
infiltration in different immune databases. PCA of low-risk and high-risk groups based on whole-
genome (A), aging-related lncRNAs (B), and the risk signature including six aging-related lncRNAs
(C). Patients with high risk scores are represented by red dots, patients with low risk scores are
indicated by green dots. (D) The heatmap shows the correlation of risk scores with immune cell
infiltration in different immune databases.

2.7. Genetic Alteration in Aging-Related Genes

We examined the prevalence of somatic mutations and CNVs in entire genes of BC and
discovered that the most frequent variant class was missense mutations, whereas single-
nucleotide polymorphisms (SNPs) were the most common variant types. The highest
SNV classification was C > T (Supplementary Figure S6). Then, the frequency and class
of mutations in total genes were investigated in two different risk groups. In Figure 9A,B,
genetic mutations were found in 247 of 308 (80.2%) BC samples in the low-risk subgroup
and 714 of 714 (100%) BC samples in the high-risk subgroup. The most frequent variant
class was missense mutations. Among high-risk subgroups, the mutation rate of PIK3CA
was high (33.9%) and was second only to the mutation rate of TP53 (44.4%). The PIK3CA
had the most alterations (34%) in the subgroup with low risk (Figure 9A,B). Additionally,
when we figured the TMB for every BC patient, we discovered that, in the high-risk group,
TMB was remarkably higher (Figure 9C). However, no association was observed between
TMB and OS in BC patients (Figure 9D).
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Figure 8. Expression of immune checkpoint molecules and the relationship between risk scores and
immune cell infiltration in two different risk groups. (A) The distribution of immune checkpoints
was significantly different between the high- and low-risk groups as determined by Wilcoxon test.
(B) Differential analyses of the proportion of immune cell infiltration. Lollipop chart (C) and heatmap
(D) showing correlation between risk scores and immune cell infiltration by Spearman rank correla-
tion test. (E–L) Estimation of risk score coefficients for 8 types of immune cells using Spearman rank
correlation test. * p < 0.05, ** p < 0.01, *** p < 0.001.
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Figure 9. The mutation profile, tumor mutational burden (TMB), and immunophenoscore (IPS)
in high-risk and low-risk groups. Mutation profile of BC patients in high-risk group (A) and in
low-risk group (B). (C) The difference of TMB between two different risk groups as determined by
the Wilcoxon test. (D) The relationship between TMB and overall survival of BC patients using the
log-rank test. (E) Results of IPS in high-risk and low-risk groups using the Wilcoxon test, *** p < 0.001.

2.8. Immunotherapy Effect and Drug Sensitivity

Immune checkpoint inhibitors (ICIs) are currently approved for the therapy of PD-L1+
metastatic triple-negative BC [18]. Between high-risk and low-risk groups, discrepancies
in the expression of immune molecules related with checkpoint were investigated. In the
low-risk group, the expression of all-important immune checkpoint-related molecules was
up-regulated according to the result (Figure 8A). This provided a potential immunotherapy
target for BC patient whose risk scores were different. Subsequently, the use of IPS was
predicting the reaction of different BC patients to ICI. In order to gauge how BC patients
in the two separate risk categories responded to anti-PD-1/PD-L1 and anti-CTLA-4 med-
ication, two subtypes of IPS values—IPS-PD-1/PD-L1 pos and IPS-CTLA-4 pos—were
utilized [19]. The immunophenoscore (IPS) of the TCGA-BRCA cohort was downloaded
from the Cancer Immunome Atlas (TCIA) database. The form downloaded from the official
website (https://tcia.at/home, accessed on 13 January 2023) already defines the positive
and negative information for each patient. IPS scores in the low-risk group were higher than
those in the high-risk group (Figure 9E). The outcomes showed that the immunotherapy ef-
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fect was better in the low-risk group. Based on the potential role of lncRNAs in modulating
drug sensitivity, we assessed the potential of the 6-ARlncRNAs signature as biomarkers for
predicting drug response in BC patients (Figure 10). In TCGA-BRCA patients, we deduced
the IC50 values for 138 medications. Patients in the high-risk group may react to Nutlin
more strongly than Temirolimus, 3a, and other drugs. BC patients in the low-risk group
may be more susceptible to drugs such as AZD6482 and Thapsigargin.

Figure 10. Drug sensitivity predictions as determined by the pRRophetic algorithm in R using the
Wilcoxon test. (A–P) Different drug sensitivities associated with 6-ARlncRNAs signature.

3. Discussion

BC is the primary cause of cancer-related death in women worldwide, and the inci-
dence rate is rising yearly. Despite improvements in diagnosis and therapy, invasive BC’s
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high death rate remains a global concern [20]. Clinical consequences are highly variable
in patients, which is likely due to BC’s heterogeneity [21]. Therefore, it is urgent to search
for and evaluate prognostic biomarkers for the early diagnosis of BC. The lncRNAs can
promote tumor initiation and progression and can serve as biomarkers to predict the prog-
nosis of cancer patients [22,23]. Aging is an important and unavoidable biological process;
it leads to the progressive deterioration of the function of many tissues [24]. Studies have
pointed out that ARGs can promote tumor initiation, progression, and metastasis. Cancer
may be inhibited by managing senescence in tumor cells [25,26]. Aging is an independent
risk factor for some cancers [24]. In addition, aging-related markers have prognostic poten-
tial for predicting cancer [27]. The above facts indicated that we urgently need to identify
more aging-related molecular markers in BC patients.

A prognostic model of aging-related lncRNAs including six lncRNA molecules (MCF2L-
AS1, USP30-AS1, OTUD6B-AS1, MAPT-AS1, PRR34-AS1 and DLGAP1-AS1) was con-
structed. Most of the aging-related lncRNAs included in this prognostic signature are
closely linked to tumorigenesis, metastasis, and proliferation. MCF2L-AS1 promotes col-
orectal cancer development through the miR-105-5p/RAB 22A axis and regulates miR-873-
5p levels to promote cancer stem-like features of non-small-cell lung carcinoma cells [28,29].
However, whether MCF2L-AS1 plays a role in BC has not been reported. USP30-AS1 was
silenced to promote mitochondrial uncoupler-induced mitophagy as a negative regulator
of mitochondrial homeostasis. Mitochondrial autophagy leads to decreased mitochondrial
function, a hallmark of cancer [30]. For some malignant tumors, USP30-AS1 is a potential
prognostic biomarker [31,32]. Multiple tumor types include the lncRNA ovarian tumor
domain that contains 6B antisense RNA1 (OTUD6B-AS1). OTUD6B-AS1 has also been
discovered to be a new tumor-associated lncRNA [33]. Several reports are consistent with
our view that OTUD6B-AS1 can serve as a predictor of BC prognosis [34,35]. MAPT-AS1
can affect BC proliferation, migration, and drug sensitivity [36,37]. PRR34-AS1 was up-
regulated in hepatocellular carcinoma and pediatric medulloblastoma [38,39]. However, no
reports explored the role of PRR34-AS1 in BC. According to a recent study, DLGAP1-AS1
may activate the Wnt signaling pathway to speed up the proliferation of glioblastoma and
hepatocellular cancer [40,41]. However, the relationship between BC and DLGAP1-AS1
has not been pointed out. Using a ROC curve, we assessed the prognostic model composed
of these six IncRNAs’ capacity to forecast the prognosis of BC. This model did well in
prediction (AUCs of 0.753, 0.772, and 0.722 for 1, 3, and 5 years, respectively). We built a
novel nomogram associated with the risk score and clinical characteristics according to the
lncRNA signature. The resulting verification demonstrated the compelling sensitivity and
specificity of the nomogram in predicting clinical results. Correlation between clinical char-
acteristics and the aging signature in BC patients was evaluated. The risk score correlated
well with tumor clinical stage (T and M stages) and age, with the low-risk group showing
better survival. This aging model indicated better predictive performance for early-stage
BC patients. Therefore, this prognostic model enables better risk stratification for early
BC patients.

