
mdpi.com/journal/ijms

Special Issue Reprint

Targeting Oxidative  
Stress for Disease

Edited by 
Nada Orsolic and Maja Jazvinšćak Jembrek



Targeting Oxidative Stress for Disease





Targeting Oxidative Stress for Disease

Guest Editors

Nada Orsolic
Maja Jazvinšćak Jembrek
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The Effect of Neuropsychiatric Drugs on the Oxidation-Reduction Balance in Therapy
Reprinted from: Int. J. Mol. Sci. 2024, 25, 7304, https://doi.org/10.3390/ijms25137304 . . . . . . 88
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Oxidative stress (OS) refers to a metabolic imbalance caused by the excessive pro-
duction of reactive oxygen species (ROS) and an insufficient antioxidant defense. It plays
a key role in the development of numerous diseases, including neurological disorders,
type 2 diabetes, cancer, aging, heart and acute renal failure, hypertension, preeclampsia,
atherosclerosis, coronary artery disease, asthma, chronic obstructive pulmonary disease,
rheumatoid arthritis, glaucoma, osteoporosis, and sexual dysfunction [1–4]. Therefore, this
Special Issue, title “Targeting Oxidative Stress for Disease”, aimed to provide recent insights
into the role of ROS-mediated effects in both physiological and pathological processes
underlying disease development.

OS is most commonly associated with neurological disorders. Increasing evidence
suggests that OS plays a role in neurodevelopmental disorders, being one of the major
environmental factors driving genomic instability and the deregulation of gene expression.
Mahmoudi and co-authors [5] analyzed the expression of circular RNAs (circRNAs), a
class of non-coding RNAs, and their role in competitive endogenous (ceRNA) networks
(including circRNA, miRNA, and mRNA) in differentiating SH-SY5Y neuroblastoma cells
that are exposed to OS before and during differentiation. The circRNAs containing miRNA
recognition elements are of particular interest, because they act as miRNA sponges. By
sequestering miRNAs, circRNAs prevent them from binding to their target mRNAs, thereby
influencing various cellular processes, including gene expression [6]. Research on SH-
SY5Y cells has shown that circRNAomes’ response to OS differs between early neural
progenitor cells and cells undergoing neuronal differentiation, with the early stages being
the more sensitive to OS exposure. These findings offer valuable insights into the regulatory
mechanisms that are induced by OS and other environmental factors that may influence
neuronal development [6].

OS and reduced antioxidant capacity have been implicated in the pathogenesis of
autism spectrum disorder (ASD), a neurodevelopmental disorder with an increasing global
incidence. While the causes of ASD are rather complex and not fully understood, OS
biomarkers have been proposed as a potential approach for early diagnosis and the evalua-
tion of pharmacological and nutritional treatments [7]. Moreover, antioxidant supplemen-
tation has been considered as a potential strategy for improving metabolic imbalances in
ASD [8]. Interestingly, at the molecular level, ASD subtypes may be distinguished based on
the ferroptosis score and expression of selected ferroptosis-related genes [9]. Ferroptosis, a
form of cell death that is triggered by an Fe2+ overload and excessive ROS accumulation,
has been linked to the pathophysiology of ASD. In animal models, attenuating ferropto-
sis has been shown to mitigate autism-like behaviors, further supporting the potential
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clinical application of OS-targeting strategies [10]. ASD is also linked with inflamma-
tory abnormalities, and treatment with anti-inflammatory agents may be beneficial for
some individuals. However, further randomized placebo-controlled trials are required
to determine the effectiveness of immunoregulatory agents as treatment options for ASD
patients [11,12]. The anti-epileptogenic potential of certain compounds may also rely on
their ROS scavenging capabilities [13]. Psychiatric disorders are similarly influenced by OS.
A better understanding of the role of OS in the development and progression of psychiatric
diseases could lead to novel therapeutic approaches aimed at modifying the severity of
OS. However, the effects of neuropsychiatric drugs on OS are contradictory: some exhibit
protective effects, while others disrupt redox homeostasis [14–16]. Therefore, in order to
improve the clinical outcomes, future research should focus on rigorous clinical trials to
clarify how different neuropsychiatric drugs modulate OS in distinct patient subgroups.

Antioxidants may also play a beneficial role in bronchopulmonary dysplasia, the most
common respiratory complication in premature infants [17]. Although the pathogenesis
of this disease is rather complex, it is mainly related to OS due to the limited antioxidant
capacity of premature infants, along with inflammatory complications [18]. Emerging
evidence suggests that next-generation antioxidants, which combine antioxidant and anti-
inflammatory properties, hold promise for preventing and treating this condition [19,20].
The potential of antioxidants has also been explored for the treatment of cardiovascular
complications of cirrhosis [21].

The potential of OS has also been studied in the context of cancer treatment. Although
further research is needed to fully elucidate the contribution of OS to the development,
progression, and treatment outcomes of cancer, an increasing amount of evidence suggests
that ROS enhancement correlates with drug resistance, tumor aggressiveness, and poorer
survival rates [22,23]. Cancer cells undergo redox reprogramming by simultaneously
increasing ROS production and antioxidant defenses, optimizing ROS-driven proliferative
signals while minimizing oxidative damage to intracellular targets [24]. Moreover, an ROS
increase typically creates an inflammatory environment that promotes tumor growth and
metastatic potential [25]. Despite significant advances in cancer treatment, drug resistance
remains a major challenge. Therefore, novel chemopreventive agents are urgently needed to
improve the overall efficiency of existing treatment options. By their ability to detoxify ROS,
increased levels of various antioxidant enzymes may interfere with the efficacy of various
anti-cancer therapies that rely on ROS-mediated cytotoxicity. Consequently, inhibitors
of antioxidant enzymes and other antioxidant defense mechanisms have emerged as
potential strategies for the improvement of anti-cancer therapies and overcoming treatment
resistance [26–29].

Dietary approaches may also be effective in cancer prevention and treatment [29,30].
Various phytochemicals and bioactive natural products, such as royal jelly or propolis, show
anti-inflammatory and anti-proliferative activities, acting synergistically with anti-cancer
drugs to enhance the treatment efficacy and reduce side effects. In addition, these multitar-
get compounds may regulate the signaling pathways, antioxidant levels, and genetic and
epigenetic instability that promote tumor growth [31–33]. However, despite the extensive
preclinical evidence supporting the therapeutic potential of natural compounds, future
research should prioritize clinical trials to determine their exact role as complementary
cancer treatments.

In conclusion, OS contributes to the pathology of numerous diseases. While antioxi-
dants appear to be a rational strategy for preventing and treating OS-related conditions,
clinical trial results have been inconsistent. Hopefully, the data presented in this Special
Issue should be an incentive for future clinical research that will advance our understand-
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ing of the role of OS and the therapeutic potential of OS-targeted therapies for improving
human health and well-being.

Conflicts of Interest: The authors declare no conflict of interest.
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Oxidative Stress-Associated Alteration of circRNA and Their
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Abstract: Oxidative stress from environmental exposures is thought to play a role in neurodevelop-
mental disorders; therefore, understanding the underlying molecular regulatory network is essential
for mitigating its impacts. In this study, we analysed the competitive endogenous RNA (ceRNA)
network mediated by circRNAs, a novel class of regulatory molecules, in an SH-SY5Y cell model
of oxidative stress, both prior to and during neural differentiation, using RNA sequencing and
in silico analysis. We identified 146 differentially expressed circRNAs, including 93 upregulated
and 53 downregulated circRNAs, many of which were significantly co-expressed with mRNAs
that potentially interact with miRNAs. We constructed a circRNA–miRNA–mRNA network and
identified 15 circRNAs serving as hubs within the regulatory axes, with target genes enriched in
stress- and neuron-related pathways, such as signaling by VEGF, axon guidance, signaling by FGFR, and
the RAF/MAP kinase cascade. These findings provide insights into the role of the circRNA-mediated
ceRNA network in oxidative stress during neuronal differentiation, which may help explain the
regulatory mechanisms underlying neurodevelopmental disorders associated with oxidative stress.

Keywords: circRNAs; ceRNA network; interaction axes; oxidative stress; neuronal differentiation;
neurodevelopmental disorders; SH-SY5Y

1. Introduction

Oxidative stress is a common phenomenon induced by an imbalance between the
production of reactive oxygen species (ROS) and their clearance by the antioxidant system.
This process causes significant molecular and cellular damage to tissues, particularly in
the brain, which is highly susceptible to oxidative stress due its elevated level of oxygen
consumption and lipid-rich content [1]. A highly oxidative environment affects neuronal
structural integrity and disrupts their optimal function, potentially leading to pathological
conditions in the human brain [2].

Emerging evidence suggests that oxidative stress may be an important contributor to
a host of neurodegenerative and neuropsychiatric disorders, such as Alzheimer’s Disease
(AD), Parkinson’s Disease (PD), schizophrenia, bipolar disorder, and depression, where it
impairs critical processes including cognition and neurotransmission [1,3,4]. In psychiatric
conditions, these mechanisms may be mediated via the inflammatory response of the
brain, which frequently appears in such disorders and may play an important role in
their pathophysiology [5]. Perturbation of antioxidant enzymes and elevated levels of free
radicals have been observed in bipolar disorder, schizophrenia, and major depression [6–8].
Studies have shown that using antioxidants, such as vitamins C and E, EGb, and ginkgo,
improved clinical symptoms in schizophrenia [9], supporting an association between
oxidative stress and the disorder’s pathophysiology.

Given the potential involvement of oxidative stress in the development of various
diseases and its detrimental effects on the genome [10], there has been increasing effort
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to explore the molecular consequences of oxidative conditions. This includes gene ex-
pression studies, which have revealed significant transcriptomic responses to oxidative
stress [11–13]. In our recent work, we observed alterations in many genes in response
to oxidative stress, particularly in pathways associated with psychiatric disorders and
immunity-related clusters [13]. Additionally, associated changes in non-coding RNA
(ncRNA), such as microRNA (miRNA) and long non-coding RNA (lncRNA), may mediate
the effects of oxidative stress [14,15], and thus play a critical role in its pathophysiological
consequences. For example, our lab has demonstrated that oxidative conditions induce dys-
regulation of numerous miRNAs involved in psychiatric disorders, including 12 miRNAs
originating from DLK1-DIO3, a schizophrenia-associated locus [16].

Circular RNAs (circRNAs) are a class of ncRNAs formed through the back-splicing of
pre-mRNA transcripts [17]. CircRNAs are evolutionarily conserved and stably expressed in
almost all mammalian cells and tissues, and they appear, at least in some cases, to modulate
the activity of target nucleic acids, including miRNA and mRNA [18]. These transcripts,
primarily present in the cytoplasm, are usually derived from coding genes and in some cases
contain open reading frames that support translation [19,20]. CircRNAs are implicated
in various cellular processes, including proliferation, differentiation, inflammatory and
immune responses, apoptosis, and development [21,22]. Increasing evidence indicates that
circRNAs are associated with a range of human diseases, including neuropsychiatric and
neurodegenerative disorders such as schizophrenia, AD, autoimmune diseases, cancer, and
cardiovascular diseases [23–26]. Mechanistic studies have demonstrated the regulatory
function of circRNAs by fine-tuning mRNA at the transcriptional and post-transcriptional
levels [17]. These molecules have been shown to act as competitive endogenous RNAs
(ceRNAs) that bind miRNAs and attenuate their target gene-silencing activity. For example,
a circRNA-associated ceRNA network is known for CDR1as, a brain-enriched circRNA
that sponges miR-7, resulting in upregulation of the miRNA gene targets of Fos, Nr4a3,
Irs2, and Klf4 [27–29].

Given the association of oxidative stress as a significant risk factor for neurological
disorders, a deep understanding of the molecular basis, in particular the regulatory sys-
tems that mediate oxidative stress-induced changes, seems essential to uncovering their
mechanisms in the pathogenesis of these disorders. This understanding may also aid in de-
veloping novel diagnostic agents or therapeutic targets for treating pathological conditions
characterised by oxidative features, such as neurodevelopmental diseases. CircRNAs serve
as regulatory molecules that have been implicated in oxidative stress-associated pathologi-
cal processes and disorders. We therefore hypothesised that circRNAs and their ceRNA
network may mediate molecular perturbations arising from oxidative stress. To investigate
this, we reanalysed our total RNA expression dataset using a circRNA-oriented pipeline
and detected thousands of circRNAs, many of which were found to be associated with
oxidative stress. Our bioinformatic analysis suggested these circRNAs have the capacity to
modulate the expression of target genes through circRNA–miRNA–mRNA interactions.

2. Results
2.1. Oxidative Stress Models and Profiling the circRNAome

In order to explore the circRNA-mediated impacts of oxidative stress and their critical
role in neuronal development, we established two models using human SH-SY5Y neu-
roblast cultures: (i) pre-differentiation oxidative stress (PD-OS), in which oxidative stress
was induced prior to neuronal differentiation, and (ii) during-differentiation oxidative
stress (DD-OS), where oxidative stress was induced during differentiation. We determined
transcriptome-wide profiles of circRNA in the two oxidative stress models by conducting
RNA sequencing using total RNA depleted of ribosomal RNA. To predict and quantify the
circRNAs, we used CIRIquant, a recent pipeline with high precision and reliability [30].
A total of over 51,000 circRNAs were initially identified in all the samples, but to ensure
high confidence in the circRNAs, we applied a cutoff minimum of two junction reads in at
least half of the samples in each oxidative stress model. This resulted in detection of 1910
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and 1282 circRNAs in PD-OS and DD-OS, respectively (Supplementary Table S2). We used
these circRNAs for all the analyses to ensure the reliability of the results. A flowchart of the
experimental design and circRNA detection process is illustrated in Figure 1.

Figure 1. Schematic of the oxidative stress cell models in this study. The two oxidative stress models
using SH-SY5Y neuroblastoma cells include: pre-differentiation oxidative stress (PD-OS), in which
the oxidative condition was introduced before neuronal differentiation; and during-differentiation
oxidative stress (DD-OS), in which the oxidative condition was introduced during differentiation. In
the next step, the circRNA profile of each model was identified by RNA sequencing using total RNA
depleted of ribosomal RNA, followed by bioinformatic analysis.

2.2. CircRNAs Are Differentially Expressed in Response to Oxidative Stress

To explore the circRNAome response to oxidative stress in neuronal differentiation, we
performed differential expression analysis in PD-OS and DD-OS. The results showed that
a total of 102 and 45 circRNAs were altered in PD-OS and DD-OS, respectively (p < 0.05,
FC > 2; Supplementary Table S3). This included circTCONS_l2_00000968, circSCARNA10,
circCCDC90B, and circC7orf44, which survived multiple testing corrections in PD-OS, and
circSIPA1L3 and circCANX in DD-OS. As illustrated in Figure 2a,b, about two thirds of the
circRNAs were upregulated following the induction of oxidative stress: 65 circRNAs in
PD-OS and 28 circRNAs in DD-OS. To further validate these observations, we examined the
expression of the top 11 differentially expressed circRNAs (7 from PD-OS and 4 from DD-
OS) using qRT-PCR (Figure 2c), and confirmed that the circRNA expression inferred from
sequencing data correlated with qRT-PCR (Spearman’s rank, ρ = 0.74, p = 0.013) (Figure 2d).
We also noticed that the circRNA expression response to PD stress was distinct from that of
DD stress, as there was only one circRNA, chr4:73956384|73958017 (circANKRD17), com-
mon between the two stress conditions. In order to investigate the potential mechanisms
of action of the altered circRNAs, we performed Gene Ontology (GO) analysis for their
parental genes. We found a significant enrichment of 27 biological processes in PD-OS,
including embryo development, brain development, neural tube development, forebrain develop-
ment, head development, and embryonic morphogenesis (Figure 2e; Supplementary Table S3). In
DD-OS, however, there was no significant enrichment observed.
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downregulation, respectively, with the vertical lines representing a fold change > 2 and the horizontal
line representing a p < 0.05 cutoff. Differentially expressed circRNAs that survived multiple testing
correction are labelled on plots. (c) Side-by-side comparison of the expression change from sequencing
data and qRT-PCR results for the top 11 differentially expressed circRNAs. All reactions were
performed in triplicate. (d) Correlation between the expression change from sequencing data and
qRT-PCR results (Spearman’s rank, ρ = 0.74, p = 0.013). (e) Gene Ontology (GO) enrichment analysis
for the altered circRNA parental genes in PD-OS. All the significantly enriched GO terms are shown
(FDR < 0.05).