The immune response in tumors can be triggered by aging. The tumor-infiltrating im-
mune cell microenvironment contributes to tumor development [42]. For example, cytotoxic
T, NK, and B cells disrupt tumor cells, whereas myeloid-derived suppressor cells (MDSCs),
tumor-associated macrophages (TAMs), and regulatory T cells (Tregs) coordinate tumor
growth and immune escape [43]. The relationship between aging and the immune cells that
infiltrate tumors, however, was rarely covered in studies. The percentage of immune cells
that infiltrated the tumor was determined using the CIBERSORT algorithm analysis to see
whether an aging-related signature is connected to tumor immunity and immunotherapy.
The prognostic model can recognize the different features of tumor-infiltrating immune
cells well. Primitive B cells, regulatory T cells, and CD8+ T cells—tumor-killing immune
cells—were less prevalent in the high-risk group than in the low-risk group, but M0 and M2
macrophages, which encourage tumor growth and progression, were more prevalent [44].
Five immune functions and six immune cell types were substantially linked with the aging-
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related risk score, according to the ssGSEA. After that, we looked into variations in immune
checkpoint molecule expression between groups at high risk and those at low risk. The out-
comes showed that the expression of all important immune checkpoints, including CTLA-4
and PD-1, was up-regulated in the low-risk group, indirectly suggesting that the low-risk
group had pre-existing T cell activation. Therefore, BC patients who had a low risk score
may benefit more from ICI treatment. Microsatellite instability, TMB, PD-L1 expression,
and mismatch repair deficiency are used for patient selection before ICI therapy [45]. In this
study, TMB was higher in high-risk BC patients, but no significant association was found
between TMB and OS in BC. In addition, the IPS quantitatively predicts patient response
to anti-PD-1/PD-L1 and anti-CTLA-4 therapies [46]. The IPS score of the low-risk group
was higher than that of high-risk group (p < 0.001). The 6-ARlncRNAs signature can be
used for patient selection before ICI treatment, and ICI treatment is more appropriate for
BC patients with lower aging-related risk scores. To predict possible drug targets, analysis
was conducted. The IC50 of Nutlin.3a, Temsirolimus, and others in the high-risk group
are higher than those in the low-risk group, i.e., higher sensitivity, whereas the patients
who are in the low-risk group are more sensitive to AZD6482, Thapsigargin, and others.
Guidance was provided for the selection of therapeutic drugs.

In previous studies, some aging-related molecular markers that can predict invasive
BC have been verified [27], but the utilization of aging-related lncRNAs in BRCA has not
been presented. We utilized many samples in the TCGA and GEO databases to identify
and validate the risk model, which can predict the survival, pathological characteristics,
and treatment methods of BC patients well, thereby providing powerful guidance for
clinical practice. The data utilized in our research came from several public databases. The
6-ARlncRNAs signature offers a fresh viewpoint on BC diagnosis, prognosis, and treatment,
but further clinical trials are required to confirm the therapeutic relevance of these results.

4. Materials and Methods

4.1. Data and Clinical Information Acquisition and Collation

Transcriptome expression data and clinical data of BC patients were downloaded
through the Gene Expression Omnibus (GEO) database (https://www.ncbi.nlm.nih.gov/
geo/, accessed on 13 January 2023) (National Center for Biotechnology Information, NCBI)
and The Cancer Genome Atlas (TCGA) database (https://portal.gdc.cancer.gov/repository,
accessed on 13 January 2023) (National Cancer Institute, NCI; National Human Genome
Research Institute, NHGRI). Patients with missing clinical information were removed. We
then downloaded the gene transfer format (GTF) file through the Ensembl database (http://
asia.ensembl.org, accessed on 13 January 2023) (Wellcome Sanger Institute). Transcriptome
sequencing data of mRNAs and lncRNAs were annotated and differentiated [47]. We
obtained a total of 279 ARGs through the Human Aging Genome Resource (HAGR, https:
//genomics.senescence.info/cells/, accessed on 13 January 2023) (senescence.info). The
ARGs are shown in Supplementary Table S1.

4.2. Identification and Differential Analysis of Aging-Related lncRNAs

We sifted the differential expression of aging-related lncRNAs (DEarlncRNAs) by
using Pearson correlation analysis [48]. Screening criteria were |Pearson R| > 0.4 and
p < 0.001. Filtering of DEarlncRNAs was performed through the R package “limma” with
filter criteria of |log2Fold Change| > 1 and FDR < 0.05 [49].

4.3. Construction and Validation of the Aging-Related lncRNA Prognostic Signature

We obtained 1022 BC samples and 112 paired normal samples from TCGA database.
These BC patients were randomized 1:1 to the training set (n = 511) or the test set (n = 511).
Meanwhile, there was no statistical difference in the clinical characteristics of BC patients be-
tween the training subgroup and the test subgroup (p > 0.05). The “forestplot,” “survminer,”
and “survival” packages in R were employed to execute the univariate and the multivariate
Cox regression analysis [50]. First, we screened DEarlncRNAs associated with overall
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survival (OS) in the TCGA breast cancer (BRCA) cohort by using the univariate Cox pro-
portional hazard regression analysis. The LASSO–Cox regression analysis compressed
differentially relevant regulators of prognosis, and we removed redundant genes by using
the R package “glmnet” [51]. Afterward, the multivariate Cox analysis and stepwise vari-
ables were employed to further screen variables associated with OS in the TCGA-BRCA
cohort, and we established a predictive signature [52]. The Akaike information criteria
were the basis for the signature building. The TCGA-BRCA patients were scored according
to the risk scoring formula. Risk score = coef gene (1) × exprgene (1) + coef gene (2) ×
exprgene (2) + . . . + coef gene (n) × exprgene (n) (8). We obtained coefficients of each gene
by multivariate Cox regression analysis. On the basis of the best cut-off value confirmed
by X-tile software, the TCGA-BRCA cohort was split into high- and low-risk subgroups.
Afterward, we applied the “survival” R package and compared the diversity in OS in
the two subgroups by the log-rank test. The R “pheatmap” package is used to visualize
the allocation of corresponding risk values between the two groups [53]. The “timeROC”
package was used to obtain receiver operating characteristic (ROC) curves to determine the
accuracy of prediction for 1-, 3-, and 5-year OS of BC. The prediction accuracy was judged
by the area under the curve (AUC) value [54].

The GSE20685 dataset was downloaded through the GEO database. A total of 327
patients with BRCA were included. The GSE20685 dataset was employed as an exter-
nal validation set. We performed batch-to-batch correction of gene expression values
between the GSE20685 cohort and the TCGA-BRCA cohort to eliminate batch differences
with the ComBat function and the R “sva” package [55]. Afterward, the GSE20685 co-
hort was also split into the two different risk subgroups on the basis of risk cutoff values
in the training cohort. The Kaplan–Meier survival curve was also drawn to assess dif-
ferences of OS in the two different risk subgroups. The ROC curve assessed the ability
to predict prognosis in the GSE20685 cohort. Afterwards, protein expression levels of
aging-related markers (including p21, p16, p53, TNF-α, IL-6, FGF, VEGF, and MMP-3)
were compared between BC and common samples from the Human Protein Atlas (HPA)
database (https://www.proteinatlas.org/, accessed on 13 January 2023) (Knut and Alice
Wallenberg Foundation) [56].

4.4. Development and Evaluation of a Nomogram in BC Patients

We employed the R package “rms” to build a nomogram by combining an aging-
related signature with clinical characteristics to predict survival in BC patients [57]. The total
score was summed up by each point that corresponded to each variate in the nomogram
scoring system to forecast 1-, 3-, and 5-year OS in patients with BC. Meanwhile, we plotted
the calibration curve by using the “bootstrap” package. The decision curve analysis (DCA)
was drawn by the R package “rmda” to assess the precision of the nomogram [58]. In
addition, the consistency index (C-index) and the ROC curve over time were yielded.

4.5. Kyoto Encyclopedia of Genes and Genomes, Gene Ontology, Gene Set Enrichment Analysis
and Single-Sample Gene Set Enrichment Analysis

First, we carried out the Kyoto Encyclopedia of Genes and Genomes (KEGG) and
the Gene Ontology (GO) functional enrichment analyses based on DEarlncRNAs with the
packages “GOplot” and “KEGGplot” in R [59]. Second, employing GSEA-3.0 software (http:
//software.broadinstitute.org/gsea/index.jsp, accessed on 13 January 2023), we performed
the Gene Set Enrichment Analysis (GSEA) to show the potential pathways and mechanisms
of two different subgroups in the TCGA-BRCA cohort [60]. The GO and KEGG analyses
were conducted and visualized through the packages “enrichplot” and “lusterProfiler” in
the aging-related signature [61]. In addition, immune infiltration of 13 immune-related
pathways and 16 cell types in two different risk subgroups was evaluated employing
single-sample genome enrichment analysis (ssGSEA) using the package “GSVA” [62].
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4.6. Immune Cell Infiltration Analysis

We assessed the scores of 22 immune cell types in the high- and low-risk subgroups in
the TCGA-BRCA cohort by using the CIBERSORT algorithm, and the results were filtered
(p < 0.05) [63]. Through the R package “pheatmap,” differential tumor-infiltrating immune
cells between the two subgroups were mapped. Afterward, the association between the
proportion of tumor-infiltrating immune cells and the risk score was compared based
on the Spearman rank correlation test in TCGA-BRCA cohort [64]. In addition, discrep-
ancies in the proportion of immune cell infiltration in the groups were analyzed based
on QUANTISEQ, XCELL, EPIC, TIMER, and MCPCOUNTER immunization databases.
Moreover, the principal component analysis (PCA) was applied for grouping visualization
of high-dimensional data, model identification, and effective dimensionality reduction. We
used the R package “stats” for analysis, Z-Score on the expression spectrum, and further
dimensionality reduction analysis using the PRCOMP function to obtain the dimensionality
reduction matrix.

4.7. Immunotherapy and Drug Sensitivity Prediction

We evaluated the differential expression of immune-checkpoint-related molecules.
Different expressions of immune checkpoints in the prognostic risk model can be applied
to provide new treatment ideas and predict the clinical treatment effect of corresponding
inhibitors. Afterward, the immunophenoscore (IPS) of the TCGA-BRCA cohort was down-
loaded from the Cancer Immunome Atlas (TCIA) database (Institute of Bioinformatics).
Tumor immunogenicity was positively correlated with the IPS value. IPS predicts patient
response to immune checkpoint inhibitor (ICI) therapy [46]. Data of IPS were subsequently
extracted for analysis. We downloaded the single nucleotide variation dataset for TCGA-
BRCA patients from the TCGA database. According to the six lncRNAs in our risk model,
we used the R package “maftools” to explore copy number variations (CNVs), somatic
mutation, and TMB in the two different risk subgroups [65]. We calculated the TMB of each
BC patient to compare differences in the risk subgroups (mutations per million bases). To
assess drug susceptibility, we downloaded an anticancer drug dataset from the Genomics
of Cancer Drug Sensitivity (GDSC) database (Wellcome Sanger Institute, Genome Research
Limited). We deduced the half maximal inhibitory concentration (IC50) values for 138
drugs using the pRRophetic algorithm [66]. Finally, the Wilcoxon test of these drugs was
conducted to predict the level of response to the drug in patients at different risk levels.

4.8. Statistical Analysis

R is a language for statistical analysis and drawing, and it is an excellent tool for
statistical calculation and statistical drawing. Its full name is The R Programming Lan-
guage. We used R (R Programming Language version 4.1.2) with associated R package
for all statistical analyses and plots (Institute for Statistics and Mathematics of WU). For
comparison between the two groups, if the normal distribution is met, a t-test is used. If
it is a non-normal distribution, the nonparametric test is used. The Pearson correlation
analysis was employed to assess correlation. The log-rank test, Cox regression, and Kaplan–
Meier curves were applied to evaluate prognostic value. The Wilcoxon rank sum test was
applied to evaluate the relationship between immune checkpoints, TMB, immune cell
infiltration, and IC50 values of chemotherapeutic drugs between these two groups. All
statistical analyses were two-sided, and p < 0.05 was considered statistically significant if
not specified.

5. Conclusions

We created a brand-new lncRNA predictive signature for aging. The training set
was used to build the signature. It was well-validated on the validation set and has the
potential to be a predictive biomarker for patients with invasive BC. The 6-ARlncRNAs
signature can offer fresh perspectives and approaches for early diagnosis and therapeutic
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target identification of BC, including tumor immunotherapy. This research provided a new
reference for further research on aging, tumor immunity, and chemotherapy drug selection.
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Abstract: Doxorubicin (Dox) is one of the most frequently used chemotherapeutic drugs in a variety
of cancers, but Dox-induced cardiotoxicity diminishes its therapeutic efficacy. The underlying
mechanisms of Dox-induced cardiotoxicity are still not fully understood. More significantly, there are
no established therapeutic guidelines for Dox-induced cardiotoxicity. To date, Dox-induced cardiac
inflammation is widely considered as one of the underlying mechanisms involved in Dox-induced
cardiotoxicity. The Toll-like receptor 4 (TLR4) signaling pathway plays a key role in Dox-induced
cardiac inflammation, and growing evidence reports that TLR4-induced cardiac inflammation is
strongly linked to Dox-induced cardiotoxicity. In this review, we outline and address all the available
evidence demonstrating the involvement of the TLR4 signaling pathway in different models of
Dox-induced cardiotoxicity. This review also discusses the effect of the TLR4 signaling pathway
on Dox-induced cardiotoxicity. Understanding the role of the TLR4 signaling pathway in Dox-
induced cardiac inflammation might be beneficial for developing a potential therapeutic strategy for
Dox-induced cardiotoxicity.

Keywords: doxorubicin; Toll-like receptor 4; cardiotoxicity; heart

1. Introduction

Cancer is a major public health problem worldwide. Cancer is a complicated disease
caused by internal factors (e.g., inherited mutations, hormones, and immune conditions)
and environmental factors (e.g., diet, radiation, and infectious organisms) [1,2]. According
to a report from the World Health Organization, cancer is one of the leading causes of death
worldwide [3]. In the United States of America, there were approximately 1.98 million new
cases of diagnosed cancer in 2022 [4]. Furthermore, the number of cancer cases around the
world is expected to reach around 26 million by 2030, with 17 million deaths per year [5].

Currently, doxorubicin (Dox) is one of the most used chemotherapeutic drugs for
various types of cancer, such as breast, lung, ovarian, and thyroid cancers [6,7]. Al-
though it is able to combat tumor cells, it is also harmful to normal cells, including
cardiomyocytes [7–9]. In addition, several studies have reported the potential mechanisms
of Dox-induced cardiotoxicity mediated by mitochondrial dysfunction, DNA damage,
oxidative stress, and apoptosis [2,7,9]. A growing body of research suggests that aseptic
inflammation might also play a plausible role in Dox-induced cardiotoxicity due to the
activation of the innate immune system after Dox treatment [10–12]. A number of studies
showed that Dox treatment upregulates the expressions of pro-inflammatory cytokines
in cardiac tissue, such as tumor nuclear factor (TNF)-α, interleukin (IL)-1β, and IL-6, via
activation of the nuclear factor-κB (NF-κB), triggering the progression of cardiovascular
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diseases and other adverse cardiac events [13–15]. Dox-induced cardiotoxicity mainly
limits the cumulative dose of Dox in clinical settings. Cardiotoxicity is a potentially lethal
condition and also a well-known adverse effect of Dox; however, the underlying molecular
mechanism of Dox-induced cardiotoxicity, particularly related to inflammation, is not fully
understood. Although the underlying mechanisms of Dox-induced cardiotoxicity remain
complex, the role of cardiac inflammation in Dox-induced cardiotoxicity has become a
focus for researchers in recent years.

Toll-like receptor 4 (TLR4), an important member of the TLR family, is part of the
innate immune system that responds to the endogenous and exogenous signals and triggers
pathophysiological functions in organs, including the heart [16–19]. The precise molecular
mechanisms of TLR4 signaling have been elucidated. Upon binding to a specific ligand with
the help of myeloid differentiation factor 2 (MD2), the TLR4 signaling pathway is activated,
followed by recruiting the intracellular adaptor molecules and releasing the inflammatory
mediators [15,20,21]. Interestingly, there is increasing evidence that Dox-induced TLR4
signaling pathway activation is implicated in cardiac adverse effects, which manifest as
left ventricle (LV) impairment [20,22,23]. In support of this evidence, a previous study
demonstrated that Dox-induced cardiac adverse effects were completely alleviated in TLR4
knockout mice [22]. Therefore, TLR4 signaling is thought to be involved in the mechanism
contributing to Dox-induced cardiotoxicity, and inhibition of TLR4 is considered to be one
the potential interventions against Dox-induced cardiomyopathy [22,23].