2.3. Identification of circRNA-Mediated ceRNA Network

Recent studies suggest that circRNAs containing MREs can competitively sponge miR-
NAs and inhibit them from binding to target sites within mRNA transcripts, thereby fine-
tuning the expression of mRNA [27–29]. We therefore sought to characterise the circRNA-
associated ceRNA regulatory network in oxidative stress. To this end, we integrated the
expression profiles of circRNA with mRNA expression obtained from reanalysing our
previous dataset [13], as well as miRNA expression results recently published by our
lab [16]. As the potential regulatory relationships are reflected in a positive correlation
of circRNAs with their mRNA targets, we determined the DE mRNA in oxidative stress
(211 in PD-OS and 224 in DD-OS) and then examined their co-expression with the differen-
tially expressed (DE) circRNAs across the samples in each model. This analysis revealed
2301 circRNA–mRNA pairs in PD-OS and 367 pairs in DD-OS that showed a positive
expression correlation (r > 0.90, adjusted p < 0.05; Supplementary Table S4). To construct
a ceRNA network of circRNA–miRNA–mRNA, we predicted the miRNA binding sites
for each correlated circRNA–mRNA pair. Pairs where both elements shared a common
miRNA that was also expressed in the samples were included (Figure 3a). The resulting
network identified 454 axes and 245 nodes in PD-OS, which included 301 circRNA–miRNA
and 265 miRNA–mRNA interactions, and 122 axes and 103 nodes in DD-OS, including
95 circRNA–miRNA and 84 miRNA–mRNA interactions (Supplementary Table S4). The
ceRNA networks of circRNA–miRNA–mRNA are illustrated in Figure 3b for PD-OS and
3c for DD-OS.
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fold change. The gray inverted triangles indicate miRNA. 

Intriguingly, we noticed that more than half of the miRNAs predicted to be sponged 
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brain and peripheral tissues of psychiatric patients [31]. This included 66/114 miRNAs in 
PD-OS and 36/60 miRNAs in DD-OS, with 31 miRNAs affected by both conditions (Figure 
4a and Supplementary Table S5). A Fisher’s exact test revealed a statistically significant 
enrichment of sponged miRNAs in psychiatric disorders for both conditions (p-value < 
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between the DE circRNAs and DE mRNAs and the predicted miRNA, with binding sites for each
correlated circRNA–mRNA pair. (b) The predicted interaction network in PD-OS includes 454 axes
and 244 nodes. (c) The predicted network in DD-OS includes 122 axes and 103 nodes. The circle and
the parallelogram represent DE circRNA and DE mRNA, respectively, with red and blue denoting
upregulation and downregulation, respectively. The colour intensity associates with the expression
fold change. The gray inverted triangles indicate miRNA.

Intriguingly, we noticed that more than half of the miRNAs predicted to be sponged
by differentially expressed circRNAs were previously reported to be dysregulated in the
brain and peripheral tissues of psychiatric patients [31]. This included 66/114 miRNAs
in PD-OS and 36/60 miRNAs in DD-OS, with 31 miRNAs affected by both conditions
(Figure 4a and Supplementary Table S5). A Fisher’s exact test revealed a statistically
significant enrichment of sponged miRNAs in psychiatric disorders for both conditions
(p-value < 0.001) (Figure 4b,c).
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Figure 4. The enrichment of circRNA-sponged miRNAs in psychiatric disorders. (a) Of the 114 and
60 miRNAs that were predicted to be sponged by DE circRNA in PD-OS and DD-OS, respectively,
more than 50% were dysregulated in psychiatric disorders. We observed significant enrichment of
circRNA-sponged miRNAs in these diseases for both PD-OS (b) and DD-OS (c) conditions, using
Fisher’s exact test.

2.4. Characterisation of Hub circRNAs in the ceRNA Networks

To determine the central regulatory elements involved in the oxidative stress pro-
cess, we ranked the circRNA nodes in the network using CytoHubba and found 10 and
5 key circRNAs with highest connectivity in the ceRNA networks of PD-OS and DD-OS,
respectively (Supplementary Table S6). A regulatory subnetwork was constructed for each
oxidative stress model, as shown in Figure 5. The PD-OS subnetwork was composed of
255 circRNA–miRNA–mRNA interactions where the hub circRNAs potentially regulate
57 mRNAs by sponging 86 miRNAs (Figure 5a; Supplementary Table S6). Similarly, in
DD-OS, we detected 97 circRNA–miRNA–mRNA interactions, where the hub circRNAs
potentially regulate 20 DE mRNA through binding to 46 miRNAs (Figure 5b; Supplemen-
tary Table S6). Three circRNAs, circZNF292, circBPTF, and circFAM193B, were the top
regulatory hubs in PD-OS, while circZC3H13, circSFMBT2, and circCPT1A were the top
hubs in DD-OS, suggesting potential significant roles for these circRNAs in the biology of
stress. Examples of the observed regulatory axes are circZNF292/miR-222-3p/C11orf88,
circBPTF/miR-138-5p/AJAP1, and circZC3H13/miR-15a-5p/PPM1H (Figure 5).
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and the inverted triangle indicates miRNA.
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2.5. Functional Enrichment Analysis of the ceRNA Subnetworks

To glean insight into the biological functions of the key axes of the ceRNA network,
we performed GO and pathway enrichment analysis for the target genes. As shown in
Figure 6a, the target genes in the PD-OS network were significantly enriched with bio-
logical themes related to cell adhesion, development, neuronal processes, and response
to stress (FDR< 0.05). We also found significant enrichment of the genes in many path-
ways, including signaling by VEGF, axon guidance, signaling by FGFR, Interleukin-2 signaling,
PI3K/AKT activation, negative regulation of PI3K/AKT network, and RAF/MAP kinase cascade,
among others, in the PD-OS regulatory network (FDR < 0.05) (Figure 6b). The full list of
the enriched GO categories and pathways is provided in Supplementary Table S7. The
enrichment analysis for the DD-OS network showed that the ID signaling pathway was
enriched, while no biological processes reached the statistical significance after multiple
testing correction.
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Figure 6. Functional analysis of the ceRNA subnetwork. (a) GO enrichment analysis for the target
genes in the ceRNA subnetwork in PD-OS, which showed significantly enriched biological processes
(FDR < 0.05). (b) Pathway enrichment analysis of the target genes in PD-OS, which indicated a
significant enrichment of the genes in several pathways (FDR < 0.05). Selected GO terms and
pathways are shown.
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3. Discussion

Oxidative stress is thought to play a role in the onset of neurodevelopmental disorders
and may represent a major environmental factor driving the genomic instability and gene
expression deregulation observed in these disorders. In this study, we explored the impact
of oxidative stress on circRNA expression and its ceRNA network in differentiating SH-
SY5Y neuroblast cells. We observed 102 and 45 differentially expressed circRNAs in cells
experiencing stress conditions prior to differentiation (PD-OS) and during differentiation
(DD-OS), respectively. Interestingly, eight of these circRNAs were previously found by our
group to be differentially expressed in the postmortem cortical grey matter of schizophrenia
subjects [23]. These include circXRN2, circKIAA0368, circSTK39, circTTBK2, circDLG1, and
circARFGEF1 in PD-OS; and circATP8A1 and circBARD1 in DD-OS.

We observed distinct profiles between the PD-OS and DD-OS conditions, with only
one circRNA, circANKRD17, in common, suggesting that the circRNAomes response
to oxidative stress in early neural progenitor cells may be different from that in cells
undergoing neuronal differentiation. Moreover, alteration of expression was substantially
higher in PD-OS, indicating that exposure to stress may be more critical during the early
stages of neural development. Our analysis confirmed that the parental genes of the altered
circRNAs were significantly enriched in developmental clusters such as embryo development,
brain development, head development, and forebrain development in PD-OS.

Evidence emerging from other studies has demonstrated that circRNA with miRNA
recognition elements can function as competing RNA molecules by sponging their target
miRNA and inhibiting them from binding to the mRNA targets [27–29]. We performed
bioinformatics analysis to explore putative circRNA-related ceRNA regulatory networks,
including circRNA, miRNA, and mRNA, in response to oxidative stress. While we inte-
grated our previous miRNA expression results [16] directly into the interaction analyses, we
reanalysed the total RNA sequencing using an effective approach, CIRIquant [30], to detect
and quantify both linear and circular transcripts. We found that many DE circRNAs were
significantly co-expressed with DE mRNA (positive correlation), suggesting a regulatory
relationship between these transcripts. Many of these circRNA–mRNA correlation pairs
were predicted to interact with common miRNA molecules, which supported the existence
of ceRNA networks where circRNA and miRNA compete for the target mRNA. Using in
silico interaction analysis, we constructed a ceRNA network including 454 axes in PD-OS
and 122 axes in DD-OS (Figure 3).

To further characterise the key regulatory axes implicated in the oxidative stress
process, we determined the hub circRNAs in the ceRNA networks and found 15 hub
nodes with the highest connectivity in the networks (Figure 4). The top circRNAs include
circZNF292, circBPTF, and circFAM193B in PD-OS, and circZC3H13, circSFMBT2, circ-
CPT1A in DD-OS, suggesting these circRNAs may have critical regulatory functions in
the biology of stress conditions through miRNA sponging, as shown by previous stud-
ies. For example, an isoform of circZNF292, hsa_circ_0004058, was recently reported to
be significantly reduced following induction of oxidative stress in human lens epithelial
HLE-B3 cells. Functional studies showed that circZNF292 overexpression significantly
increased cell viability and cell cycle progression but suppressed cell apoptosis in H2O2-
treated HLE-B3 cells. While H2O2 reduced the activity of antioxidant enzymes catalase
and superoxide dismutase, and increased the oxidative stress marker malondialdehyde
activity, circZNF292 expression significantly reduced these impacts by directly targeting
miR-222-3p and regulating E2F3 expression, suggesting a role for circZNF292 in alleviating
oxidative stress-induced injury [32]. This circRNA was also responsive to hypoxia in three
different cancer cell lines from cervical (HeLa), breast (MCF-7), and lung (A549) cancer [33].
Similarly, it was reported to be hypoxia-induced in cultured human umbilical venous en-
dothelial cells [34]. Another top circRNA, circBPTF (chr17:65941525|65972074), was found
to be increased in bladder cancer, with its expression linked to tumour grades associated
with poorer prognosis. Mechanistically, circ-BPTF was shown to inhibit miR-31-5p to allow
upregulation of the oncogenic molecule RAB27A [35]. A study by Hu et al. demonstrated
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that circSFMBT2 (chr10:7262373|7327916) was upregulated in invasive pituitary adenomas,
suggesting that the circRNA could facilitate tumour invasion by targeting an miR-15a/16-
Sox-5 axis [36]. These findings are noteworthy given that oxidative stress is known to
influence the progression of various cancers [37].

The expression of circFAM193B (chr5:176963359|176966148), also differentially ex-
pressed in our study, was previously altered in human induced pluripotent stem cell
(hiPSC)-derived neurons, six weeks after differentiation, in patients with early-onset
schizophrenia, as compared to control samples. Whilst circZC3H13 and circCPT1A have not
yet been the subject of functional analysis, they may be involved in molecular mechanisms
of stress through their host genes, as previously suggested [38]. This is tantalizing given
that ZC3H13 protein is involved in RNA N6-methyladenosine (m6A) methylation writing.
RNA m6A modification is thought to play an important role in regulating cellular response
to oxidative stress [39]. The CPT1A protein is implicated in mitochondrial oxidation of fatty
acids. It enhances oxidative stress and inflammation induced by ROS in liver injury [40],
and also increases mitochondrial ROS while promoting antioxidant defences in prostate
cancer [41].

To uncover the central regulatory elements involved in oxidative stress, we constructed
ceRNA networks (Figure 5) with 255 and 97 circRNA–miRNA–mRNA axes in PD-OS and
DD-OS, respectively, where the hub circRNAs associated with the expression of 57 (PD-OS)
and 20 (DD-OS) DE mRNA. To further speculate on the biological function of the ceRNA
regulatory networks, we conducted functional annotation and pathway analysis for the
target genes. Our enrichment analysis for the PD-OS network indicated that the circRNA
target genes were significantly associated with cell adhesion, development, neurogenesis, axon
guidance, neuron projection development, as well as response to stress (Figure 6a). There was
also a significant enrichment of the genes in various stress- and neuronal- related pathways
such as signaling by VEGF, axon guidance, signaling by FGFR, and RAF/MAP kinase cascade
(Figure 6b). These data provide insight into the molecular regulatory systems that derive
critical pathways in oxidative exposure and might explain the mechanism of oxidative
stress involvement in neuropathological conditions. In support of this, our previous study
indicated that oxidative stress may contribute to the development of psychiatric disorders
by disrupting pathways involved in synapsis, neuronal differentiation, and the immune
system [13]. This is interesting given that we observed significant enrichment of circRNA-
sponged miRNAs in psychiatric diseases, with 31 psychiatry-associated miRNAs common
between the two exposure paradigms, including hsa-miR-17-5p, hsa-miR-181b-5p, and
hsa-miR-195-5p, all of which have been found by several studies to be dysregulated in
different brain regions and peripheral tissues of individuals with psychiatric disorders [31].

Our study has some limitations that warrant further investigation in future studies.
Most importantly, the ceRNA networks involved in our observations need to be validated
functionally through interventional loss- and/or gain-of-function studies. However, these
remain challenging, as our capacity to effectively differentiate between circRNAs and cog-
nate linear mRNAs is limited. Considering that, for many circRNAs, the same exon exists
in the cognate mRNA, sequence changes at circRNAs are likely to cause unwanted changes
in the expression of cognate linear RNAs, as well [42,43], although techniques such as the
CRISPR-Cas13 system have been shown to offer greater efficiency and specificity compared
to conventional RNAi-based approaches [43]. Furthermore, RNA pulldown assays may
provide support for the interactions underpinning the ceRNA networks involved in our
investigation. Proteomics and metabolomics may also provide insight into the downstream
molecular changes associated with oxidative stress in the nervous system, particularly
when post-transcriptional regulation of mRNA targets alter translation [44,45]. Methodolo-
gies coupling liquid chromatography with single-stage mass spectrometry (LC-MS) and
nuclear magnetic resonance (NMR) spectroscopy have the potential to provide advantages
over other platforms [46], through enhanced sensitivity [47] and resolution [48].

In addition, in this study, we leveraged the SH-SY5Y cell line for its low cost, ease of
culture (feasibility), and reproducibility. Using alternative human neuronal models, such as
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embryonic stem cells, neuronal progenitor cells (NPCs), and induced pluripotent stem cells
(iPSCs), offers advantages and could help confirm these results across various biological
models. Therefore, repeating this study using these neural cell lines and tissue cultures
will enhance our understanding of ceRNA regulation in response to oxidative stress and
other environmental factors affecting neuronal development.

In summary, this study provides evidence that circRNA expression is involved in the
cellular response to oxidative stress. In addition, bioinformatics analysis suggests that
circRNAs emerge as a new layer of regulatory system in the stress process through associat-
ing with the ceRNA networks. Discovery of the circRNA-mediated network that responds
to oxidative stress would improve our understanding of the basis of this process, and
more significantly, could identify novel agents for the diagnosis or targets for therapeutic
purposes in disorders with oxidative features, such as neurodevelopmental diseases. Our
observation of a more significant response in the ceRNA network of PD-OS compared
to the DD-OS model suggests that the most critical impacts of stress may occur before
the initiation of neuron differentiation. This may indicate that neuronal progenitor cells
in the fetal nervous system may be more vulnerable to stress exposure during the early
stages of development. This warrants further studies, such as those conducted with in vivo
animal models, to explore the prenatal impacts of oxidative stress and associated regulatory
networks on the neuronal phenotypes and development of nervous system disorders.

4. Materials and Methods
4.1. Cell Culture and Differentiation

Human neuroblastoma SH-SY5Y cells were cultured at a density of 2 × 104/cm2

in Dulbecco’s Modified Eagle’s Medium (DMEM, Burlington, VT, USA) complemented
with 2 mM L-glutamine ((Hyclone, Logan, USA), 20 mM HEPES (Thermofisher, New
York, NY, USA), and 10% foetal bovine serum (FBS, Bovogen Biologicals, Melbourne,
Australia). The cells were maintained at 37 ◦C in a 5% CO2 with the media replaced every
2–3 days. To obtain neuronal differentiation, the immature neuroblast cells were cultured
in 6-well plates, followed by treatment with 10 µM all-trans retinoic acid (ATRA) (Sigma-
Aldrich, Burlington, VT, USA) the next day. The ATRA-supplemented media was refreshed
after 72 h, and the differentiation protocol was terminated after 7 days of treatment with
ATRA. During differentiation, the plates were covered with aluminium foil to protect
them from light. The neuronal differentiation was confirmed by observing morphological
and molecular changes. The cells demonstrated a neuronal phenotype, with increased
growth of neurite projections and stalled cell division. In addition, we detected a significant
alteration of neuronal marker genes, including TUBB3, ENO2, MAP2, MAPT, and SV2A in
DD-OS (log2CPM values 9.6, 7.6, 8, 3.9, and 6.7, respectively) and PD-OS (log2CPM values
9, 7, 8.7, 4, and 6.5, respectively) conditions.