The aim of this review is to comprehensively summarize and discuss in vitro, in vivo,
and clinical reports on the plausible mechanism of TLR4 on Dox-induced cardiotoxicity,
including inflammatory mediators, oxidative stress, and apoptosis in cardiomyocytes, as
well as cardiac remodeling and cardiac function. To support the upcoming clinical trials that
will help to either prevent or lessen Dox-induced cardiotoxicity, we also aim to thoroughly
compile the currently available evidence of TLR4 inhibition.

2. The Mechanism of TLR4 on Dox-Induced Cardiotoxicity

Growing evidence has shown that Dox activates the innate immune system, which
is one of the expected components of the response against tumor cells [2,9]. However,
Dox-induced innate immune activation provokes the release of inflammatory cytokines
in a number of tissues, including the heart, intestine, brain, and liver, which results in
inflammation in non-targeted organs [9,10,24,25]. To date, several studies have demon-
strated that Dox-induced cardiac inflammation is strongly linked to Dox-induced car-
diotoxicity [10,14,26,27]. Dox induces NF-κB activity to promote cardiac inflammation by
upregulating TNF-α, IL-1β, and IL-6 expression [15,26].

TLR4 is responsible for the innate immune response; thus, the activation of TLR4 has
become one of the most attractive targets in recent years [28,29]. Moreover, the expression of
TLR4 is also found in the cardiomyocytes in addition to the immune cells [21]. This receptor
responds to exogenous and endogenous ligands: pathogen-associated molecular patterns
(PAMPs) and damage-associated molecular patterns (DAMPs) [28]. TLR4 recognizes the
bacterial LPS as a major PAMP with the help of its co-receptor MD2 [21]. In addition, the
TLR4 signaling pathway can also be activated by various endogenous DAMPs, namely
alarmin protein, including high-mobility group protein box 1 (HMGB1) and the heat
shock protein family (Hsps) [28,30]. Upon ligand binding, TLR4 dimerization occurs,
followed by activation of the myeloid differentiation primary response protein 88 (MyD88);
the downstream signaling pathways propagate NF-κB phosphorylation via reducing the
inhibitory κB kinase (IKK) response, leading to upregulation of inflammatory cytokines
and cardiac inflammation [21]. In addition to NF-κB activity, components of mitogen-
activated protein kinases (MAPKs), including extracellular signal-regulated kinase 1 and 2
(ERK1/2), c-Jun N-terminal kinase (JNK), and p38, are also activated as downstream signal
transducers of MyD88 to contribute to the regulation of pro-inflammatory responses [18,21].
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To date, a growing body of evidence demonstrates that Dox induces the release of
PAMP and DAMP, resulting in TLR4-mediated cardiac inflammation that contributes signif-
icantly to cardiotoxicity [10,15,28,31]. Based on evidence from in vitro and in vivo studies,
we review and discuss how Dox causes cardiac TLR4 upregulation and inflammation in
this review. A simplified overview of the mechanistic activation of TLR4 in Dox-induced
cardiotoxicity is shown in Figure 1. Therefore, inhibition of TLR4 would have a therapeutic
benefit against Dox-induced cardiotoxicity.

 

Figure 1. A schematic presentation of oxidative stress and inflammation-related mechanisms via
TLR4 in Dox-induced cardiotoxicity. Activation of TLR4 was exhibited by HMGB1, NPM, and Hsp70,
leading to increased cardiac inflammation, apoptosis, and fibrosis, and impaired cardiac function in
Dox treatment. Its subsequent detrimental effects were effectively attenuated by treatment with C34,
Hsp22, and VA.

3. The Effects of Dox on TLR4 Expression in Cardiomyocytes: Reports from
In Vitro Studies

To date, the relationship between the role of TLR4 and Dox administration is still
scarce; however, increasing evidence from in vitro studies suggests that Dox-mediated
cardiotoxicity is related to the upregulation of cardiomyocyte TLR4 expressions [32–34].
Li et al. reported that Dox administration upregulated the expression of TLR4 in human
cardiomyocyte cell lines [32]. In addition, Feng et al. demonstrated that Dox treatment
significantly enhanced the TLR4 signaling pathway in H9c2 cardiomyocytes, as evidenced
by increased TLR4 expression and its downstream signaling pathways, including MyD88,
NF-κB, IL-1 β, IL-6, and TNF-α, along with decreased IkBα expression [27]. According to
these two in vitro results, we speculate that Dox administration triggered cardiac inflam-
mation via the TLR4-MyD88 signaling pathway. However, further research is necessary
to fully understand the underlying molecular signaling of Dox-induced TLR4 signaling
pathway activation in cardiomyocytes.
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Traditionally, TLR4 ligands, PAMPs, and DAMPs bind to MD2 to activate the TLR4
signaling pathway in cardiomyocytes, resulting in cardiac inflammation [18,35]. The DNA-
binding nuclear protein HMGB1, which regulates gene transcription and nucleosome
stability, has a variety of biological functions in clinicopathological conditions [36]. It is
considered a cytokine involved in the activation of innate immunity after being actively
released from cells or passively released upon cell injury [36]. Interestingly, TLR4 functions
as the major HMGB1 receptor [37]. Disulfide HMGB1 activates the TLR4 complex, binding
to MD2, which triggers dimerization of TLR4 that can stimulate downstream signal trans-
duction molecules (e.g., NF-κB) to produce pro-inflammatory cytokines [37]. A previous
study demonstrated that the release of HMGB1 from the cells was increased following
Dox treatment [38]. Moreover, the oxidative stress and DAMPs were considered to be
major stimulators of HMGB1 release, activating inflammation through the TLR4 signaling
pathway [38]. Therefore, Dox is closely related to altered HMGB1 levels, leading to induced
cardiotoxicity.

In addition to HMGB1, there is also nucleophosmin (NPM), which behaves similarly
to an alarmin protein released in response to cellular excess due to severe injury [39].
Similar to HMGB1, NPM can also bind to the TLR4 signaling cascade, leading it to exerting
pro-inflammatory cytokines [39]. Interestingly, a previous study showed that Dox induced
nucleolar stress, subsequently disrupting and releasing the NPM from the nucleolus. Then,
the extracellular NPM induced inflammation via TLR4 signaling pathway activation [39].
To date, there is only one study that has shown that NPM can bind to the TLR4 signaling
cascade, promoting pro-inflammatory function following the Dox treatment of human
cardiac mesenchymal progenitor cells (hCmPCs) [39]. Thus, NPM is a novel ligand of TLR4
that activates inflammation in Dox-treated cardiotoxicity [39].

Inhibition of TLR4 via genetic deletion suppressed Dox-induced cardiotoxicity [27,31,32].
This evidence was provided by previous studies, showing that genetic ablation of TLR4 not
only reduced inflammation but also decreased apoptosis in cardiomyocytes after exposure
to Dox [27,31,32]. Although molecular signaling through TLR4 has not been demonstrated
in the genetic deletion of TLR4 on apoptosis in cardiomyocytes after Dox exposure, the
aforementioned discussions suggest that pro-inflammatory cytokines [27], mediated by
TLR4, were suppressed, resulting in a decrease in cardiomyocyte apoptosis, as evidenced
by the decrease in apoptotic proteins (Bax and cleaved caspase-3) and the increase in
anti-apoptotic proteins (Bcl-2) [31,32]. These in vitro studies demonstrate the plausible
involvement of TLR4 in Dox-induced cardiotoxicity via the implication in cardiomyocyte
apoptosis.

C34, a potent and selective antagonist of TLR4, reduced NPM secretion in Dox-treated
hCmPcs, further confirming that TLR4 regulated the secretion of NPM via autoregulatory
feedback between TLR4 and NPM following Dox treatment [39]. Therefore, these find-
ings revealed that inhibition of TLR4 might be a novel therapeutic strategy in reducing
Dox-induced cardiotoxicity. Reports regarding the effects of Dox on TLR4 expression in
cardiomyocytes in in vitro studies are summarized in Table 1.

Table 1. The effects of Dox on TLR4 expression in cardiomyocytes: reports from in vitro studies.

Model
Protocol

(Drug, Dose, Duration)

Major Findings
Interpretation Ref.

Inflammatory Markers Apoptosis

AC16 cells • Dox
(5 μM, 24 h)

• si-TLR4

• Dox
↑ TLR4

• Dox + si-TLR4
↓ TLR4

• Dox
↑ Bax
↑ Caspase-3
↓ Bcl-2

• Dox + si-TLR4
↓ Bax
↓ Caspase-3
↑ Bcl-2

Dox treatment
increased the
expressions of TLR4
and apoptotic
proteins in AC16
cells.

[32]
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Table 1. Cont.

Model
Protocol

(Drug, Dose, Duration)

Major Findings
Interpretation Ref.

Inflammatory Markers Apoptosis

H9c2 • Dox
(5 μM, 24 h)

• si-TLR4

• Dox
↑ TLR4
↑ MyD88
↑ IL-1
↑ IL-6
↑ NF-kB
↑ TNF-α
↓ IkBα

• Dox + si-TLR4
↓ TLR4
↓ MyD88
↓ IL-1
↓ IL-6
↓ NF-kB
↓ TNF-α
↑ IkBα

• Dox
n/a

• Dox + si-TLR4
n/a

Dox administration
induced TLR4
signaling pathway
activation in H9c2.

[27]

Neonatal
cardiomyocytes

• Dox
(0.5 μM, 6 h)

• TLR4−/−

• Dox
↑ HMGB1

• Dox + TLR4−/−
n/a

• Dox
↑ Caspase-3

• Dox + TLR4−/−
↓ Caspase-3

Dox treatment
increased the release
of HMGB1 and
caspase-3 expression
in neonatal
cardiomyocytes.

[31]

hCmPCs cells • Dox
(1 μM, 8 h)

• C34
(100 μM, 30 min)

• Dox
↑ NPM

• Dox + C34
↓ NPM

• Dox
n/a

• Dox + C34
n/a

Dox treatment
increased the level
of NPM in hCmPCs
cells.

[39]

n/a: Data are not available; AC16: human cardiomyocyte cell line; Bax: Bcl-2-associated X; Bcl-2: B-cell lymphoma-
2; C34: 2-acetamidopyranoside; Dox: doxorubicin; hCmPCs: human cardiac mesenchymal progenitor cells;
HMGB1: high-mobility group box 1; IkBα: inhibitory κB (IκB) kinase; IL-1: interleukin-1; IL-6: interleukin-6;
MyD88: myeloid differentiation factor 88; NF-kB: nuclear factor kappa-light-chain-enhancer of activated B cells;
NPM: nucleophosmin; TLR4: Toll-like receptor 4; TNF-α: tumor necrosis factor-alpha; ↑: Increase; ↓: Decrease.

4. The TLR4 Expression in Dox-Induced in Cardiomyocytes: Reports from
In Vivo Studies

Several studies have demonstrated that Dox treatment leads to impaired cardiac
function in rodents, as assessed via echocardiography and invasive hemodynamic as-
sessment [14,23,40]. Cellular and molecular studies have also been carried out using the
cardiomyocytes isolated from these Dox-treated animals, and the results are largely consis-
tent with the findings from the in vitro models discussed in the previous section. Previous
in vivo studies have shown that Dox enhanced the expression of TLR4 in the cardiac tis-
sue of rodents [14,23,40]. Furthermore, the levels of TLR4 ligands, such as HMGB1 and
Hsp70, were also significantly increased in the cardiac tissue of Dox-treated mice [40].
This result further confirms that the TLR4 signaling pathway was activated following Dox
treatment, leading to the triggering of NF-κB activity, which leads to the generation of pro-
inflammatory cytokines in cardiac tissue, as evidenced by increases in TNF-α, IL-6, IL-13,
monocyte chemotactic protein (MCP-1), and transforming growth factor (TGF)-β1 [14,40].
Consistently, the expression of cardiac macrophage markers, including CD45 and CD68,
was also elevated in Dox-treated mice [14]. Taken together, elevated cardiac macrophages
expressing TLR4 can lead to overwhelming pro-inflammatory cytokines in Dox-treated
animals [14,40]. In addition to cardiac inflammation, cardiac remodeling was also observed
in Dox-treated mice [40], which was attributed to the fact that TGF-β1 was increased in the
hearts of these mice [40]. TGF-β1 is involved in the cardiac remodeling process, since it is
a multifunctional cytokine and a growth factor that plays multiple roles in inflammation

145



Molecules 2023, 28, 4294

and fibrosis [41]. Therefore, an increase in cardiac TGF-β1 expression promoted collagen
accumulation in the heart of Dox-treated mice, as indicated by increasing α-smooth muscle
actin (α-SMA) [40].

Dox induces ROS through redox reactions due to its quinone component, with the re-
sulting production of the superoxide anion (O2

−), hydrogen peroxide (H2O2), and hydroxyl
radical (·OH) [8]. This ROS can lead to lipid peroxidation, as indicated by an increase
in malondialdehyde (MDA) that was observed in the hearts of Dox-treated rats [14]. In
addition, this ROS can trigger apoptosis in cardiac tissue in Dox-treated mice, as evi-
denced by an increase in Bax, cytochrome c, and TUNEL+ cells, as well as a decrease in
Bcl-2 in cardiac tissue [14]. According to in vitro studies [31,32], an in vivo study has also
shown that increasing TLR4 activation was implicated in cardiac apoptosis in Dox-treated
mice [14]. This could be due to the oxidative stress associated with the increase in TLR4
expression that further promotes inflammation [42], which, in turn, contributes to apopto-
sis. Therefore, oxidative stress not only directly induces cardiac apoptosis per se but also
promotes inflammation via increasing TLR4 expression, leading to cardiac apoptosis in
Dox-treated mice.

Therefore, in vivo studies have suggested that enhanced activation of the TLR4 sig-
naling pathway is involved in Dox-induced cardiotoxicity, which includes cardiac inflam-
mation, remodeling, oxidative stress, and apoptosis via activation of TLR4, resulting in
impaired cardiac function [14,23,40]. The in vivo evidence pertinent to TLR4 expression in
Dox-induced cardiotoxicity is summarized in Table 2.

Table 2. TLR4 expression in Dox-induced cardiotoxicity: reports from in vivo studies.

Model
Protocol

(Dose, Route,
Duration)

Major Findings

Interpretation Ref.Cardiac
Function

Inflammatory
Markers

Cardiac
Remodeling/Fibrosis

Oxidative
Stress

Apoptosis

C57BL/6J
mice

Dox
(3.4
mg/kg/wk,
i.p., 8 wk)

↓ %LVEF
↓ %LVFS

↑ TLR4
↑ HMGB1
↑ Hsp70
↑ MCP-1
↑ IL-13
↑ TGF-β1

↑ Fibrosis
↑ α-SMA

n/a n/a Dox induced
cardiac
inflammation via
increasing TLR4
signaling pathway,
leading to cardiac
dysfunction in
mice.

[40]

C57BL/6J
mice

Dox
(15 mg/kg, i.p.,
single dose)

↓ %LVEF ↑ TLR4
↑ TNF-α
↑ IL-6
↑ NF-kB
↑ CD68
↑ CD45

n/a n/a ↑ Bax
↓ Bcl-2
↑ Cyt c
↑ TUNEL+

Dox induced
cardiac
inflammation and
apoptosis via
increasing
TLR4/NF-kB
signaling pathway,
leading to
impaired cardiac
function in mice.

[14]

Wistar
rats

Dox
(2.5 mg/kg/
3 doses/wk,
i.p., 2 wk)

n/a ↑ TLR4 n/a ↑ MDA n/a Dox induced
cardiac
inflammation and
oxidative stress via
increasing TLR4
and MDA in rats.