4.2. Inducing Oxidative Stress

As described previously [13], we designed two treatment models for oxidative stress
to assess the impact of stress, both before the neuronal differentiation commenced and
during the differentiation process, as follows: [1] undifferentiated cells were exposed to
H2O2 (Sigma-Aldrich, Burlington, VT, USA) throughout the entire 7 days of differentiation
using ATRA; we refer to this as “during-differentiation oxidative stress” (DD-OS). This
condition highlights the interaction between oxidative stress and differentiation factors [2].
Undifferentiated cells were first exposed to H2O2 for 72 h and then, following removal
of peroxide, treated with ATRA for 7 days to induce differentiation; we call this “pre-
differentiation oxidative stress” (PD-OS). The PD-OS model allows cells sufficient time
to activate adaptive mechanisms against the induced oxidative stress, indicating that the
observed alterations were not merely due to a rapid increase in the concentration of ROS.

Hydrogen peroxide is commonly used to investigate the impacts of chronic oxidative
stress exposure due to its high stability compared to other known reactive oxygen species,
such as free radicals, superoxide anion, and hydroxyl radical [49]. To identify a suitable,
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non-cytotoxic concentration of peroxide that induces oxidative stress without significantly
reducing cell viability, we first conducted a literature review of similar studies and then
optimised the amount of H2O2 used. In a notable study, Brennand et al. treated neural
progenitor cells (NPCs) with a 50 µM concentration of H2O2, and showed that this dose
presented a sub-threshold environmental challenge of oxidative stress [50]. Based on this
and other findings, we treated cells with increasing peroxide concentrations of 10, 20, 40,
80, and 100 µM, monitoring cellular morphology over 10 consecutive days through optical
microscopy. We observed that 10 µM H2O2 had the least adverse effects; therefore, we
selected it for our experiments. This choice of optimal dose was based on continuous
monitoring of cell health and morphology under the microscope.

Each protocol included six samples: three H2O2 treatments and three mock treatment
controls that received differentiating culture medium without H2O2. This design provided
three biological replicates per treatment group for each protocol.

4.3. RNA Extraction and Integrity Check

Cells were lysed by 1 mL Trizol reagent (Sigma-Aldrich, Burlington, VT, USA) and
lysate was collected into microcentrifuge tubes to add 200 µL of chloroform (Chem-supply,
Gillman, Australia) before centrifugation at 13,000× g at 4 ◦C for 10 min according to the
manufacturer’s instructions (ThermoFisher, New York, NY, USA). The resultant aqueous
phase was separated from the organic phase and mixed with 80 µg glycogen (Life Tech-
nologies, Mulgrave, Australia) and 500 µL isopropanol (Chem-supply, Australia), and
incubated at −20 ◦C overnight. Following centrifugation at 9000× g at 4 ◦C for 30 min,
the supernatant was discarded, and the pellet was washed twice with 75% cold ethanol
and then resuspended in nuclease-free water for storage at −80 ◦C. The concentration
and purity of the extracted RNA was analysed by the Agilent small RNA kit and the 2100
Bioanalyzer in accordance with the manufacturer’s instructions (Agilent Technologies,
Santa Clara, CA, USA). The provided system software was used for automatic calculation
of the RNA integrity number (RIN) [51]. All samples had RIN values above 8.5.

4.4. Total RNA-Seq Library Generation and Sequencing

Library generation for total RNA-seq was performed as previously described [13].
Briefly, a total of 350 ng of total RNA was treated with DNase I (1 U/µg RNA, Thermo
Scientific, New York, NY, USA), and then depleted of ribosomal RNA using the Ribo-Zero
kit (Illumina, San Diego, CA, USA). The sequencing libraries were constructed using the
Illumina TruSeq Stranded Total RNA Library Prep Kit according to the manufacturer’s
protocol. The quality and concentrations of the constructed libraries were assessed by the
High Sensitivity DNA Bioanalyzer chip (Agilent Technologies, Santa Clara, CA, USA),
followed by pooling the libraries and running in paired-end mode on a NovaSeq 6000
instrument for 100 cycles.

4.5. Small RNA Sequencing

For a separate study [16], small RNA sequencing was performed by the Ramaciotti
Centre for Genomics (UNSW, Sydney, Australia), using the QIAseq miRNA Library Kit
for small RNA library preparation, and the Illumina NextSeq 500 platform (Illumina, San
Diego, CA, USA) for sequencing.

4.6. CircRNA Detection and Expression Analysis

Sequencing reads were demultiplexed based on unique adapter sequences and then
converted to FASTQ files using the “bcl2fastq” package from Illumina (https://support.
illumina.com/sequencing/sequencing_software/bcl2fastq-conversion-software.html) (ac-
cessed on 20 October 2020). The reads were then quality checked using the AfterQC tool
(v0.9.7) [52], such that low-quality reads were discarded and sequencing errors were cor-
rected. The resultant clean FASTQ files were analysed by the CIRIquant package (v1.0) [30]
to detect and quantify circRNA transcripts. Briefly, the reads were mapped to the reference
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genome (hg19) using BWA-MEM aligner [53] and unmapped reads were fed into CIRI2
(v2.0) [54] to detect back-spliced junction (BSJ) reads using the ensemble gene annota-
tion GRCh37 (Release 19). The candidate circular reads were then realigned against a
constructed reference of pseudo circRNA using HISAT2 (v 2.1.0) [55], and the read pairs
mapped concordantly across a 10 bp region of the junction site were considered as circRNA
transcripts. Differential expression was conducted using edgeR [56] fed with BSJ reads of
circRNA. To identify the DE circRNA we used a p-value (p) of <0.05 and a fold change (FC)
of >2.

4.7. cDNA Synthesis and Quantitative PCR

The total RNA was reverse transcribed with random hexamers. Then Real-time
PCR was conducted using divergent primers. We used the ∆Ct method to normalize the
data using GAPDH and HMBS as internal references. Finally, the fold changes were log
transformed for visualization. All reactions were performed in triplicate for each biological
group. Primer sequences are provided in Supplementary Table S1.

4.8. mRNA and miRNA Expression Analysis

For mRNA expression analysis, the raw reads were demultiplexed, quality checked,
and trimmed as explained above. The resulting FASTQ files were subjected to CIRIquant
to quantify mRNA expression. In brief, the reads were aligned to the reference genome
hg19 using HISAT2, and the mapped reads were fed into StringTie [57] to reassemble
the transcriptome and estimate gene expression. Differential expression analysis was
conducted by EdgeR, with FDR < 0.05 and FC > 1.5 set to identify DE mRNA.

Analysis of miRNA expression was performed as part of a separate study [16]. The
sequencing reads were quality controlled by FastQC (v0.11.8) (http://www.bioinformatics.
babraham.ac.uk/projects/fastqc) (accessed on 23 October 2020), and adaptors were trimmed
using Cutadapt (v2.10) (DOI:10.14806/ej.17.1.200) (accessed on 20 October 2020) before
aligning to the human reference genome build hg19 using Bowtie2 (v2.4.1) [58]. Then,
using the miRBase mature miRNA reference annotation, the reads aligned to the mature
miRNAs were counted using htseq-count (v0.7.2).

4.9. Co-Expression Analysis

We used DE circRNAs and DE mRNAs for this analysis. To identify co-expressed
pairs, we used the Pearson correlation test (one-sided) and reported pairs with a significant
positive correlation by setting an adjusted p-value < 0.05. The circRNA-mRNA pairs were
then used to generate the circRNA–miRNA–mRNA network.

4.10. Construction of circRNA–miRNA–mRNA Network

We downloaded the TargetScan Release 7.2 prediction (https://www.targetscan.org/
vert_72/) (accessed on 25 October 2020), including conserved mRNA targets of conserved
miRNA families [59] and intersected the predictions with the DE mRNA list to find miRNA
associating with the DE mRNA and construct miRNA-mRNA interactions. We then
determined miRNA binding sites within DE circRNAs using sequences of circRNAs from
circAtlas 2.0 [60] and the miRanda prediction algorithm [61], to determine circRNA–miRNA
interactions. Finally, the two interaction networks were intersected using the common
miRNA; those pairs with a shared miRNA, provided the miRNA was expressed in the
samples, were combined to construct the circRNA–miRNA–mRNA regulatory network.

To generate the subnetworks, we first ranked the nodes of the interaction networks
using the topological analysis methods provided by CytoHubba [62], and then selected the
top nodes as hub nodes to create the subnetworks.

We also applied Fisher’s exact test to assess the enrichment of miRNA in the regulatory
networks related to psychiatric disorders, using a recent systematic review of differentially
expressed miRNA in psychiatric patients compared to healthy controls. Tables 1 and 2
demonstrate the test details for PD-OS and DD-OS, respectively.
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Table 1. Fisher’s exact test for examining the enrichment of miRNA within the PD-OS regulatory
network in psychiatric diseases.

miRNAs Sponged
by circRNAs

miRNAs Not Sponged
by circRNAs Total

miRNAs associated
with psychiatry

circRNA-sponged,
Psy-associated miRNAs

66

Not sponged,
Psy-associated miRNAs

105

Total number of
Psy-associated

miRNAs
171

miRNAs
unassociated with

psychiatry

circRNA-sponged,
Psy-unassociated

miRNAs
48

Not sponged,
Psy-unassociated

miRNAs
665

Total number of
Psy-unassociated

miRNAs
713

Total

Total number of
circRNA-sponged

miRNAs
114

Total number of
miRNAs not sponged

770

Total number of
miRNAs expressed

in the cell line
884

fisher.test(matrix(c(66,48,105,665),nrow=2,ncol=2),alternative="greater")

Table 2. Fisher’s exact test for examining the enrichment of miRNA within the DD-OS regulatory
network in psychiatric diseases.

miRNAs Sponged
by circRNAs

miRNAs Not Sponged
by circRNAs Total

miRNAs associated
with psychiatry

circRNA-sponged,
Psy-associated miRNAs

36

Not sponged,
Psy-associated miRNAs

130

Total number of
Psy-associated

miRNAs
166

miRNAs
unassociated with

psychiatry

circRNA-sponged,
Psy-unassociated

miRNAs
24

Not sponged,
Psy-unassociated

miRNAs
612

Total number of
Psy-unassociated

miRNAs
636

Total

Total number of
circRNA-sponged

miRNAs
60

Total number of
miRNAs not sponged

742

Total number of
miRNAs expressed

in the cell line
802

fisher.test(matrix(c(36,24,130,612),nrow=2,ncol=2),alternative="greater")

4.11. Functional Enrichment Analysis

The gene ontology (GO) and pathway enrichment analyses were performed using
ToppFun from the ToppGene Suite (https://toppgene.cchmc.org) (accessed on 25 October
2020) [63]. We input either circRNA parental genes or target genes and set all human genes
as the reference for the analysis. An FDR < 0.05 was set as the threshold for statistical
significance in determining significant terms.

4.12. Visualization

Plots and graphs were constructed using R coding (v3.5). Heatmaps were con-
structed using the heatmap.2 function from the gplots package (http://CRAN.R-project.
org/package=gplots) (accessed on 25 October 2020) (v3.0.1). The volcano plots were con-
structed using the EnhancedVolcano package (v3.12) [64]. The interaction networks were
generated with the Cytoscape tool [65]. The remaining plots and graphs were constructed
using the ggplot2 package (v3.2.1) [66].

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms252212459/s1.
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Abstract: NADPH oxidase enzymes (NOX) are involved in all stages of carcinogenesis, but their
expression levels and prognostic value in breast cancer (BC) remain unclear. Thus, we aimed to
assess the expression and prognostic value of NOX enzymes in BC samples using online databases.
For this, mRNA expression from 290 normal breast tissue samples and 1904 BC samples obtained
from studies on cBioPortal, Kaplan–Meier Plotter, and The Human Protein Atlas were analyzed. We
found higher levels of NOX2, NOX4, and Dual oxidase 1 (DUOX1) in normal breast tissue. NOX1,
NOX2, and NOX4 exhibited higher expression in BC, except for the basal subtype, where NOX4
expression was lower. DUOX1 mRNA levels were lower in all BC subtypes. NOX2, NOX4, and
NOX5 mRNA levels increased with tumor progression stages, while NOX1 and DUOX1 expression
decreased in more advanced stages. Moreover, patients with low expression of NOX1, NOX4, and
DUOX1 had lower survival rates than those with high expression of these enzymes. In conclusion,
our data suggest an overexpression of NOX enzymes in breast cancer, with certain isoforms showing
a positive correlation with tumor progression.

Keywords: breast cancer; NADPH oxidases; reactive oxygen species; tumor aggressiveness

1. Introduction

Breast cancer (BC) is the second most commonly diagnosed cancer and the most
frequent malignancy in women worldwide. In 2018, an estimated 2.1 million new diag-
noses and approximately 626,679 BC-related deaths have occurred [1]. Due to the inherent
molecular and clinical heterogeneity, BC is associated with diverse risk factors, etiologies,
treatment effectiveness, and prognosis [2–5]. Most studies profiling gene expression signa-
tures have classified BC into five major molecular subtypes: luminal A (estrogen receptor
(ER)-positive, progesterone receptor (PR)-positive, human epidermal growth factor receptor
2 (HER2)-negative), luminal B (ER-positive, PR-positive, HER2-positive), HER2-enriched
(ER-negative, PR- negative, HER2-positive), basal-like or triple-negative (ER-negative,
PR-negative, HER2-negative), and normal breast-like tumors (unclassified) [6,7]. More
recently, the claudin-low subtype has been identified and characterized as negative for
ER, PR, and HER2 expression, but with low expression of Ki67 and high expression of
epithelial–mesenchymal transition (EMT)-related genes, which distinguishes this subtype
from the basal-like [8].

The mammalian nicotinamide adenine dinucleotide phosphate (NADPH) oxidases
(NOX) are transmembrane proteins that carry electrons across biological membranes, re-
ducing molecular oxygen (O2) to superoxide anion (O2

•−) or hydrogen peroxide (H2O2).
The NOX enzymes family contains seven members, which are NOX1-5 and Dual oxidases 1
and 2 (DUOX1-2). All isoforms exhibit six highly conserved transmembrane domains, one
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NADPH binding site in the C-terminal region, one FAD binding site, and two histidine-
linked heme groups in the transmembrane domains III and IV. Additionally, NOX5 and
DUOX 1-2 show an intracellular calcium-binding site that is closely related to their acti-
vation. Unlike all other sources of reactive oxygen species (ROS), NOX enzymes generate
ROS as their main function [9].

Accumulated evidence in recent decades highlights the role of NOX-derived ROS in
virtually all steps of carcinogenesis (initiation, promotion, and progression) of different
organs/tissues. Furthermore, NOX enzymes have been suggested as a prospective target in
novel therapeutic approaches [10,11]. Regarding BC, some studies have shown that NOX
might be important players in this disease, although most of them were conducted under
in vitro conditions utilizing cell lines, and the expression levels and prognostic value of
NOX in patients remain elusive [12–14]. Thus, the aims of this study were first to assess the
expression and prognostic value of individual NOX family members in the different BC
molecular subtypes using online databases.

2. Results
2.1. Expression of NOX Family Genes in the Breast Tissue

We first compared the mRNA levels of NOX family members in 290 samples of normal
breast tissue using the HPA database. As shown in Figure 1, NOX2 mRNA levels were the
most expressed, which was followed by NOX4, DUOX1, DUOX2, NOX5, and NOX1. NOX3
mRNA levels were undetectable. Therefore, we did not evaluate NOX3 in the next analysis.
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Figure 1. NADPH oxidases mRNA levels in the breast. Differences among NOX family mRNA
levels in normal breast tissue. Data were obtained from the online platform Human Protein Atlas
(https://www.proteinatlas.org, accessed on 2 July 2022). Results are represented as the mean protein-
coding transcripts per million (pTPM) ± standard deviation (N = 290; n.d.: not detectable).

2.2. Comparison of NOX mRNA Levels in Non-Tumoral and Breast Tumor Tissues

We next compared NOX mRNA levels between non-tumoral and breast tumor tissues.
No data concerning DUOX2 expression were available, so this isoform was not analyzed.
Due to breast cancer heterogeneity, we divided BC samples according to the five major
molecular subtypes: luminal A, luminal B, HER2, basal, and claudin-low.

As demonstrated in Table 1, we observed that NOX1 mRNA levels were higher in the
HER2 and basal subtypes when compared to the normal group. Similarly, the mRNA levels
for NOX2 showed an increase in the HER2 and basal subtypes, in addition to claudin-low.
Concerning NOX4 mRNA levels, they were revealed to be high in the luminal A, HER2,
and claudin-low subtypes in comparison to normal tissue, while in the basal subtype,
NOX4 mRNA levels were decreased. There were no statistically significant differences in
NOX5 expression in any of the tumor subtypes when compared to the normal group. In
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relation to DUOX1, we detected a decrease in the mRNA levels in the luminal A, luminal B,
HER2, and claudin-low subtypes when compared to the control.

Table 1. Comparison of NOX1, NOX2, NOX4, and DUOX1 mRNA levels in non-tumoral and different
subtypes of breast tumor tissues.

Gene BC Subtype Non-Tumor Tumor p Value

NOX1

Claudin-low 0.03836 −0.02103 0.1291

Luminal A −0.02086 0.00429 0.9626

Luminal B 0.01854 −0.0031 0.2762

HER2 −0.09212 0.07419 0.0059

Basal −0.09197 0.08255 0.011

NOX2

Claudin-low −2.2 1.576 <0.0001

Luminal A 0.1081 −0.06415 0.763

Luminal B −0.1862 0.05626 0.0888

HER2 −0.1628 0.2237 0.0483

Basal −0.2893 0.24 0.001

NOX4

Claudin-low −0.3601 0.1767 0.036

Luminal A −1.125 0.1626 <0.0001

Luminal B −0.3539 0.0578 0.0564

HER2 −0.9915 0.3326 <0.0001

Basal 0.2339 −0.2542 0.0298

DUOX1

Claudin-low 0.2405 −0.1769 0.0112

Luminal A 0.3179 −0.04951 0.0154

Luminal B 0.1411 −0.00134 0.0104

HER2 0.3012 −0.1476 0.0329

Basal −0.2282 0.1196 0.0686
Data were obtained from the cBioPortal online platform (http://www.cbioportal.org/, accessed on 3 July 2022).
Non-tumor (N = 140); claudin-low (N = 199); luminal A (N = 679); luminal B (N = 461); HER2 (N = 220); basal
(N = 199). Results are expressed as Log2 median-centered intensity.

As demonstrated in Figure 2, NOX2 mRNA levels were higher in the claudin-low BC
subtype in comparison to the luminal A, luminal B, Her2, and basal subtypes. Furthermore,
DUOX1 mRNA levels were lower in the luminal B BC subtype when compared to luminal
A and Her2, and in luminal A in comparison to the basal subtype.
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2.3. mRNA Expression of NOX Genes at Different Stages of Breast Tumor Development

Another parameter we have taken into consideration is BC staging. The American
Joint Committee on Cancer (AJCC) TNM staging system takes into account three primary
factors: tumor size (T), regional lymph node status (N), and distant metastases (M). These
factors are used to determine an overall stage, which ranges from 0 to 4. Stage 0 is referred
to as “carcinoma in situ”, indicating that the cancer remains confined to the primary layer
of cells where it originated and has not spread. In this context, stage 1 BC is anatomically
defined as a tumor smaller than 2 cm in size and shows no involvement of lymph nodes. On
the other hand, stage 4 represents a state of advanced disease with distant metastases [4,15].

Based on our analysis, we have not observed any significant variations in the expres-
sion of any NOX isoform across the different tumor stages (Figure 3).
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the cBioPortal online platform (http://www.cbioportal.org/, accessed on 3 July 2022) (N = 1904).

2.4. Survival Analysis of NOX Members in BC Patients

Afterwards, we examined the potential prognostic values of NOX isoforms in BC. The
survival curves are demonstrated in Figure 4. It is important to highlight that there were
no patient survival data related to high NOX1 expression after 200 months. We observed
that patients with low expression of NOX1, NOX4, and DUOX1 exhibited significantly
unfavorable prognoses in BC when compared with patients with high expression of those
NOXs (Figure 4A, Figure 4C, and Figure 4E, respectively). Moreover, NOX2, NOX5, and
DUOX2 expression were not associated with overall survival in BC (Figure 4B, Figure 4D,
and Figure 4F, respectively).
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2.5. NOX Gene Expression in Relation to Estrogen Receptor Status in Breast Cancer Samples

We further compared NOX mRNA levels between BC tissues that were positive
or negative for the presence of estrogen receptors (ERs). As shown in Figure 5, NOX1
(Figure 5A), NOX2 (Figure 5B), and DUOX1 (Figure 5E) were higher in tissues that were ER-
negative when compared to the ER-positive group. On the other hand, NOX4 expression
(Figure 5C) was lower in ER-negative tissues in comparison to those with ER-positive status.
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3. Discussion

Here, we show that NOX2 was the most expressed NOX isoform in normal tissue.
NOX2 was originally the first identified NOX. It is highly expressed in leukocytes, where it
has an essential role in phagocytic oxidative burst and host defense [11]. NOX2 expression
was followed by NOX4, the only constitutively active isoform, which has been linked
to physiological functions such as differentiation and memory formation [16,17]. Next,
we observed DUOX1 and DUOX2 expression, respectively. Although DUOX2 plays an
imperative role in hormone synthesis in the thyroid gland, DUOX1 has a diverse tissue
distribution, but not a well-established physiological function [18,19]. It seems to be impli-
cated in differentiation, wound responses, and host defense (reviewed in [20]). However,
the role of DUOX1 and 2 in mammary tissue physiology is not known. Subsequently,
we noticed NOX5, an isoform whose expression is typically found in the endothelium,
spermatocytes, and lymphoid organs [21], and, finally, NOX1, which was mainly expressed
in the colon and associated with gut immune modulation [22]. NOX3 mRNA levels were
undetectable in our analysis, which might be due in part to its restricted distribution, found
in high levels, for instance, in the inner ear, participating in ontogenesis [23]. To the best of
our knowledge, no other study has evaluated the expression levels of NOX enzymes in
normal human breast tissue.

Subsequently, we evaluated the expression levels of each NOX isoform by comparing
the normal tissue to the different BC molecular subtypes. In a time in which personalized
medicine is moving toward even more individualized treatment, the identification of new
biomarkers among the subtypes should facilitate management planning. We found that
the luminal A subtype had higher levels of NOX4 mRNA and lower levels of DUOX1. This
subtype is low-grade, associated with a better prognosis, and tends to grow slowly [24]. In
the luminal B subtype, which is known to grow slightly faster than luminal A cancers and to
show worse recurrence-free survival at 5 years and 10 years [25], we observed a significant
decrease in DUOX1 expression. In line with these findings, the HER2 subtype presented
higher expression levels of NOX1, NOX2, and NOX4, but lower levels of DUOX1. The
HER2 BC subtype was characterized as growing faster than luminal cancers and having
a worse prognosis. Interestingly, these three subtypes exhibited low levels of DUOX1
expression. Data from our group demonstrated that DUOX1 was downregulated in BC
cell lines and tissues. Moreover, non-tumor breast cells silenced for DUOX1 had a higher
proliferation rate, as well as less adherence and migratory capacity when compared to
control cells, suggesting that DUOX1 may play a tumor-suppressive role [26], which can be
disrupted in luminal A, B, and HER2 BC subtypes according to our analysis.

Furthermore, in basal-like, also called triple-negative and considered the most aggres-
sive and resistant BC subtype, NOX1 and NOX2 expression were significantly higher, in
contrast to NOX4, which was diminished when compared to non-tumoral tissue. Some
studies concerning NOX enzymes and BC have shown an upregulation of NOX1 in tumor
tissues compared to normal tissues [27,28]. Desouki et al. (2005) demonstrated that NOX1
is highly expressed in breast tumors (86%). The authors also showed crosstalk between the
mitochondria and NOX1 controlling redox signaling, and suggested that a disruption of
this pathway could be involved in breast tumorigenesis [27]. Another study has proposed
that the activation of the G protein-coupled receptor (GPCR) leukotriene receptor BLT2
promotes cell survival through the induction of NOX1- and NOX4-derived ROS in an ERK-
and AKT-dependent mechanism in BC cell lines [29]. In addition, activation of the RAS-
Erk1/2-NOX1 pathway was observed in a population of BC stem-like cells exposed to low
concentrations of combined carcinogens, with an important function in the maintenance of
increased cell proliferation [30].

NOX2 and NOX4 expression levels were higher in the claudin-low BC subtype, which
is marked by aggressiveness, resistance to treatment, and poor prognosis [2]. Moreover, we
observed higher NOX2 levels in three other BC subtypes (HER2, basal, and claudin-low).
NOX2 has been related to angiogenesis, immune suppression, metastasis, and pro-survival
signals in tissues such as the lung, as well as in leukemia and melanoma cells [31–35].
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NOX2 was found in lipid rafts (LRs) of BC cell lines, whereas the disruption of these
structures resulted in downregulation of the enzyme [36]. Mukawera et al. demonstrated
that IKKε overexpression in BC cells was dependent on NOX2, leading to increased prolif-
eration. NOX4 expression was also upregulated in three BC subtypes (luminal A, HER2,
and claudin-low). Overexpression of NOX4 in non-tumor breast cells has been associated
with increased senescence, cellular transformation, and resistance to apoptosis, suggesting
an oncogenic role of this enzyme. The same authors also showed that NOX4 was over-
expressed in various BC cell lines and primary breast tumors [12]. Additionally, another
group has suggested NOX4 as a key player in TGFβ-induced epithelial-to-mesenchymal
transition and migration of non-tumor and metastatic human breast cells [13]. In confor-
mity, a subsequent study reported the efficiency of attenuating metastasis in BC cells by
targeting NOX4 [37]. Our findings, in conjunction with those exposed in the literature,
reinforce the great relevance of NOX4 in BC initiation and development.

Although, herein, we observed no changes in NOX5 expression levels among the BC
subtypes, previous reports have identified NOX5 upregulation in BC, but they analyzed a
limited number of samples with no molecular subtype distinction [14,38]. More recently,
leptin has emerged as a potential activator of NOX5-derived ROS production in human
epithelial mammary cells, linking obesity-associated hyperleptinemia with mammary
tumorigenesis [39].

Surprisingly, in the present study, we did not identify significant alterations in NOX
expression over tumor stages in our analysis. However, we verified the presence of in-
creased expression levels of NOX1, NOX2, and DUOX1 in ER- BC tissues, and significantly
low levels of NOX4 in ER+. ER is one of the main prognostic biomarkers in BC. The lack of
the receptor is associated with a more aggressive profile of the tumor [40]. There are few
studies correlating NOX expression and tumor progression. Liu and colleagues revealed a
greater expression of NOX1 according to tumor progression in lung cancer [41]. Moreover,
high expression of NOX4 and NOX5 were correlated to poorer overall survival in patients
with end-stage gastric cancer [42].

Some studies have proposed that the expression level of NOX enzymes can influence
the overall survival of patients. Individuals with hepatocarcinoma seem to have better
prognoses when high expression levels of NOX4 mRNA are found, while patients with
high levels of NOX2 present poor prognoses [43]. Analysis of gastric tumors has correlated
NOX2 overexpression with longer patient survival, in contrast with NOX4 overexpression,
which is associated with poorer overall patient survival [44]. It has also been reported that
the high expression of DUOXs is related to reduced mortality in thyroid cancer [45]. In
our analysis, patients with lower NOX1, NOX4, and DUOX1 expression exhibited shorter
survival compared to patients with higher levels. Although we have observed high levels
of expression of these proteins in tumor tissues, the survival data suggest that the loss of
these NOX may occur in more undifferentiated cells and, consequently, more aggressive
tumors, which would explain the lower survival rates of patients.

In conclusion, our data shed light on the role of NOX isoforms in BC. We highlight
here that NOX2 is the most expressed NOX isoform in normal breast tissue, whereas,
in conjunction with NOX4, it displays high levels in different BC subtypes. In the face
of the plurality of BC molecular and histological characteristics, taking NOX expression
into account could add significant value to the design and management of new therapies.
However, many studies are still needed to elucidate the role of each NOX member in the
different types of cancer and their implications.

4. Materials and Methods
4.1. Gene Expression Profiles in Breast Tissue

To analyze the expression of NOX family genes in normal breast tissue, we used the
database The Human Protein Atlas (HPA) (https://www.proteinatlas.org, accessed on 2
July 2022). Individual genes (NOX1, CYBB NOX2, NOX3, NOX4, NOX5, DUOX1, and
DUOX2) were evaluated. All quantitative transcriptome data (RNA-Seq) were retrieved
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from the Cancer Genome Atlas (TCGA) portal. A total of 290 normal breast samples were
analyzed. The data were downloaded and plotted using the Graphpad Prism 9 software
(GraphPad Software, Inc., San Diego, CA, USA).

4.2. Analysis of Gene Expression in Breast Tumor Tissue

The evaluation of NOX mRNA levels in BC patients was achieved through the online
analysis tool cBioPortal (http://www.cbioportal.org/, accessed on 3 July 2022). The ex-
pression of NOX mRNA levels in human BC and normal tissues was obtained using the
METABRIC study [3,45], containing 1904 samples from patients who had their breast tissue
samples collected. We compared NOX mRNA levels between the different subtypes of BC
and the non-tumoral tissue, as well as the influence of estrogen receptor status.

4.3. Analysis of Patient Survival According to NOX Expression

The significance of the prognosis in BC patients with different levels of NOX isoforms
was performed using the Kaplan–Meier database (http://kmplot.com/analysis/, accessed
on 15 August 2022). The BC database was established using gene expression data and
survival information from 876 patients. Individual genes (NOX1, CYBB NOX2, NOX4,
NOX5, DUOX1, and DUOX2) were evaluated on the platform. The patient cases were
divided into two groups according to the median expression of the gene (high vs. low
expression). The survival of patients in both groups was then analyzed using the Kaplan–
Meier survival graph. A p-value less than 0.05 was considered statistically significant. The
data were downloaded as text, which was replotted.

4.4. Statistical Analysis

Normality was verified using the D’Agostino and Pearson test. The data were analyzed
using ANOVA, except in the results with only 2 groups, in which the t test was applied.
Log2 median-centered intensity was calculated by subtracting the median from the values
of both groups. The results were expressed as the mean ± standard deviation.
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Abstract: Autism spectrum disorder (ASD) is a complicated neurodevelopmental disorder, and its
etiology is not well understood. It is known that genetic and nongenetic factors determine alterations
in several organs, such as the liver, in individuals with this disorder. The aims of the present
study were to analyze morphological and biological alterations in the liver of an autistic mouse
model, BTBR T + Itpr3tf/J (BTBR) mice, and to identify therapeutic strategies for alleviating hepatic
impairments using melatonin administration. We studied hepatic cytoarchitecture, oxidative stress,
inflammation and ferroptosis in BTBR mice and used C57BL6/J mice as healthy control subjects. The
mice were divided into four groups and then treated and not treated with melatonin, respectively.
BTBR mice showed (a) a retarded development of livers and (b) iron accumulation and elevated
oxidative stress and inflammation. We demonstrated that the expression of ferroptosis markers,
the transcription factor nuclear factor erythroid-related factor 2 (NFR2), was upregulated, and the
Kelch-like ECH-associated protein 1 (KEAP1) was downregulated in BTBR mice. Then, we evaluated
the effects of melatonin on the hepatic alterations of BTBR mice; melatonin has a positive effect on
liver cytoarchitecture and metabolic functions.

Keywords: autism spectrum disorder; liver; oxidative stress; inflammation; ferroptosis

1. Introduction

Autism spectrum disorder (ASD) is a heterogeneous, disabling neurodevelop-
mental disorder that affects social interactions, limits interests and induces stereotype
behavior [1–3]. The prevalence of ASD is increasing and creates a social burden. Currently,
psychostimulant and antipsychotic interventions are the only therapeutics available to treat
ASD patients [4].

The etiology of ASD is not well understood [2,5], but it is likely that both biological and
environmental factors are involved [6]. Biologically, genetic and nongenetic factors play
a role, such as immunological and mitochondrial malfunction associated with oxidative
stress, neurotrophic dysregulation and inflammation [7–10]. There is increasing evidence
that ASD patients show excessive reactive oxygen species (ROS) production [8,11,12].
Environmental factors involve, among others, exposure to both essential and toxic
metals [13–15]. Dysregulated iron metabolism, causing an increased availability of free
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iron, can significantly impact hepatic metabolism [16]. Free iron has been implicated in
inducing amyloid-β plaques, contributing to toxicity via oxidative stress in Alzheimer’s
disease and other neurodegenerative diseases [17].