[23]

n/a: Data are not available; Bax: Bcl-2-associated X; Bcl-2: B-cell lymphoma-2; Cyt c: cytochrome c; Dox:
doxorubicin; HMGB1: high-mobility group box 1; Hsp70: heat shock protein 70; i.p.: intraperitoneal injection;
IL-13: interleukin 13; IL-6: interleukin-6; LVEF: left ventricular ejection fraction; LVFS: left ventricular fractional
shortening; MCP-1: monocyte chemotactic protein 1; MDA: malondialdehyde; NF-kB: nuclear factor kappa-light-
chain-enhancer of activated B cells; TGF-β1: tumor growth factor β1; TLR4: Toll-like receptor 4; TNF-α: tumor
necrosis factor-alpha; TUNEL: terminal deoxynucleotidyl transferase mediated dUTP nick end labeling; α-SMA:
α-smooth muscle actin; ↑: Increase; ↓: Decrease.
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5. The Potential Role of TLR4 Inhibition in Dox-Induced Cardiotoxicity: Reports from
In Vivo Studies

The evidence from in vivo studies on the effects of TLR4 inhibition in Dox-induced
cardiotoxicity is summarized in Table 3. Since several studies, including both in vitro and
in vivo studies, have revealed that activation of the TLR4 signaling pathway is partly in-
volved in Dox-induced cardiotoxicity, targeting the TLR4 pathway has become a possible
therapeutic strategy [14,22,23]. In vitro reports have shown that either silencing or knockout
TLR4 attenuated Dox-induced cardiotoxicity [27,31,32,39], and in vivo study reports have
also demonstrated that genetic ablation of TLR4 improved cardiac function in Dox-treated
mice, as indicated by increased LV end-systolic pressure–volume relation (LVESPVR), car-
diac output (CO), and stroke volume (SV) [22,31]. In addition, the molecular levels, including
inflammatory markers, fibrosis accumulation, oxidative stress, and apoptotic markers, in
cardiac tissue of Dox treatment were alleviated in TLR4-deficient mice [22,31] (Table 3).

In addition to genetic ablation of TLR4 models in cardiomyocytes, the blockade of
TLR4 by using the pharmacological compound vanillic acid (VA), a TLR4 antibody, and
adeno-associated virus–heat shock protein 22 (AAV-Hsp22) injection has also exerted
protective effects in Dox-induced cardiotoxicity [14,23]. A previous study has shown
that VA, a natural compound of the phenolic acid family, can suppress the TLR4-induced
inflammatory response in Dox-treated mice [23]. This study was the first report of the
helpful effect of VA via inhibiting TLR4 [23]; however, future studies need to validate which
structure of VA blocks TLR4 signaling. In addition, a reduction in TLR4 by VA resulted
in decreased cardiac MDA levels and further improved cardiac function in Dox-treated
mice [23]. In addition to intervention with a pharmacological agent, Hsp22, a novel TLR4
ligand, has been shown to exert anti-apoptotic and anti-inflammatory effects in other
diseases [43,44]. According to this study, adeno-associated virus Hsp22 alleviated cardiac
inflammation and apoptosis by blocking TLR4 activation, leading to an improvement
in cardiac function in Dox-induced cardiotoxicity in mice [14]. It is proposed that the
TLR4-dependent signaling pathway renders Dox-mediated adverse cardiac effects, and
the findings implied that inhibitions of TLR4 might attenuate pathophysiological key
mechanisms of Dox-induced cardiotoxicity.

As previously discussed, Dox-induced cardiotoxicity can be due to several complex
mechanisms. The TLR4-independent signaling pathway, involving oxidative stress, apop-
tosis, and so on, might play a significant role in Dox-induced cardiotoxicity [8,45]; however,
only inhibition of TLR4 could attenuate the adverse effects on the heart after Dox adminis-
tration [14,22,23,31,32,39]. Therefore, both TLR4-dependent and -independent signaling
pathways could be considered as the fundamental mechanisms linked to the Dox-mediated
cardiotoxicity, and targeting TLR4 is sufficient to reduce Dox-mediated cardiotoxicity.

Although several studies have shown that targeting TLR4 exerted cardioprotective ef-
fects in Dox-treated mice [14,22,23], only one study demonstrated completely contradictory
findings [40]. Immunomodulation of TLR4 signaling with a TLR4-neutralizing antibody
exacerbated cardiac fibrosis and impaired cardiac function by promoting higher inflamma-
tory gene expression and, subsequently, an increase in inflammatory cytokines [40]. This
might be possible due to the isotope of the TLR4 antibody used in that study [40]. Ma et al.
injected TLR4 immunoglobulin G (IgG) antibody in Dox-treated mice [40]. Since IgG en-
hances pro-inflammatory response and stimulates immune cells, this might be the reason why
TLR4 antibody administration did not attenuate Dox-induced cardiotoxicity. Furthermore,
immunomodulation with TLR4 antibody administration resulted in a disruption of downregu-
lating p38, which eventually suppressed autophagy and led to further cardiac dysfunction in
Dox-treated mice [40]. Knockout of the TLR4 gene, a technique used by Raid et al. and Yao
et al., showed greater efficacy on Dox-induced cardiotoxicity compared to TLR4 immunomodu-
lation with TLR4 antibodies in Dox-treated mice [22,31]. Moreover, the administration of TLR4
inhibitors with Hsp22 and VA showed a more positive effect than the use of TLR4 antibod-
ies [14,23,40]. Therefore, depletion of TLR4 by either genetic modification or pharmacological
agents might be more effective than TLR4-neutralizing antibodies in Dox administration.
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6. The Effects of Dox on Systemic TLR4 Expression: Reports from Clinical Studies

Clinical studies have shown the important role of systemic TLR4 on cardiac func-
tion in patients with hematological malignancy who received a Dox regimen [46,47]. Af-
ter 6 months of Dox administration, blood sampling was collected to determine TLR4
expression, together with measuring the non-invasive cardiac function in Dox-treated
patients [46,47]. The results of these two studies were consistently showed that these
patients had impaired cardiac function after 6 months of Dox treatment, whereas TLR4
expressions were significantly increased in peripheral blood sampling [46,47]. In addition,
a negative correlation between left ventricular ejection fraction and TLR4 expression was
observed after 6 months of Dox treatment [47]. These findings were explained by the fact
that Dox disrupts the intestinal mucosa integrity, leading to leakage of endotoxin, LPS, into
the systemic circulation [48–50]. Therefore, the systemic inflammation was stimulated via
the interaction of LPS and TLR4 [51–53]. This suggested that a decline in cardiac function is
associated, in part, with systemic TLR4 expression. Therefore, Dox-induced cardiotoxicity is
not only caused by cardiac TLR4 inflammation and cardiac dysfunction but also linked with
systemic TLR4 elevation. To date, there is no available clinical evidence regarding the role
of TLR4 in Dox-induced cardiotoxicity. In addition, multi-omics integration [54,55] to reveal
the mechanism of TLR4 on Dox-induced cardiotoxicity is needed to better understand
health and disease, and in certain cases, as part of medical care in the future. A summary
of clinical studies is shown in Table 4. In addition, a schematic presentation of oxidative
stress and inflammation-related mechanisms via TLR4 in Dox-induced cardiotoxicity is
summarized and shown in Figure 1.

Table 4. The effects of Dox on systemic TLR4 expression: reports from clinical studies.

Model Methods Major Findings Interpretation Ref.

Patients with hematological
malignancy who received treatment
with doxorubicin (n = 25);

- (Doxorubicin at 100–250
mg/m2, 6 months)

- LVEF > 50%

- The blood was
collected to determine
TLR4 gene expression.

- Echocardiography was
used to determine
cardiac function.

16 patients (64%) developed
left ventricular diastolic
dysfunction, associated with
high gene expression of
TLR4 after 6 months of Dox
treatment.

The TLR4 expression
may play as a marker for
risk of
doxorubicin-induced
cardiotoxicity.

[46]

Patients with hematological
malignancy who received treatment
with doxorubicin (n = 25);

- (Doxorubicin at 100–250
mg/m2, 6 wk)

- LVEF > 50%

- The blood was
collected to determine
TLR4 gene expression.

- Echocardiography was
used to determine
cardiac function.

There is a strong negative
linear relationship between
TLR4 expression and LVEF
in patients after 6 weeks of
Dox treatment.

Elevation of TLR4 levels
were implicated in
Dox-induced left
ventricular dysfunction.

[47]

Dox: doxorubicin; LVEF: left ventricular ejection fraction; TLR4: Toll-like receptor 4.