An autistic mouse model, BTBR T + Itpr3tf/J (BTBR) mice, originally developed to
study insulin resistance, diabetes-induced nephropathy and phenylketonuria, has been
identified to consistently display autism-like behavior [18]. This animal model is considered
a translational tool to evaluate potential therapies for ASD [18,19]. Recently, liver disorders
have become a significant health concern and are an issue commonly found in autistic
children [9,20]. Moreover, Trinchese et al. [8] showed that inflammation and oxidative
stress in these mice induce mitochondrial dysfunction and mitochondrial fission in the
liver. Hepatocytes are rich in mitochondria that produce ROS [21], and exposure to ROS
induces oxidative stress, which results in lipid peroxidation and reduced antioxidant
activity, causing liver damage [22,23] and, subsequently, leading to liver diseases [24,25].

Thus far, the role of the liver in ASD has been poorly investigated. Therefore, we
studied the crosstalk between alterations in hepatic functions and ASD. Liver morphol-
ogy was analyzed with haematoxylin-eosin staining and a common and reliable dye for
detecting iron in tissues (Perls staining), and liver functions were analyzed by staining
the biological markers of oxidative stress and inflammation, and the master regulators
of a recently discovered form of cell death called ferroptosis in BTBR mice [16,18,26,27].
Ferroptosis is a recently discovered iron-dependent type of cell death characterized by
ROS accumulations in cells, leading to Fe ion deposition and lipid peroxidation that
results in cell death [18]. It is a result of redox inequity between the free iron-induced
production of lipid hydroperoxides and various antioxidant defense systems, such
as glutathione peroxidase 4 (GPX4), which detoxify free radicals and lipid oxidation
products [18,28,29]. Moreover, ferroptosis has been implicated in multiple pathologies and
is associated with neurodegeneration, nonalcoholic fatty liver diseases and cardiovascular
diseases such as atherosclerosis [16]. Disruption of iron metabolism, in relation to the
expression of the transcription factor nuclear factor erythroid-related factor 2 (NRF2), may
significantly impact the ferroptosis pathway. It has been demonstrated that NRF2 is able
to reduce anaerobic glycolysis and ROS levels in glioblastoma stem cells and leukemic
stem cells [30]. Under physiological conditions, NRF2 resides in the cytoplasm, where
it is attached to Kelch-like ECH-associated protein 1 (KEAP1), which negatively regu-
lates NRF2 and keeps it in the cytoplasm [31]. Under oxidative stress conditions, NRF2
protein is stabilized and initiates a multistep pathway of activation that includes nuclear
translocation [32]. After its translocation to the nucleus, NRF2 binds to antioxidant re-
sponse elements and activates the transcription of cytoplasmic genes. Heme oxygenase-1
(HO-1) and other proteins are strictly under the control of NFR2 [33]. This pathway is
considered to have a potential protective role of NFR2 in several types of cells, such as renal
proximal tubular epithelial cells, leading to an upregulation of antioxidant enzymes such as
superoxide dismutase 3 (SOD3) [33].

On the basis of these considerations, we report that ferroptosis participates in a spec-
trum of liver diseases, both acute and chronic [19,33], and we hypothesize that ferroptosis
is also involved in hepatocyte alterations of BTBR mice. Only after considering the in-
volvement of ferroptosis in the liver of BTBR mice, we evaluated the possible effect of an
antioxidant, such as melatonin, in hepatic ASD.

Moreover, BTBR mice were treated with melatonin, a potent antioxidant that has
been shown to have many cellular protective effects in neurological and non-neurological
disorders [34,35]. Melatonin (N-acetyl-5-methoxytryptamine) is an indoleamine synthe-
sized from the amino acid tryptophan in the pineal gland and other organs, such as the
liver [21,36–38]. Studies have extensively demonstrated the effects of melatonin on oxida-
tive stress, lipid peroxidation, and its therapeutic potential in liver injuries and diseases,
showing its beneficial effects [35]. A recent study demonstrated that melatonin attenuates
hepatocyte ferroptosis induced by lead or lipopolysaccharide exposure through the acti-
vation of AMP-activated protein kinase phosphorylation [39]. However, it is crucial to
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acknowledge that the exploration of the relationship between melatonin and ferroptosis is
in a nascent stage, and many uncharted fields require further investigation.

Therefore, the aims of the present study were (a) to analyze morphological and
biological alterations in the liver of BTBR mice in combination with markers related to
oxidative stress and inflammation and (b) to identify the potential association between
ferroptosis-related mechanisms and morphological changes in the liver in the BTBR mice;
(c) to evaluate and identify therapeutic strategies for targeting the liver and alleviating
metabolic impairments using melatonin administration.

Our research hypothesis is that oxidative stress, inflammation and even ferroptosis
may be important tools for ASD evaluation.

2. Results
2.1. Hepatic Histological Features

The BTBR and CTR experimental groups treated with the vehicle were respectively re-
defined as “BTBR mice” and “CTR mice” for the following morphological, morphometrical
and immunohistochemical analyses.

The haematoxylin-eosin staining showed that the cytoarchitecture of BTBR livers
was well preserved, except for small signs of inflammation; the hepatocytes presented
microvesicular steatosis morphology (hepatocellular ballooning). In addition, increased
numbers of Kupffer cells and fat-storing cells were preserved in the parenchyma
(Figure 1a). Furthermore, numerous hepatic cells exhibit crenulated nuclei that are irregu-
larly shaped, as well as many nucleoli. Figure 1b shows the cytoarchitecture of the CTR
liver for comparison.

In BTBR livers, most nuclei were diploid, either present in mononuclear diploid
(MD) hepatocytes or in binuclear diploid (BD) hepatocytes (Figure 1a). Mononuclear
tetraploid (MT) hepatocytes were relatively sparse (Figure 1a), whereas in CTR livers, most
hepatocytes were MT (Figure 1c). Most hepatocytes in BTBR mice were MD, and only a
few of them were identified as MT cells (Figure 1a).

The CTR group showed normal liver morphology (Figure 1b). Hepatocytes display
central nuclei with a regular shape and eosinophilic cytoplasm with few lipid droplets
(Figure 1b). No clear histopathological changes and no inflammatory cell infiltration were
observed in the liver of the CTR group. Several hepatocytes were MT cells, a few of them
were BD cells, and a small number were identified as MD cells (Figure 1b).

As mentioned above, numerous BD hepatocytes were found in BTBR mice compared
with MD and MT cells in the same animals. This finding was evaluated using quantitative
analysis, and the results showed that BTBR mice had three times more BD cells than
CTR mice (Figure 1c). After this evaluation, we also observed MD and MT cells in both
experimental groups. The quantitative analysis demonstrated a significantly higher number
of MD cells in BTBR mice than in CTR mice; instead, the number of MT cells appeared to
be significantly lower in BTBR mice compared to CTR mice, as reported in Figure 1c.
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Figure 1. Hepatic histological evaluation. Representative photomicrographs of BTBR (a) and
CTR (b) liver stained with haematoxylin-eosin. Bar: 10 µm. The black and white arrows show
binuclear hepatocytes and Kupffer cells, respectively; the asterisks show the vacuoles; the blue
and green arrows indicate mononuclear diploid and mononuclear tetraploid cells, respectively.
Graph (c) reports the symmetrical data distribution of mononuclear diploid, binuclear and mononu-
clear tetraploid hepatocytes. In the graph, the orange dot indicates the outlier, the (x) indicates the
mean value and the line represents the median value for each experimental group subdivided using
polyploid hepatocytes.

The Perls staining showed that BTBR mice presented a higher accumulation of iron
granules (blue) in the cytoplasm of MD and MT cells. Several blue granules were also
observed in Kupffer cells (Figure 2a,b). On the other side, in the liver tissue of CTR mice,
we observed no presence of iron either in the cytoplasm of all types of hepatocytes or in
Kupffer cells (Figure 2c,d).
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Figure 2. Evaluation of iron accumulation. Representative photomicrographs stained with Perls
staining of BTBR (a,b) and CTR (c,d) liver. Bar: 10 µm. The black, blue and green arrows showed
Kupffer cells, mononuclear diploid and mononuclear tetraploid cells, respectively, positive to Perls
staining in BTBR mice.
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2.2. Liver Oxidative Stress, Inflammation and the Regulatory Pathways of Ferroptosis

To investigate oxidative stress and inflammation in the liver of BTBR mice, we
evaluated the expression of catalase (CAT), superoxide dismutase-1 (SOD-1), GPX4 and
interleukin-1 β (IL-1β).

MD, BD and MT cells showed the same expression of the abovementioned proteins in
both animal groups; therefore, we identified these cells as hepatocytes.

About CAT expression, in BTBR mice, we observed a weak/moderate immunopos-
itivity in the cytoplasm of all hepatocytes (Figure 3a). Kupffer cells were negative and
sometimes very weakly positive. Instead, CTR mice showed moderate/strong cyto-
plasmic immunopositivity in all the cells of the hepatic parenchyma, including Kupffer
cells (Figure 3b).

Regarding SOD-1 expression, we observed a very weak/weak positivity in the hepatic
parenchyma of BTBR mice, including Kupffer cells. This positivity was demonstrated in
the cytoplasm with a scattered distribution and sometimes in the nuclei (Figure 3d). In CTR
mice, SOD-1 showed a moderate/strong immunopositivity in the cytoplasm of all hepatic
cells, as shown in Figure 3e. In particular, the expression of SOD-1 was very weak/negative
in the nuclei of the hepatic cells of CTR mice.

The negative controls of CAT and SOD-1 immunohistochemistry were similar in both
BTBR and CTR hepatic samples, and the inserts in Figure 3c,f showed a control reaction in
a representative CTR liver tissue.

Comparing BTBR mice and CTR mice, we observed that in BTBR animals, both CAT
and SOD-1 immunopositivity were significantly decreased compared to CTR mice. These
data were confirmed through immunomorphometric analysis, as shown in Figure 3g,h.

Regarding the immunopositivity of GPX4, we observed very weak cytoplasmic posi-
tivity in BTBR mice compared with CTR mice, which showed moderate/strong positivity
in liver parenchyma cells. GPX4 expression was decreased in BTBR mice compared with
CTR mice, as summarized in Figure 3i.
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Figure 3. Evaluation of oxidative stress. Representative liver photomicrographs of CAT immunostain-
ing of BTBR (a) and CTR (b,c) mice. Representative liver photomicrographs of SOD-1 immunostaining
of BTBR (d) and CTR (e,f) mice. CAT (c) and SOD-1 (f) representative photomicrographs of the
negative control are reported as inserts. The black arrows indicate Kupffer cells. Bars: 10 µm. The
graphs summarize liver CAT (g), SOD-1 (h) and GPX4 (i) immunomorphometric measurement.
* p < 0.05 vs. CTR mice. (AU): arbitrary units.

We also evaluated the expression of IL-1β in both animal groups.
In BTBR mice, the weak/moderate/strong immunopositivity for IL-1β was scattered

and diffuse in the cytoplasm of hepatocytes, Kupffer cells and sinusoidal cells (Figure 4a).
Only rarely were the nuclei of all hepatic cells positive for IL-1β. The expression of
this protein was also observed in the cytoplasm of sinusoidal cells, and it was weak or
sometimes moderate (Figure 4a). The hepatocytes of CTR mice showed a very weak
cytoplasmic immunopositivity for this interleukin. The nuclei of hepatocytes and Kupffer
cells were negative for IL-1β. Very weak or negative positivity of IL-1β was observed in
the cytoplasm of sinusoidal cells (Figure 4b).

The negative controls of IL-1β immunohistochemistry were similar in both BTBR and
CTR samples, and Figure 4c shows a control reaction in a representative CTR liver tissue.

As summarized in Figure 4d, IL-1β expression was significantly upregulated in BTBR
mice compared with CTR mice.
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Figure 4. Evaluation of inflammation. Representative liver photomicrographs of IL-1β immunos-
taining of BTBR (a) and CTR (b,c) mice. IL-1β (c) representative photomicrograph of the negative
control is reported as an insert. The black and purple arrows indicate Kupffer cells and sinusoids,
respectively. Bar: 10 µm. The graph (d) summarizes liver IL-1β immunomorphometric measurement.
* p < 0.05 vs. CTR mice. (AU): arbitrary units.

Then, we studied KEAP1 and NRF2 as the negative regulators of the ferroptosis
pathway. Furthermore, to evaluate the effects of NRF2 translocation in the nucleus as a
potential trigger of cytoprotective enzyme transcription, we studied the HO-1 enzyme.

It is important to remember that MD, BD and MT cells showed the same expression of
the abovementioned proteins in both animal groups; therefore, we identified these cells
as hepatocytes.

The KEAP1 immunopositivity in BTBR mice liver was very weak in the hepatocytes
cytoplasm compared with CTR animal livers, which showed a strong/moderate expression
of this protein. The immunomorphometric analysis confirmed that KEAP1 was weakly
expressed in BTBR mice compared with CTR mice, as summarized in Figure 5a.

About NRF2, its cytoplasmic expression was moderate in BTBR mice, but it was
very strong in almost all the nuclei of hepatocytes and Kupffer cells (Figure 5b). In fact,
a few nuclei were negative for the NFR2 protein. CTR mice showed moderate/weak
immunopositivity in the cytoplasm of all hepatocytes, but their nuclei were weakly positive
or negative for this protein (Figure 5c). No positivity was observed in the sinusoidal cells
in both groups.

The negative controls of NRF2 immunohistochemistry were similar in both BTBR and
CTR samples. Figure 5d shows a control reaction in a representative CTR liver tissue.

NRF2 expression was significantly higher in the hepatic parenchyma of BTBR mice
compared with the CTR group, as reported in Figure 5e.
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Figure 5. Regulatory pathways of ferroptosis. Graph (a) summarizes KEAP1 immunomorphometric
measurement in BTBT and CTR mice. Representative photomicrographs of NRF2 immunostaining in
liver sample of BTBR (b) and CTR (c,d) mice. NRF2 (d) representative photomicrographs of the nega-
tive control are reported as an insert. The black arrows indicate Kupffer cells. Bar: 10 µm. Graph (e)
summarizes liver NRF2 immunohistochemical measurement of BTBR and CTR. * p < 0.05 vs. CTR mice.
(AU): arbitrary units.

The nuclear presence of NFR2 stimulates the transcription of some genes responsible
for inducing the production of proteins with protective effects against the ferroptosis
pathway. It is known that one of these proteins is HO-1; therefore, we evaluated this
protein through immunohistochemistry and immunomorphometric analyses.

As observed in Figure 6a, the hepatocytes had a moderate/weak/very weak expres-
sion of HO-1 together with sinusoidal cells and Kupffer cells. CTR livers presented very
weak/negative HO-1 immunopositivity in all hepatic cells, including sinusoidal cells
(Figure 6b). No nuclear positivity was observed in hepatic cells in both experimental
groups.

The negative controls of HO-1 immunohistochemistry were similar in both BTBR and
CTR samples, and Figure 6c shows a control reaction in a representative CTR liver tissue.

The immunomorphometric analysis of HO-1 immunostaining was significantly upreg-
ulated in BTBR mice compared with CTR ice (Figure 6d).
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study on the liver of BTBR mice treated with melatonin during the same period together 
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Figure 6. Evaluation of HO-1 in mice liver tissue. Representative photomicrographs of HO-1
immunostaining in the liver sample of BTBR (a) and CTR (b,c) mice. HO-1 (c) representative
photomicrographs of negative control are reported as insert. The purple arrows indicate sinusoids.
Bar: 10 µm. The graph summarizes liver HO-1 (d) immunomorphometric measurement comparing
BTBR and CTR. * p < 0.05 vs. CTR mice. (AU): arbitrary units.

2.3. Melatonin Effects in the Liver of BTBR and CTR Animals

After demonstrating morphological and biochemical alterations in the hepatic
parenchyma of BTBR compared with the CTR mice of the same age, we continued our
study on the liver of BTBR mice treated with melatonin during the same period together
with the previously mentioned groups, as reported in the Section 4 Materials and Methods.