7. Conclusions

There is an accumulation of evidence from in vitro and in vivo studies and clinical
reports demonstrating that the intensive arm of the TLR4 in Dox-induced cardiotoxicity,
especially cardiac inflammation, leads to cardiac remodeling and impaired cardiac function.
Therefore, the mechanism of understanding the role of the TLR4 signaling pathway in Dox-
induced cardiac inflammation might be beneficial for developing a potential therapeutic
strategy for Dox-induced cardiotoxicity in the near future.
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Abbreviations

OH hydroxyl radical
AAV-Hsp22 adeno-associated virus-heat shock protein 22
AC16 human cardiomyocyte cell line
Ad-Hsp22 adenovirus-heat-shock protein 22
Bax Bcl-2-associated X
Bcl-2 B-cell lymphoma-2
C34 2-acetamidopyranoside
CO cardiac output
Cyt c cytochrome c
DAMP damage-associated molecular pattern
DIC Dox-induced cardiotoxicity
DNA deoxyribonucleic acid
Dox doxorubicin
ERK extracellular signal-regulated kinase
H2O2 hydrogen peroxide
hCmPCs human cardiac mesenchymal progenitor cells
HMGB1 high mobility group box 1
Hsp heat shock protein
Hsp70 heat shock protein 70
i.p. intraperitoneal injection
IKK inhibitory κB kinase
IL-1β interleukin-1 beta
IL-6 interleukin-6
JNK c-Jun N-terminal kinase
LPS lipopolysaccharide
LVESPVR left ventricular end-systolic pressure-volume relation
MAPK mitogen-activated protein kinase
MCP-1 monocyte chemotactic protein 1
MD2 myeloid differentiation factor 2
MDA malondialdehyde
MyD88 myeloid differentiation factor 88
NPM nucleophosmin
O2

− superoxide anion
PAMP pathogen-associated molecular pattern
ROS reactive oxygen species
SV stroke volume
TGF-β1 tumor growth factor β1
TLR4 Toll-like receptor 4
TNF-α tumor necrosis factor-alpha
TUNEL Terminal deoxynucleotidyl transferase dUTP nick end labeling
VA vanillic acid
α-SMA α-smooth muscle actin
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Abstract: Biosensor analysis based on the surface plasmon resonance (SPR) phenomenon enables
label-free, highly sensitive analyte detection without prior sample purification or processing. How-
ever, potential applications of SPR biosensors in virus detection in biological samples remain to be
explored. Owing to its excellent biocompatibility and abundance of hydroxyl and carboxyl functional
groups, graphene oxide (GO) has been widely used as a biosensor of proteins and metal ions in living
cells. The present work explored the effect of GO modification on the sensitivity of an SPR biosensor
and used a GO-modified sensor to detect porcine reproductive and respiratory syndrome virus in cell
culture, as shown. The GO modification markedly enhanced the sensitivity of the Fourier transform
SPR sensor and enabled linear detection of porcine reproductive and respiratory syndrome virus
(PRRSV) with a multiplicity of infection in the range 0.2–1.7 (R2 = 0.998). Such a GO-modified sensor
provides a promising alternative for virus detection.

Keywords: GO; PRRSV; FT-SPR; sensitization

1. Introduction

Surface plasmon resonance (SPR) detects molecular adsorption events by measuring
changes in the resonance of surface plasmon waves [1]. SPR biosensors have been devel-
oped to distinguish different target analytes and have become a conventional analytical
tool for real-time, label-free analysis of biomolecular interactions [2]. Detection of protein
adsorption depends on a change of the SPR signal in response to real-time interactions
with materials on the sensor chip [3]. In the past two decades, SPR has been applied to
many areas, such as medical diagnostics [4], food safety [5], biotechnology [6], and protein–
protein interactions [5]. However, its low sensitivity to small molecules seriously hinders its
application to these targets. Therefore, many new methods have been developed to enhance
the SPR signal [7], and notable progress has recently been made using nanomaterials.

The large surface area and unique chemical properties of graphene oxide (GO) can be
exploited to develop sensitive SPR biosensor interfaces with a strong capacity for target
immobilization [8,9]. GO has been used for the analysis and detection of numerous targets,
such as proteins, viable cells, and glucose [10]. SPR biosensor chips have been used to study
a wide range of antibody–antigen interactions and improve the sensitivity of biosensors
using GO linking layers. GO is most commonly coated on the biosensor surface using
spray or immersion methods [11]. The spray method yields a higher sensitivity than the
immersion method but is a time consuming and complex process. Thus, we sought to
identify conditions that improve the sensitivity of SPR biosensors using simple methods
and non-specialist instrumentation.

Molecules 2022, 27, 3942. https://doi.org/10.3390/molecules27123942 https://www.mdpi.com/journal/molecules
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Porcine reproductive and respiratory syndrome virus (PRRSV) is a forward single-
stranded RNA virus [12], which belongs to the family Arteriviridae [13]. PRRSV has caused
huge economic losses in the global pig industry [14], and its high mortality, strong trans-
mission, multiple transmission routes, and strong mutagenicity [15] have had a significant
impact on the pig industry in China. Traditional PRRSV detection techniques include
quantitative reverse transcription polymerase chain reaction (qRT-PCR), enzyme-linked im-
munosorbent assay (ELISA), immunohistochemistry, antibody detection, and so on [16–18].
These methods are time-consuming and virus sample damage treatment. Hence, develop-
ing a real-time dynamic monitoring and detection method and realizing nondestructive
tests of viruses is of great significance for studying the interaction between viruses and
biomolecules or antivirus drugs.

In the present work, as shown in Scheme 1, a GO−based SPR biosensor was con-
structed. The sensitivity enhancement of SPR biosensors was explored using GO. After
identifying GO modifications resulting in optimum sensitization, the sensor was used to
detect PRRSV in mock samples.

 

Scheme 1. Procedure for the preparation and application of GO-based SPR biosensors.

2. Material and Methods

2.1. Construction of a GO-Based SPR Biosensor

The GO-based SPR biosensor was constructed as shown in Scheme 1. Briefly, the
naked gold SPR chip was obtained from Thermo Fisher Scientific, Waltham, MA, USA. The
obtained SPR chip (Thermo Fisher Scientific) was immersed in a freshly prepared piranha
solution (30% H2O2:H2SO4, 3:7 v/v) for 10 min. During this period, the chip was shaken
periodically to remove surface air bubbles. The chip was then rinsed thoroughly with ultra-
pure water, dried under N2 flow, then immersed in a 100 mM cysteamine hydrochloride
solution (Macklin Biotech Ltd., Shanghai, China) with parafilm and stored in the dark for
12 h. Then the cysteamine hydrochloride was modified on the naked gold SPR chip by
the strong interaction between sulfhydryl and gold, and the amino functional group of
cysteamine hydrochloride was exposed to the surface of the chip. Finally, it was soaked in
GO (XFNANO, Nanjing, China) to form a gold–cysteamine GO sensor.

In order to investigate the influence of modification conditions on SPR biosensor
properties, the GO concentration, mode, and time of addition were varied to detect papain,
respectively. After identifying the optimum conditions, the GO-modified sensor was
probed using SEM, and the functional groups on the GO were characterized using FTIR
spectroscopy.

2.2. Investigation of Sensitization Effect

As a mercapto protease enzyme, its papain sulfhydryl shows a strong affinity to
the surface of the bare gold. In order to investigate the sensitization effect of GO and
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explore the possible mechanism of this sensitization, the papain was employed to in-
vestigate the sensitization effect of GO. The experimental process is briefly described as
follows: Firstly, using the optimal conditions for fabrication, the GO-modified sensor
was mounted in the SPR instrument and equilibrated with phosphate-buffered saline for
15 min. After the bioconjunction regents, 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
(EDC) and Nhydroxysuccinimide hydrochloride (NHS) were employed to activate the
surface carboxyl group of GO, and the activated GO were modified on the SPR chip by
the interaction between the activated carboxyl group and the amino functional group
of CY polypeptide (Sequence: NH2−CCYHWWSWPSYTQSS−COOH, Wuhan Xinghao
Pharmaceutical Co., Ltd., Wuhan, China, abbreviated as CY). To stabilize the signal, the
unreacted carboxyl groups in GO were banned using ethanolamine hydrochloride. The
SPR signal was then measured in response to papain. To determine the GO-induced signal
enhancement, the procedure was repeated using without GO modification.

2.3. Evaluates MOI Values of PRRSV

MARC-145 cells were inoculated into 96−well plates and cultured to 80%. Serial ten-
fold dilutions of PRRSV solution were made with DMEM. The diluted virus was inoculated
into 96-well plates. Inoculate one longitudinal row per dilution, 100 μL per well. Normal
cells were used as control. The results were observed and recorded day by day for 5 to
7 days. Results were calculated according to the Reed–Muench method. MOI values were
calculated as PUFs = 0.7 × TCID50, MOI = (PUF/mL) × VPRRSV/NMACK-145, where VPRRSV
is the Volume of PRRSV, and NMACK-145 is the number of cells.