2.3.1. Histological Evaluation of Hepatic Tissue in BTBR after Melatonin Treatment

Comparing BTBR animals treated with melatonin to BTBR mice, we observed an
improvement in hepatic morphology. The liver had normal hepatocytes, some Kupffer
cells and a reduction in vacuolization (Figure 7a). Regarding the number of BD, MD and
MT cells, the quantitative analysis and the results demonstrated a significant decrease in
BD cells, a nonsignificant decrease in MD cells, and a nonsignificant increase in MT cells
compared to BTBR mice (Figure 7b).
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As far as the overaccumulation of iron in the cytoplasm of hepatocytes of BTBR 
animals, Perls staining showed a reduction in iron in the same mice strain treated with 
melatonin (Figure 8a,b), resulting in a normalization of the amount of iron similar to the 
liver tissue of the CTR group (Figure 2). We noted the presence of iron only in Kupffer 
cells (Figure 8a). 

Figure 7. Hepatic histological evaluation. Representative photomicrographs (a) of the liver in
BTBR mice treated with melatonin and stained with haematoxylin-eosin. Bar: 10 µm. The black
and white arrows show binuclear hepatocytes and Kupffer cells respectively; the asterisks show
vacuoles; the blue and green arrows indicate mononuclear diploid and mononuclear tetraploid cells,
respectively. Graph (b) reports the symmetrical data distribution of mononuclear diploid, binuclear
and mononuclear tetraploid hepatocytes. In the graph, the orange dot indicates the outlier, the (x)
indicates the mean value, and the line represents the median value for each experimental group
subdivided using polyploid hepatocytes.

As far as the overaccumulation of iron in the cytoplasm of hepatocytes of BTBR
animals, Perls staining showed a reduction in iron in the same mice strain treated with
melatonin (Figure 8a,b), resulting in a normalization of the amount of iron similar to the
liver tissue of the CTR group (Figure 2). We noted the presence of iron only in Kupffer
cells (Figure 8a).
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Figure 8. Evaluation of iron accumulation. Representative photomicrographs stained with Perls
staining of the liver in BTBR mice treated with melatonin (a,b). Bar: 10 µm. The blue, green and black
arrows showed mononuclear diploid, mononuclear tetraploid and Kupffer cells, respectively.

2.3.2. Oxidative Stress, Inflammation and Regulatory Pathways of Ferroptosis in BTBR
Mice after Melatonin Treatment

As previously reported, no difference in the positivity of markers was observed in the
types of hepatocytes, so we considered them only as hepatocytes.

BTBR mice treated with melatonin showed moderate cytoplasmic immunopositivity
for CAT and SOD-1 in all hepatic cells, including Kupffer cells (Figure 9a,b). The expression
of these markers was likely to that observed in the CTR group and reported in Figure 3b,e.

The negative controls of CAT and SOD-1 immunohistochemistry were similar in all
the samples and are reported in the inserts (c,f) of Figure 3.

These observations were confirmed using the immunomorphometric analysis, as
reported in Figure 9c, even though the increase does not show a significant trend compared
to BTBR mice.

Finally, we observed a weak positivity for GPX4 in the hepatocyte cytoplasm of BTBR
treated with melatonin, showing an upward trend compared to untreated mice, as reported
in Figure 9d.
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immunomorphometric measurements. (AU): arbitrary units. 
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Figure 9. Evaluation of oxidative stress. Representative liver photomicrographs of CAT immunos-
taining of BTBR mice treated with melatonin (a). Representative liver photomicrographs of SOD-1
immunostaining in BTBR mice treated with melatonin (b). The black arrows indicate Kupffer cells.
Bar: 10 µm. The graphs summarize liver CAT and SOD-1 (c) and GPX4 (d) immunomorphometric
measurements. (AU): arbitrary units.

We also evaluated the expression of IL-1β in BTBR mice treated with melatonin.
We observed weak IL-1β immunopositivity in the cytoplasm of hepatocytes and

sinusoidal cells; instead, the hepatocytes nuclei and Kupffer cells were negative for this
interleukin (Figure 10a). The negative control of IL-1β immunohistochemistry was reported
above as the insert in Figure 4c.

The immunomorphometric analysis, summarized in Figure 10b, confirmed that IL-1β
immunopositivity, was significantly decreased in BTBR mice treated with melatonin com-
pared to untreated BTBR mice.
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Figure 10. Evaluation of inflammation. Representative liver photomicrographs of IL-1β immunos-
taining of BTBR mice treated with melatonin (a). The black and purple arrows indicate Kupffer cells
and sinusoids, respectively. Bar: 10 µm. The graph (b) summarizes IL-1β immunomorphometric
measurements. (AU): arbitrary units.

The immunohistochemical analysis of BTBR mice treated with melatonin showed a
weak cytoplasmic positivity of KEAP1 in all hepatocytes, similar to untreated mice.

The immunomorphometric analysis confirmed that KEAP1 did not differ significantly
between BTBR mice treated with melatonin and untreated BTBR mice (Figure 11a).

The nuclei of the cells in the hepatic parenchyma of BTBR mice treated with melatonin
are moderately/strongly positive to NFR2; only some nuclei of Kupffer cells were negative
(Figure 11b). No positivity was observed in the sinusoidal cells. The negative control of
NRF2 immunohistochemistry was reported above as the insert in Figure 5d.

The immunomorphometric analysis showed that NRF2 tended to increase compared to
untreated mice (Figure 11c) and significantly improved compared to CTR mice (Figure 5c).
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Figure 11. Regulatory pathways of ferroptosis. Plot (a) summarizes KEAP1 immunomorphometric
measurements in BTBT mice and BTBR animals treated with melatonin. Representative photomicro-
graphs of NRF2 immunostaining in the liver sample of BTBR treated with melatonin (b). The black
arrows indicate Kupffer cells. Bar: 10 µm. Graph (c) summarizes liver NRF2 immunohistochemical
measurements of BTBR mice and BTBR animals treated with melatonin. (AU): arbitrary units.

As for the evaluation between BTBR and CTR groups, we studied HO-1 protein to
verify the effect of melatonin in ASD mice treated with antioxidants.

The results showed an increase in HO-1 protein in the sinusoidal cells and cytoplasm of
hepatocytes (Figure 12a) compared to untreated BTBR and to the CTR group, as reported in
Figure 6. This finding was confirmed through immunomorphometrical analysis, showing
a significant increase in this protein compared to untreated BTBR mice (Figure 12b).

Figure 12. Evaluation of HO-1 in mice liver tissue. Representative photomicrographs of HO-1
immunostaining in liver sample of BTBR mice treated with melatonin (a). The purple arrows indicate
sinusoids. Bar: 10 µm. The graph summarizes HO-1 (b) immunomorphometric measurements,
comparing BTBR mice and BTBR animals treated with melatonin. (AU): arbitrary units.
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3. Discussion

Our study shows that BTBR mice at the age of 16 weeks have significantly higher
numbers of MD and BD cells and fewer MT hepatocytes in their livers compared with
CTR mice at the same age. Moreover, we show that oxidative stress and inflammation are
involved in the liver pathogenesis of ASD in BTBR mice. A major finding in our study
is that ferroptosis, a type of programmed cell death, occurs in the livers of this autistic
mouse model, which is similar to defects in the neurological development of ASD [2,40].
Furthermore, we demonstrate that the antioxidant melatonin ameliorates morphological
and biochemical alterations in the liver of BTBR mice.

The liver has a remarkable potential to generate new tissue in response to injury due to
the proliferative ability of the parenchyma [41]. Hepatocytes are physiologically long-lived
cells, similar to neurons and cardiomyocytes [42,43]. Guidotti et al. [44] demonstrated
that rat liver consists almost solely of MD hepatocytes during the first postnatal 22 days;
thereafter, between the age of 22 and 28 days postnatally, this MD population decreases with
a concomitant increase in BD hepatocytes. Moreover, at 30 days postnatally, MT hepatocyte
numbers increase, and the MD and BD populations slowly decline. Based on these findings,
we propose that there are defects in liver organogenesis in BTBR mice since these mice
have large amounts of MD and BD hepatocytes that were inhibited in the formation of MT
hepatocytes, as was found in CTR animals at the same age. We consider this defect in the
livers of these mice comparable to those observed in hippocampal neurogenesis in various
animal ASD models and ASD patients [2,18,26,44–47].

Our study shows that oxidative stress and inflammation are involved in ASD, showing
a downregulation of CAT, SOD-1 and GPX4 expression and an upregulation of Il-1β
expression. Hepatocellular ballooning and iron accumulation in hepatocytes and sinusoidal
cells were found in the livers of BTBR mice but not in CTR mice. Decreased expression
of antioxidant proteins has been demonstrated in patients in relationship with ASD and
neurodegenerative disorders, including Alzheimer’s and Parkinson’s diseases. In these
patients, the levels of GPX4 and other antioxidant proteins, as well as the expression of their
regulatory genes, are usually in dyshomeostasis [48]. Moreover, oxidative stress has been
reported in connection with decreased antioxidant enzymes, increased lipid peroxidation
and advanced glycation products in peripheral blood [12,49]. In association with these
phenomena, we found an accumulation of lipids and iron in the hepatic parenchyma
and sinusoidal cells of BTBR mice, as detected in haematoylin-eosin and Perls stained
sections, respectively.

Ferroptosis is a recently discovered iron-dependent type of cell death due to ROS
accumulation with free iron deposition and lipid accumulation that results in cell
death [26,50,51]. The ferroptosis pathway is triggered by the iron-catalyzed accumula-
tion of phospholipid peroxides and reduced glutathione (GSH), which is essential to
protect cells in all tissues, particularly in the liver, from ferroptosis [51,52]. We show that
GPX-4 expression is remarkably reduced in the livers of BTBR mice, which can induce the
ferroptosis pathway.

The transcription factor, NFR2, a master regulator of antioxidant responses and in-
ducible cell defense systems, regulates the activity of the ferroptosis pathway and the
expression of lipid peroxidation-related proteins [2,31,32,53]. NFR2 activity as a transcrip-
tion factor is primarily regulated through KEAP1, which acts as a cytoplasmic anchor and
promotes the degradation of NFR2 [32,35,54]. Under conditions of oxidative stress, NFR2
dissociates from KEAP1 and is then translocated into the nucleus [31,54,55]. Our results
confirm these findings, showing that NFR2 expression was very strong in all nuclei of
hepatocytes and sinusoidal cells, such as Kupffer cells, in BTBR mice. In contrast, CTR mice
showed a lower nuclear positivity of NFR2 and a moderate/weak cytoplasmic expression.
KEAP1 immunopositivity followed the expression of NFR2 in the cytoplasm of BTBR mice.

In the nucleus, NFR2 dissociated from KEAP1 affects the transcription of specific genes
that contain antioxidant response elements (ARE) and cytoprotective genes. In fact, NFR2
regulates a plethora of target genes involved in the regulation of synthesis and conjugation
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of GSH. HO-1 and both ferritin heavy and light chains are strictly under the control of NFR2
as well [33]. To establish that NFR2 in the liver of BTBR mice induces GSH synthesis, we
studied HO-1 expression; we demonstrated that it is moderately expressed in hepatocytes
of the autistic mice model and very weakly expressed in CTR mouse hepatocytes.

Inhibition of ferroptosis is a challenge focused on the mitigation of ferroptosis-related
diseases. Numerous ferroptosis inhibitors have been identified in recent years, showing
potential for the treatment of ferroptosis through various mechanisms [35]. Recent publica-
tions showed that the supplementation of antioxidants improves symptoms of ASD related
to ferroptosis in the central nervous system [1,18].

As far as we know, only a limited number of studies have considered the role of
antioxidants, such as folic acid and selenium, in the brain of BTBR mice [26], but studies on
the role of melatonin on the liver parenchyma in BTBR mice have not yet been published.

Therefore, we evaluated the effects of melatonin on the liver of BTBR and CTR mice.
The findings suggested improved hepatic cell polyploidy, although not all differences
between BTBR and CTR mice and between treatment or no treatment with melatonin were
statistically significant. Moreover, markers of oxidative stress, inflammation and ferroptosis
showed a clear improvement due to melatonin treatment. We hypothesize that ferroptosis
can induce cell death, blocking the evolution of BD hepatocytes into MT hepatocytes.

In conclusion, our study suggests that the liver of the autistic mouse model showed
morphological and biochemical alterations, including ferroptosis, as a mechanism that is
not well known in hepatic disorders, such as ASD. Moreover, we suggest that melatonin
has a positive effect on symptoms and hepatic organization through ferroptosis inhibitions,
which may be a potential therapeutic antioxidant for autism intervention.

These initial findings were further investigated on the role of ferroptosis mechanisms
in ASD.

4. Materials and Methods
4.1. Experimental Groups

A total of 20 male BTBR T + Itpr3tf/J (BTBR) mice (JAXTM Mice Strain; The Jackson
Laboratory, Bar Harbor, ME, USA) as a transgenic animal model of ASD and 20 C57BL6/J
(JAXTM Mice Strain; The Jackson Laboratory, Bar Harbor, ME, USA) mice as healthy CTR
mice were housed in cages (two/three animals/cage), with food and water ad libitum,
starting at post-natal day 21. The animals were kept in an animal house at a constant
temperature of 20 ◦C with a 12 h alternating light–dark cycle to minimize circadian vari-
ations. Before the start of the experiment, mice were housed in the animal facility for
1 week. All efforts were made to minimize animal suffering and the number of animals
used. All the experimental procedures were approved by the Italian Ministry of Health
(n◦ 446/2018-PR - 20/06/2018) and followed the National Institutes of Health guide for
the care and the use of laboratory animals (NIH Publications No. 8023, revised 1978). The
animals were randomly subdivided into two subgroups: (a) 10 animals were treated with
10 mg/kg/day per os of melatonin, and (b) 10 animals were treated daily with the melatonin
vehicle. The melatonin treatment followed the procedure reported by Borsani et al. [56].
Briefly, melatonin was given in a single daily administration per os through gavage
(100 µL). On the last day of the chronic melatonin treatment, all the experimental animals,
as reported in our previous study [56], were tested for behavioral tests (marble burying,
self-grooming, and reciprocal social interaction tests), confirming that BTRB presented typi-
cal ASD behavioral manifestations, such as deficit in social interaction and stereotyped and
repetitive behaviors. Five mice from each group were deeply anesthetized (isoflurane 5%)
and transcardically perfused with saline, followed by 50 mL of 4% paraformaldehyde in
phosphate buffer saline (0.1 M, pH 7.4). The liver of each experimental animal was carefully
removed for the subsequent morphological and immunohistochemical evaluations [57,58].
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4.2. Sample Processing

After removal, the liver samples were rinsed in a physiological salt solution, de-
hydrated in graded ethanol, and then embedded in paraffin wax following standard
procedure. Serial paraffin sections (5 µm thick) of each sample were cut with a microtome.

4.3. Hepatic Morphological Evaluation

Alternate sections were deparaffinized, rehydrated and stained with haematoxylin-
eosin (Bio Optica, Milan, Italy) according to the standard procedure. The sections were
then observed using a light optical microscope (Olympus BX50 microscope, Hamburg,
Germany). According to Guidotti et al. [44], a blind examiner identified MD, BD and MT
hepatocytes using the Olympus BX50 microscope at a final magnification of 1000×.
The number of all polyploid hepatocytes was evaluated in 10 random fields in each
liver sample.

4.4. Perls Staining: Iron Accumulation

Alternate liver sections stained with the Perls kit (Bio Optica, Milan, Italy) were used
to evaluate reactive ferric iron. According to the manufacturer’s instructions, liver sections
were deparaffinized, rehydrated, and then immersed for 1 h in a solution consisting of
potassium ferrocyanide, acid activation buffer and distilled water. Then, the sections were
washed in distilled water and stained with Mayer Emallumen for 10 min. Finally, the liver
sections were dehydrated, mounted and observed with the Olympus BX50 microscope at a
final magnification of 400×. The iron positivity is indicated using blue staining [59–61].