2.4. Proliferation and Detection of PRRSV

African green monkey kidney cells (MARC-145) were cultured in Dulbecco’s modified
Eagle medium containing 10% fetal bovine serum and infected with PRRSV (JXA1 strain;
GenBank accession No. EF112445.1). When the cell lesion rate exceeded 80%, the cells were
lysed using three freeze–thaw cycles, cell debris was removed by centrifugation, and the
supernatant was collected and stored at −80 ◦C until further use.

The amount of virus required to cause lesions in 50% of the cells was calculated by
the TCID50 (half of tissue culture infection dose) assay. This was used to calculate the viral
titer (MOI).

The GO-modified sensor was mounted in the SPR instrument, and solutions con-
taining the carbodiimide/N-hydroxysuccinimide activator, CY polypeptide (Sequence:
NH2−CCYHWWSWPSYTQSS−COOH, Wuhan Xinghao Pharmaceutical Co., Ltd., abbre-
viated as CY), ethanolamine quencher, and PRRSV (in medium containing 10% serum and
1% double antibiotics) were added in turn. As a control experiment, the procedure was
repeated using a PRRSV-free medium.

To determine the GO-induced signal enhancement, the measurements were repeated
using an SPR sensor without GO modification.

2.5. Specificity of PRRSV Detection

To demonstrate that PRRSV specifically binds to CY peptides, the SPR signal in
response to porcine circovirus was also measured under the same conditions. Briefly,
GO-modified sensors prepared under optimal conditions were utilized. After the CY
polypeptides were modified on the GO-modified SPR chip with the bioconjunction regents,
EDC and NHS, and the unreacted carboxyl groups in GO were banned using ethanolamine
hydrochloride. The SPR signal was then measured in response to PCV.

3. Results and Discussion

3.1. Characterization of GO

Figure 1a shows the morphology of the GO precursor material, which had a sheet
structure (Figure 1b,c) and a wrinkled surface (Figure 1d), consistent with prior reports [19].
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Figure 1. SEM images of the graphene oxide (GO) used to sensitize the surface plasmon resonance
(SPR) biosensor. (a) Overall morphology of GO; (b,c) GO showing sheet-like structure; (d) GO surface
with folds.

GO is a multifunctional material that contains numerous functional groups, such as
epoxy (–O), hydroxyl (–OH), carboxyl (–COOH), and ether moieties. The FTIR spectrum
of GO (Figure 2) contains peaks characteristic of O–H stretching vibrations (3430 cm−1),
C–OH bending vibrations (1630 cm−1), saturated C–H bending vibrations (1400 cm−1),
and asymmetric C–O–C stretching vibrations (1110 cm−1), showing it is rich in oxygen-
containing functional groups.

Figure 2. FTIR absorption spectra of the GO shown in Figure 1.

3.2. Optimal Conditions for GO-Modified Sensor

In this experiment, papain (500 mg/mL) was detected to explore the optimum con-
ditions for SPR sensitization. By varying the modification modes, dynamic flow (flowing
GO solution through the surface of the gold flake), immersion (immersing the gold flake
in GO solution), modification time, and GO concentration, it was concluded that optimal
sensitivity enhancement is obtained by immersion of the gold flakes (Figure 3a) for 5 h
(Figure 3b) in 2.0 g/L GO (Figure 3c).
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Figure 3. Exploration of optimal conditions for fabricating a GO-sensitized SPR biosensor. (a) SPR
signal response for different GO modification methods, c(GO) = 2 mg/mL; (b) SPR signal response
for various immersion time of gold flakes in GO aqueous solution (2 mg/mL); (c) SPR signal response
to different concentrations of GO aqueous solution (0.5 to 2.5 mg/mL) after gold flakes immersed in
GO aqueous solution for 5 h.

3.3. SEM Characterization of GO−Modified Sensor

SEM images of the optimally modified GO−modified sensor (Figure 4a,b) show that
the surface of the gold flake was successfully modified with GO. To determine whether the
modification was reproducible, the preparation of the GO−modified sensor was repeated
under the optimal conditions and used to detect a fixed concentration of papain. Figure 4c
shows that there was no marked change in Fourier-transform SPR (FT-SPR) frequency,
which indicated that the surface content of GO was reproducible from one preparation to
the next.

3.4. GO-Sensitized SPR Detection of Papain

In the early work, as a mercapto protease enzyme, the papain has been reported to
investigate the sensitization effect of different size noble metal nanoclusters [20]. Hence,
GO-modified sensors under optimal conditions were used to detect different papain con-
centrations. Figure 5a compares the FT−SPR signal in response to 500 mg/L papain, using
sensors with and without GO modification. The FT−SPR frequency change in response to
100–500 mg/L papain was also measured using sensors with and without GO modifica-
tion. The SPR sensitivity was enhanced approximately 2.9-fold by the GO-modified sensor
(Figure 5b), and a strong linear relationship (R2 = 0.994) between papain concentration and
the FT−SPR frequency change was obtained (Figure 5c). The sensitizing effect of GO on
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SPR is that GO is modified to gold flake, which provides more binding sites and improves
the sensitivity of SPR to substance detection. Considering that the surface of the bare gold
of the chip has more binding sites than the GO−modified chip, we hypothesize that it is
mainly due to the surface charge or the sensitizing effect of GO.

Figure 4. Characterization of GO−modified sensor (immersion for 5 h in 2.0 g/L−1 GO). (a,b) SEM
images. (c) Reproducibility of the FT−SPR frequency change using a fixed papain concentration and
GO-modified sensor under optimal conditions.

Figure 5. (a) Time dependence of FT−SPR signal in response to 500 mg/L papain, detected using
sensors with and without GO modification. (b) Dependence of FT−SPR frequency change on papain
concentration, measured using sensors with and without GO modification. (c) The linear relationship
between papain concentration and FT−SPR frequency change of the GO-modified sensor (R2 = 0.994).

158



Molecules 2022, 27, 3942

3.5. Application of the GO-Modified SPR Biosensor to PRRSV Detection

SPR biosensors with and without GO modification were cross-linked with CY func-
tional peptides targeting PRRSV, and the FT−SPR signals in response to PRRSV were
compared. As shown in Figure 6a, the addition of a PRRSV− free medium did not cause
a signal change, indicating there were no matrix effects. Additionally, in the presence of
PRRSV, the change in FT−SPR frequency of the GO-modified sensor was 2.8-fold larger
than that of the unmodified sensor, showing that PRRSV and CY peptides can interact. As
shown in Figure 6b, there is an obvious relationship between the signal intensity of the SPR
sensor with the concentration of the PRRSV virus (R2 = 0.998) and the virus in the range of
0.4–1.7 MOI could be quantitatively detected.

 

Figure 6. Specificity of porcine reproductive and respiratory syndrome virus (PRRSV) detection.
(a) Time dependence of FT−SPR signal in response to PRRSV (2.6 MOI). (b) The linear relationship
between the PRRSV concentration and the FT-SPR frequency change of the GO−modified sensor
(R2 = 0.998). DMEM—Dulbecco’s modified Eagle medium; MOI—multiplicity of infection.

3.6. Specificity of PRRSV Detection

To demonstrate that PRRSV specifically binds to CY peptides, porcine circovirus
(2 MOI) was applied to the SPR biosensor under the same conditions used for PRRSV
detection. As shown in Figure 7, the FT−SPR signal was essentially unchanged in response
to porcine circovirus (PCV), indicating it had no binding interaction with the CY peptide.

Figure 7. Time dependence of the FT−SPR signal after addition (arrow) of 2 MOI porcine
circovirus (PCV).
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4. Conclusions

In summary, a GO−modified SPR sensor was developed for fast, real-time detection
of PRRSV. The GO−modified SPR chip has the advantages of simple operation, good
plasmonic properties, real−time monitoring, and high sensitivity compared with tradi-
tional methods. By exploring different modification methods, optimal enhancement of
the SPR sensitivity was obtained by immersion of gold flake in 2.0 g/L GO for 5 h. The
GO−modified sensor under these conditions was confirmed using SEM and shown to
enhance papain detection sensitivity 2.86−fold. The results of the TCID50 experiment were
10−5.21/0.1 mL. Compared with the traditional virus detection method, the prepared SPR
sensor could realize the nondestructive and real-time online detection of viruses.
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