4.5. Immunohistochemical Evaluation

Alternate liver sections were deparaffinized and rehydrated, then subjected to antigen
retrieval in 0.01 M sodium citrate buffer (pH 6.0) in a microwave oven for two cycles of
3 min at 600 W [62]. Then, the sections were washed in Tris-buffered saline (TBS)
for 5 min and incubated in 3% hydrogen peroxide for 10 min at room temperature.
To demonstrate the specificity of antibodies, we used a pre-absorption test (blocking
agent): 1% bovine serum albumin in 0.05% Tween 20 for 1 h at room temperature [63].
Subsequently, liver sections were incubated for 1 h and 30 min at room temperature
with the following primary antibodies: mouse monoclonal anti-SOD-1 (diluted 1:100;
Santa Cruz Biotechnology, Dallas, TX, USA), rabbit polyclonal anti-CAT (diluted 1:200;
Abcam, Cambridge, UK), mouse monoclonal anti-IL-1β (diluted 1:100; Santa Cruz Biotech-
nology, Dallas, TX, USA), mouse monoclonal anti-HO-1 (diluted 1:100; Santa Cruz Biotech-
nology, Dallas, TX, USA), mouse monoclonal anti-GPX4 (diluted 1:1000; Proteintech,
Manchester, UK), rabbit monoclonal anti-NRF2 (diluted 1300; Proteintech, Manchester, UK)
and rabbit monoclonal anti-KEAP1 (diluted 1:1000; Proteintech, Manchester, UK). Then, the
samples were incubated for 1 h with specific biotinylated secondary antibodies (Vector Lab-
oratories, Newark, CA, USA) and successively conjugated with avidin-biotin peroxidase
complex (Vector Laboratories, Newark, CA, USA). The reaction products were visualized
using 0.33% hydrogen peroxide and 0.05% 3,3′-diaminobenzidine tetrahydrochloride (DAB)
as a chromogen (Sigma, St. Louis, MO, USA). Finally, the liver sections were counterstained
with Carazzi’s Emallumen (Bio Optica, Milan, Italy), dehydrated, mounted and observed
with the Olympus BX50 microscope at a final magnification of 400× [64,65]. Liver sections
of BTBR mice treated with melatonin were subjected to immunohistochemical analysis
for the following primary antibodies: SOD-1, CAT, GPX4, NRF2 and KEAP1. Immunohis-
tochemical negative controls were performed by omitting the primary antibody and the
presence of the isotype-matched IgG.

Five sections of each sample were analyzed by a blinded examiner, and the immunos-
taining for each primary antibody was evaluated as integrated optical density, expressed in
arbitrary units (AU), using an image analyzer [64,65]. In detail, we performed white balanc-
ing and background subtraction for all the visual fields evaluated, and then we applied a
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pixel quantification algorithm to calculate the positive diaminobenzidine tetrahydrocloride-
stained pixels area [66,67].

4.6. Statistical Analysis

Results were expressed as the mean ± standard deviation. Data distribution and
statistical significance of differences among the experimental groups were analyzed using
a one-way analysis of variance (ANOVA one-way test corrected Bonferroni test), with the
significance set up at p ≤ 0.05. The data distribution was symmetrical.
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Abstract: Recently, the four 5,5′-diphenylhydantoin Schiff bases, possessing different aromatic
species (SB1-Ph, SB2-Ph, SB3-Ph and SB4-Ph) were synthesized, characterized, and evaluated for
anticonvulsant activity in combination with phenytoin. In the present study, the SB1-Ph and SB4-
Ph compounds were selected, based on their anticonvulsant potency, and compared with their cis
isomers, prepared after a one-hour exposure to the UV source, for their anticonvulsant potency in the
maximal electroshock (MES) test and the kainate (KA)-induced status epilepticus (SE) test in mice. In
the MES test, the cis SB1-Ph compound exhibited superior to phenytoin and trans isomer activity in
the three tested doses, while the cis SB4-Ph compound entirely suppressed the electroshock-induced
seizure spread at the highest dose of 40 mg/kg. Pretreatment with the cis SB1-Ph compound and
the cis SB4-Ph at the doses of 40 mg/kg, respectively, for seven days, significantly attenuated the
severity of KA SE compared to the matched control group pretreated with a vehicle, while phenytoin
was ineffective in this test. The cis SB4-Ph but not the cis SB1-Ph demonstrated an antioxidant
effect against the KA-induced SE in the hippocampus. Our results suggest that trans–cis conversion
of 5,5′-diphenylhydantoin Schiff bases has potential against seizure spread in the MES test and
mitigated the KA-induced SE. The antioxidant potency of cis SB4-Ph might be associated with its
efficacy in mitigating the SE.

Keywords: 5,5′-diphenylhydantoin Schiff bases; trans–cis; MES; KA SE; mice

1. Introduction

Epilepsy is a chronic neurological disorder that affects approximately 1% of people
worldwide [1]. Spontaneous recurrent seizures represent the main symptom of this disease.
Pharmacotherapy with anticonvulsants is the method of choice for epileptic patients.
Although there is extensive funding for developing antiepileptic drugs (ASMs), about 30%
of patients are resistant to treatment [2]. The first generations of ASMs were characterized by
severe side effects, whereas new-generation ASMs have an advantage with good tolerability
and low capacity for drug interaction [3].

The first-line ASM phenytoin effectively blocks partial and tonic-clonic seizures [4].
However, this ASM has low solubility and side effects during treatments. Heterocyclic sys-
tems and their Schiff bases are an essential class of compounds that have piqued the interest
of researchers due to their varied range of biological functions, including anti-inflammatory,
anticonvulsant, analgesic, antimicrobial, anticancer, antioxidant, anthelmintic, and antide-
pressant activities [5–7]. Schiff bases, a universal pharmacophore, are studied in screening
investigations [8]. These compounds have an imine or azomethine (-C=N-) functional
group. They are condensation products of primary amines with carbonyl compounds,
which are gaining importance in medicine and pharmacy due to their ease of synthesis and
isolation. A heterocyclic system, such as phenytoin, combined with an azomethine func-
tional group would have a synergistic effect and increase biological activity. Schiff bases
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tend to isomerize due to the imine group (-C=N-) giving two stereoisomers cis and trans (E
and Z) isomers, and the formation of these stereoisomers can be controlled kinetically or
thermodynamically. These compounds have the potential to be photosensitive, undergoing
rapid reverse photoisomerization from the more stable trans isomer to the less stable cis
isomer. They can employ this characteristic to control, functionalize, and alter numerous
biological functions. As a result, as the Schiff bases’ molecular arrangement changes, the
compounds’ bioactivity also changes [9].

Recently, the four 5,5′-diphenylhydantoin Schiff bases, containing aromatic species
(SB1-Ph, SB2-Ph, SB3-Ph and SB4-Ph), were synthesized and their structure–property
characterization was carried out by X-ray, optical, and electrochemical methods [10]. Fur-
thermore, the four 3-amino-phenytoin Schiff base derivatives were explored alone and in
combination with phenytoin against maximal electroshock (MES)-induced seizure spread
in mice [11]. Taking into consideration the potential anticonvulsant properties of 3-amino-
phenytoin Schiff base derivatives, in the present study, we aimed to compare the anticon-
vulsant activity of trans and cis 5,5′-diphenylhydantoin Schiff bases SB1-Ph and SB4-Ph
against the MES-induced seizure spread. Furthermore, the potency to mitigate status
epilepticus (SE) induced by kainic acid (KA) and oxidative stress in the hippocampus was
evaluated after sub-chronic pretreatment with the more potent cis isomers of Schiff bases at
the dose of 40 mg/kg, that was effective against tonic-clonic seizures in the MES test.

2. Results
2.1. Grip Strength and Rotarod

No significant effect on the neuromuscular tone, measured in the grip strength appa-
ratus was detected for both the trans- and the cis-forms of the two Schiff bases (SB1-Ph and
SB4-Ph), administered at doses of 10, 20 or 40 mg/kg [One-way ANOVA: F(2,23) = 0.543; p
= 0.621—trans SB1-Ph; F(2,23) = 0.893; p = 0.462—cis SB1-Ph; F(2,23) = 1.641; p = 0.092—
trans SB4-Ph F(2,23) = 1.307; p = 0.312—cis SB4-Ph] (Table 1). In addition, the tested Schiff
bases in trans- and cis-form, respectively, did not affect the motor coordination of mice,
when tested in the three doses mentioned above, suggesting a lack of myorelaxant activity.

Table 1. Effects of trans and cis 5,5′-diphenylhydantoin Schiff bases—SB1-Ph and SB4-Ph on neuro-
muscular tone in the grip strength test and motor coordination in the rotarod test in mice.

Group/Treatment Dose (mg/kg). i.p. Neuromuscular Strength (N) Rotarod Test N/F

Control (saline) 0 2.08 ± 0.48 0/8

trans SB2-Ph

10 1.56 ± 0.28 1/6

20 1.62 ± 0.39 2/6

40 1.74 ± 0.29 2/6

cis SB2-Ph

10 2.17 ± 0.36 1/6

20 1.41 ± 0.21 1/6

40 1.84 ± 0.36 1/6

trans SB4-Ph

10 2.0 ± 0.41 0/6

20 1.94 ± 0.4 1/6

40 1.93 ± 0.32 3/6

cis SB4-Ph

10 2.52 ± 0.14 1/6

20 1.75 ± 0.35 1/6

40 2.01 ± 0.13 1/6
Data are presented as mean muscle strength (in Newtons ± S.D. of 3 determinations) in mice subjected to the grip
strength test. The Schiff bases were injected i.p. 0.5 h before the tests at different doses (10, 20 and 40 mg/kg) as
shown above. One-way ANOVA was used for the grip strength test and Fisher’s exact test for statistical analysis
of the rotarod test.
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2.2. Maximal Electroshock Test

In the MES test, the cis-form of SB1-Ph but not the trans isomer showed protec-
tion against the MES-induced hindlimb tonic phase at the three tested doses (10, 20 and
40 mg/kg) (Fisher exact test: p = 0.003 compared to the control group) (Figure 1). This effect
was comparable to that of the positive control phenytoin (p = 0.015 compared to control
group). Similarly, the cis- but not the trans-form of SB4-Ph compound exhibited potency
to suppress the MES-induced seizure spread (Fisher exact test: p = 0.003 SB4-Ph, 10 and
20 mg/kg compared to the control group). Notably, the cis isomer of SB4-Ph demonstrated
100% protection against tonic seizures at the highest dose of 40 mg/kg (p < 0.001, 40 mg/kg
compared to the control group). No mortality of the cis-forms was observed except for
SB4-Ph at a dose of 20 mg/kg with 16% mortality rate compared to the controls with 87%
and 33% mortality rate for most of the trans isomers.
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Figure 1. Effect of vehicle (C), phenytoin (Ph) (20 mg/kg), trans(t)-form SB1-Ph (10, 20 and 40
mg/kg), cis(c)-form SB1-Ph (10, 20 and 40 mg/kg), trans(t)-form SB4-Ph (10, 20 and 40 mg/kg),
cis(c)-form SB4-Ph (10, 20, and 40 mg/kg) on seizure activity (tonic-clonic seizures, TCS, and clonic
seizures) in mice, injected intraperitoneally (i.p.) 30 min before MES test. n = 6–8/group. p = 0.015
phenytoin compared to the control group; * p = 0.003 cis-form SB1-Ph (10, 20, 40 mg/kg) and SB4-Ph
(10 and 20 mg/kg) compared to the controls; *** p < 0.001 SB4-Ph (40 mg/kg) compared to the
controls.

2.3. Kainate-Induced Status Epilepticus

The mice from all groups were pretreated with the positive control phenytoin (Ph
group, 20 mg/kg), cis-forms of SB1-Ph and SB4-Ph, respectively (40 mg/kg), i.p. for seven
days to assess the efficacy of cis isomers of novel phenytoin-related Schiff bases to mitigate
seizure intensity during the KA-induced SE as well as its consequences on oxidative stress
in the hippocampus. The matched control group was pretreated with a vehicle for a week
in the same manner before the KA test. One hour (Ph group) or thirty minutes after the
last injection the convulsant KA was i.p. applied at a dose of 30 mg/kg. The intensity of
seizures was scored each hour up to 200 min. During the first 20 min of observation, the KA
injection induced mild seizure behavior consisting mainly of facial automatisms and head
nodding. Furthermore, at about 40th minutes, the seizure intensity progressed to forelimb
clonus and rearing with occasional loss of posture (score 3–4). That behavioral reaction was
sustainable until 140 min and faded out gradually till 200 min of observation in the control
group (Figure 2A). No significant difference in each time interval as well as total seizure
intensity was detected between the Ph group and the veh group (Figure 2A,B). Significantly
lower seizure scores were demonstrated in the cis-form of the SB1-Ph compound in the
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80th (p < 0.05), 120th (p < 0.001), 140th (p < 0.001) and 160th min (p < 0.001), respectively,
compared to veh group (Figure 2A). The cis-form of SB4-Ph compound alleviated SE at the
140th (p < 0.001) and 160th minute (p < 0.01), respectively, compared to the veh group.
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Figure 2. Effect of vehicle (C-veh), kainate (KA) + veh, phenytoin (KA + Ph) (20 mg/kg), cis-form
SB1-Ph (40 mg/kg) and cis-form SB4-Ph (40 mg/kg) on seizure activity detected for 200 min (A)
and total seizure intensity (only for KA-treated groups) (B) in mice, pretreated i.p. for 7 days with
vehicle, phenytoin (20 mg/kg), cis-form of SB1-Ph (40 mg/kg), and cis-form of SB4-Ph (40 mg/kg),
before the KA injection (30 mg/kg, i.p.). n = 8/group. * p < 0.05, ** p < 0.01, *** p < 0.001 compared to
KA + veh group.

2.4. Effects of Cis Isomers of SB1-Ph and SB4-Ph Derivates on the KA-Induced Oxidative Stress

The antioxidant capacity of the two cis isomers of SB1-Ph and SB4-Ph was assessed
by measurement of the level of total glutathione (GSH) and lipid peroxidation in the
hippocampus after the KA-induced SE in mice. A significant decrease in the total GSH
was detected in the KA-veh group compared to the controls (p < 0.001) (Figure 3A). The
cis isomer of SB4-Ph significantly elevated the level of endogenous antioxidant in the
homogenate (p < 0.001 compared to the KA + veh group). The antioxidant activity of this
derivate was comparable to the effect of phenytoin (p < 0.001 compared to the KA-veh
group), while the cis isomer of SB1-Ph was ineffective (p > 0.05).
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Furthermore, the KA + veh group showed elevated malondialdehyde (MDA) level
in the hippocampus (p < 0.001 compared to C-veh group) suggesting an enhanced lipid
peroxidation as a result of SE (Figure 3B). Neither the phenytoin nor the two cis isomers

57



Int. J. Mol. Sci. 2023, 24, 16071

of the new Schiff bases succeeded to suppress the KA-induced lipid peroxidation in the
hippocampus though the two phenytoin analogs partly mitigated this process (p < 0.01
compared to KA + veh group).

3. Discussion

Our findings revealed that the trans/cis conversion of 5,5′-diphenylhydantoin Schiff
bases has protective activity against seizure spread in the MES test and mitigated the
KA-induced SE. The antioxidant potency of cis SB4-Ph might be associated with its efficacy
in reducing the severity of SE.

Two new 3-amino-5,5′-diphenylhydantoin Schiff Bases (SB1-Ph and SB4-Ph) were syn-
thesized as described in detail in [10]. The compounds SB1-Ph, and SB4-Ph were synthesized
by a condensation reaction in absolute methanol between 3-amino-5,5′-diphenylimidazolidine-
2,4-dione (1) and the corresponding aromatic aldehyde: thiophene-2-carbaldehyde (2) or
pyridine-2-carbaldehyde (3) in a 1:1 molar ratio in the presence of catalytic quantities of
glacial acetic acid (Scheme 1). Heterocycles thienyl, respectively pyridyl moiety in the
SB1-Ph and SB4-Ph give the electron-donating properties of the molecules.
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Recently [10] have been studying ground state DFT calculations as trans-isomers (SB1-
Ph and SB4-Ph), supported by X-ray investigation, which has revealed a near planar shape
around the -CH=N- bond. The cis-isomers are distinguished by their twisting shape and
the creation of a weak noncovalent interaction. Azomethine aromatic compounds that can
make weak noncovalent interactions with hydantoin rings in polar solvents play a critical
function. Therefore, it was important to study and compare the anticonvulsant activity of
both isomers trans- and cis- and to show that the stereoisomeric and conformation states of
the molecules play an important role and possess different activity.

We found that compared to the trans isomers, the cis isomers of the two phenytoin
Schiff Bases SB1-Ph and SB4-Ph exerted higher potency to suppress seizure spread in the
MES test, which is consistent with earlier bioactivity investigations [11–14]. Furthermore,
unlike phenytoin, the sub-chronic pretreatment with the two cis isomers of these Schiff
Bases mitigated the severity of the KA-induced SE in mice. The detected potency of the
cis-form of the SB4-Ph analog to elevate the total level of GSH and partly to reduce the
lipid peroxidation in the hippocampus, suggest that the potency of this drug to minimize
seizure severity during SE is closely related to its antioxidant activity in the hippocampus.
However, the seizure-suppressing effect of SB1-Ph analog during SE was not accompanied

58



Int. J. Mol. Sci. 2023, 24, 16071

by mitigation of oxidative stress, suggesting a difference from the SB1-Ph mechanism of its
anticonvulsant effect.

Azomethine aromatic compounds SB1-Ph and SB4-Ph have a donor thiophene/pyridine
ring that can give favorable lipophylic interactions with the corresponding receptors. SB1-
Ph contains the large S atom’s sterical hindrance in the molecule’s variable ring part, as
opposed to SB4-Ph which contains an N atom. The enhanced biological activity of the
cis-form in comparison to the trans-form, on the other hand, may also be due to the better
conformational states and matches with the target receptors. We hypothesize that the un-
derlying mechanism of the anticonvulsant activity of the two 5,5′-diphenylhydantoin Schiff
bases, which are structurally similar to phenytoin, is different [11]. The two heterocyclic
substituents, in particular, can be the molecule’s key pharmacophore.

4. Materials and Methods
4.1. Chemicals and Instrumentation

Each one of the chemicals and solvents was analytical or HPLC quality, bought from
Fluka or Merck, and utilized unpurified. The 3-amino-phenytoin Schiff base derivatives:
5,5-diphenyl-3-((thiophen-2-ylmethylene)amino)-imidazolidine-2,4-dione (SB1-Ph), and
5,5-diphenyl-3-((pyridin-2-ylmethylene)amino)imidazolidine-2,4-dione (SB4-Ph) have been
prepared by our recently described procedure [10]. The physicochemical and analytical data
of the compounds were identical to those previously described. The trans/cis isomerization
upon long wavelength UV light at 365 nm and cis/trans relaxation at room temperature is
demonstrated in Figure 4.
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4.2. Experimental Rodents

Male albino ICR mice (23–26 g), delivered by the vivarium of the Institute of Neurobiology-
BAS, were left undisturbed for seven days before experimental procedures. The rodents
were kept in transparent cages (10 in groups), with standard pellets and tap water ad libitum
and in an artificial light–dark cycle regime (12:12; light on at 07:00 a.m.), To = 21 ± 1 ◦C and
humidity: 40 ± 5%). The experiments were conducted in the morning (10:00–11:00 p.m.).
All performed manipulations were consistent with the Declaration of Helsinki Guiding
Principles on Care and Use of Animals (DHEW Publication, NHI 80–23) and with EC Di-
rective 2010/63/EU for animal experiments. The experimental procedures were approved
by the Bulgarian Food Safety Agency (License No: 354/2023).

4.3. Experimental Design

A description of experimental groups and consequent procedural steps is described
Figure 5. In short, the mice were allocated to two main experimental protocols. In Ex-
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periment#1, sixteen groups were used as follows: C group (control group, injected with
a vehicle) (n = 16); Ph group (positive control, injected with phenytoin in 20 mg/kg)
(n = 12); three groups, injected with trans-form of SB1-Ph in doses of 10, 20 and 40 mg/kg,
respectively) (12 × 3); three groups, injected with cis-form of SB1-Ph in doses of 10, 20
and 40 mg/kg, respectively) (12 × 3); three groups, injected with trans-form of SB4-Ph in
doses of 10, 20 and 40 mg/kg, respectively) (12 × 3); three groups, injected with cis-form
of SB4-Ph in doses of 10, 20 and 40 mg/kg, respectively) (12 × 3). In Experiment#2, five
groups were used as follows: C-veh group (control group, treated with a vehicle for 7 days)
(n = 8); KA + Ph group (positive control, treated with phenytoin at a dose of 20 mg/kg for
7 days) (n = 8); KA + SB1-Ph groups (experimental group treated with cis-form of SB1-Ph at
a dose of 40 mg/kg) (8); KA + SB4-Ph groups (experimental group treated with cis-form of
SB4-Ph at a dose of 40 mg/kg) (8).
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4.4. Drugs and Treatment

The 3-amino-phenytoin Schiff bases: (E)-5,5-diphenyl-3-((thiophen-2-ylmethylene)amino)-
imidazolidine-2,4-dione (SB1-Ph) and (E)-5,5-diphenyl-3-((pyridin-2-ylmethylene)amino)
imidazolidine-2,4-dione (SB4-Ph) have been prepared as described in our previous study [10].
Their cis isomers were freshly prepared before each experiment after UV irradiation expo-
sure at λ = 365 nm to the probe trans isomers for 60 min. The compounds and the positive
control phenytoin were dissolved in 1% DMSO before each test. Phenytoin was applied
intraperitoneally (i.p.) an hour before the grip strength, rotarod, and MES at 30 mg/kg. The
two Schiff bases were administered in three doses of 10, 20 and 40 mg/kg 0.5 h before the
grip strength, rotarod and MES. The effective dose against tonic-clonic seizures of 40 mg/kg
was applied in a sub-chronic regime of 7 days before KA (30 mg/kg., i.p.)-induced SE. The
convulsant was administered 0.5 h after the last drug/vehicle injection.

4.5. Rotarod Test

The motor coordination was assessed as previously described [12]. The inability to
keep position on a rotating rod (3.2 cm in diameter, at a speed of 10 rpm) for at least of one
minute out of three trials was accepted as a criterion for neurotoxicity (>half of mice per
group with lost balance).
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4.6. Muscle Strength

The grip strength device, attached to the dynamometer (BIOSEB, Chaville, France),
was used to determine the muscle strength of each mouse. The animal was pulled backward
by the tail after a tough grasp of the steel wire grid (8 cm × 8 cm) via forepaws. The
average grasping force, expressed in N (newtons) ± S.E.M., of three trials was assessed for
every animal.

4.7. Anticonvulsant Activity
4.7.1. Maximal Electroshock (MES) Test

Corneal electroshock (50 mA, 60 Hz, 0.2 s) via electrodes (Constant Current Shock
Generator) was applied to mice in the control group (C), phenytoin group (Ph), three
SB1-Ph-treated with trans isomer groups as follows: injected with 10 mg/kg (SB1-Ph
10), (SB1-Ph 20) and (SB1-Ph 40), three SB1-Ph-treated with cis isomer groups as follows:
injected with 10 mg/kg (SB1-Ph 10), (SB1-Ph 20) and (SB1-Ph 40), three SB4-Ph-treated
with trans isomer groups as follows: injected with 10 mg/kg (SB4-Ph 10), (SB4-Ph 20)
and (SB4-Ph 40) and three SB4-Ph-treated with cis isomer groups as follows: injected with
10 mg/kg (SB4-Ph 10), (SB4-Ph 20) and (SB4-Ph 40), respectively. Each group consisted
of 6–7 mice. The controls exhibited tonic-clonic seizures with 100% of the hind limb tonic
extensor component. The lack of an extensor component (forelimb tonic or only clonic
seizures) was accepted as an anticonvulsant activity of the treatment.

4.7.2. Kainate-Induced Status Epilepticus

The mice were assigned in groups of 8 mice. On the day of the 7th i.p. injection of
the drug/vehicle, each animal was i.p. administered by 30 m/kg KA (FOT, Bulgaria). The
convulsant was dissolved in saline (10 mL/kg of body weight). The observation of seizure
onset and its intensity was scored according to the scale [15] as follows: stage 1 (facial
clonus), stage 2 (nodding), stage 3 (forelimb clonus), stage 4 (forelimb clonus with rearing),
and stage 5 (rearing and lost posture). The SE was characterized by continuous clonic
seizures of stage 4 or 5. The seizures of the highest score detected during every 20 min up
to 200 min were evaluated. Immediately after a 3 h period of observation, the mice were
decapitated, brains were dissected rapidly on ice and the two hippocampi were isolated,
quickly frozen in liquid nitrogen and stored at −20 ◦C until ELISA analysis.

4.8. Measurement of Glutathione (GSH) and Malondialdehyde (MDA) in the Hippocampus

The isolated hippocampi were kept on ice, weighed, and preserved at 20 ◦C until
homogenization in cold PBS buffer (pH 7.4) containing 1 mM EGTA, 50 mM NaF, 1 mM
270 EDTA and 1 mM PMSF. After centrifugation of the tissue homogenate at 5000× g, 4 ◦C
for 271 10 min, GSH and MDA were measured in duplicates using an ELISA kit (Elabscience
cat. 272 No E-EL-0060 and E-EL-0026) according to the manufacturer’s instructions. The
results (273) were expressed in µg/mg protein (GSH) and ng/mg protein (MDA).

4.9. Data Analysis

The data are expressed as means ± SEM. The results from the MES test and rotarod
test 315 were analyzed by Fisher’s exact test. Data from the grip strength test, KA test and
bio-316 chemistry were assessed by the one-way analysis of variance (ANOVA) followed
by the 317 post hoc Bonferroni’s test. p < 0.05 was considered statistically significant.

5. Conclusions

In conclusion, the cis isomers of 3-amino-5,5′-diphenylhydantoin Schiff Bases (SB1-Ph
and SB4-Ph) exhibited higher potency than their trans-forms to suppress seizure spread
and tonic seizures in mice. The anticonvulsant activity of the cis isomer SB4-Ph against
the neurotoxin KA might be associated with the antioxidant potency in the hippocampus
during SE.
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Abstract: Bronchopulmonary dysplasia (BPD) is the most common lung complication of prematurity.
Despite extensive research, our understanding of its pathophysiology remains limited, as reflected
by the stable prevalence of BPD. Prematurity is the primary risk factor for BPD, with oxidative
stress (OS) and inflammation playing significant roles and being closely linked to premature birth.
Understanding the interplay and temporal relationship between OS and inflammation is crucial
for developing new treatments for BPD. Animal studies suggest that OS and inflammation can
exacerbate each other. Clinical trials focusing solely on antioxidants or anti-inflammatory therapies
have been unsuccessful. In contrast, vitamin A and caffeine, with antioxidant and anti-inflammatory
properties, have shown some efficacy, reducing BPD by about 10%. However, more than one-third of
very preterm infants still suffer from BPD. New therapeutic agents are needed. A novel tripeptide,
N-acetyl-lysyltyrosylcysteine amide (KYC), is a reversible myeloperoxidase inhibitor and a systems
pharmacology agent. It reduces BPD severity by inhibiting MPO, enhancing antioxidative proteins,
and alleviating endoplasmic reticulum stress and cellular senescence in a hyperoxia rat model. KYC
represents a promising new approach to BPD treatment.

Keywords: bronchopulmonary dysplasia; oxidative stress; inflammation; endoplasmic reticulum
stress; senescence; antioxidant; anti-inflammatory; temporal relationship; therapeutic intervention

1. Introduction

Bronchopulmonary dysplasia (BPD) is the most common lung complication in pre-
mature infants [1,2], affecting 50–70% of those born before 28 weeks of gestation [3]. The
diagnostic criteria for BPD continue to evolve. The diagnosis of BPD is based on clinical
metrics such as the need for oxygen at twenty-eight days of age postnatal and radiographic
lung abnormalities [4] or, more often, oxygen requirement beyond the postconceptional
age of 36 weeks [5]. Roughly one-fourth to one-third of BPD infants develop pulmonary
hypertension [6,7], which is associated with 16% mortality before hospital discharge or 48%
mortality within two years of the diagnosis [8]. BPD survivors frequently suffer from recur-
rent respiratory infections [9], growth delays [10], and reactive airway disease or trouble
exercising that can persist into adulthood. The impaired lung growth trajectory in BPD
survivors also results in their susceptibility to early-onset chronic obstructive pulmonary
disease [11,12].

It has been estimated that more than 15,000 new BPD patients are diagnosed each year
in the United States alone [13,14]. Notably, the annual number of newly diagnosed prema-
ture BPD neonates in the United States has been unchanged for a considerable period [15].
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This intractable situation continues despite various new interventions, including gentle
ventilation, judicious oxygen therapy [16], aggressive nutritional support [17], intramus-
cular vitamin A treatment [18], and early caffeine use [19]. This stagnation underscores
the urgent need for further research and more effective interventions. Systemic corticos-
teroid treatment was once commonly prescribed by clinicians to prevent BPD because of
its potent anti-inflammatory properties. After realizing that early systemic corticosteroid
treatment, especially within the first week of life, is associated with a significant increase in
neurodevelopmental deficit [20], its use has been limited to those with established BPD or
after one week of life [21]. Stem cell treatment has been considered a promising treatment
for BPD. The benefits of stem cell therapy are derived from its anti-inflammatory and
antioxidant activity [22]. Clinical studies have shown that premature neonates tolerate
stem cell therapy well, but its benefits for BPD remain to be revealed [22]. Still, concerns
regarding possible vascular occlusion, potential tumorigenicity, difficulty obtaining the
appropriate number of cells, and maintaining the quality are waiting to be resolved [23]. A
meager eight clinical trials investigating therapeutic or supplemental intervention for BPD
are listed on Clinicaltrials.gov.

This lack of effective therapies and ongoing clinical trials is because BPD is a complex,
multifactorial, and poorly understood disease. A thorough understanding of the patho-
physiology and mechanisms of onset and progression, including temporal considerations
leading to BPD, is required to provide effective BPD treatments. It should be noted that
prematurity and low birth weight are the most critical risk factors for BPD and their associ-
ation with respiratory distress syndrome (RDS) [1]. Premature rupture of the membranes
(PROM), preterm labor, intrauterine growth restriction (IUGR), and maternal hypertension
are common causes that lead to premature delivery. Regardless of the cause of preterm
delivery, oxidative stress has been reported to be a critical factor in human BPD onset and
progression [24].

Similarly, inflammation has been detected in human premature births. Histological
evidence of chorioamnionitis is commonly seen in the premature placenta and 94% of
peri-viable (21–24 weeks of gestation) placentae [25]. Chorioamnionitis increases OS in
the sheep model of premature birth [26]. These observations suggest premature neonates
have been exposed to an intrauterine environment with OS and inflammation way before
their birth. These observations suggest a more thorough understanding of the complex
relationship between OS and inflammation in BPD is needed.

Premature human neonates born before the alveolar stage do not produce enough
surfactant to keep their lungs open, leading to RDS [27]. Supplemental oxygen, positive
pressure respiratory support, and exogenous surfactants are usually required for tissue
oxygenation. The primary postnatal risk factors of BPD include exposure to elevated levels
of OS from mechanical ventilation [28], supplemental oxygen [29], and inflammation [30].
Premature lungs with immature antioxidative systems face an abrupt oxidative stress (OS)
challenge beyond their coping capacity at birth. OS activates alveolar macrophages to
recruit neutrophils from the circulation as a form of sterile inflammation [31]. Inflamma-
tory cytokines and chemokines released from the inflammatory cells damage lung cells,
inhibit angiogenesis and alveologenesis, and encourage tissue fibrosis resulting in BPD.
Many other contributors to BPD in premature human neonates, such as hemodynamically
significant patent ductus arteriosus, necrotizing enterocolitis, and nosocomial infection [32],
make studying the BPD mechanism in human neonates extremely difficult.

Over the past five decades, research has resulted in a few treatments that reduce BPD.
Preventing a premature birth is undoubtedly the most ideal way, which, unfortunately, is
unsuccessful [33]. Antenatal corticosteroids given to mothers at risk of preterm delivery
can reduce the risk of RDS, but their effects on decreasing BPD remain equivocal. Postnatal
systemic corticosteroids were once commonly used by clinicians believing the incidence of
BPD could be reduced. Unfortunately, the strong association between its use and severe
neurologic deficit [34] led the American Academy of Pediatrics to caution against its routine
use [35]. Intramuscular vitamin A injection has been shown to reduce BPD [18], but the
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route of administration has led to limited acceptance by most practices. An attempt to
use enteral vitamin A administration, however, failed to show any decrease in moderate
to severe BPD [36]. Early caffeine treatment is the most promising strategy, significantly
reducing BPD [19] and yielding better long-term neurological outcomes. We must, however,
remember that the reduction in BPD was found in the secondary analysis of that study.
Early administration of surfactant, permissive hypercarbia or gentle ventilation, early
application of continuous positive airway pressure, and aggressive nutritional intervention
are other clinical measures that have been widely implemented to decrease BPD without
solid clinical evidence.

In this review, we evaluate the interaction between OS and inflammation during
the development of BPD. Initial literature considerations suggest that OS is the primary
process in the onset of BPD, but we argue here that this is possibly an overly simplistic
interpretation. Understanding the temporal interplay between OS and inflammation is
crucial due to this relationship’s complex and poorly understood nature in BPD [37].
Determining whether OS or inflammation alone, independent parallel contributions, or
synergistic coupled contributions, especially considering intrauterine factors, remains a
significant challenge. This knowledge gap hinders the development of effective therapeutic
strategies for BPD. The failure of antioxidant and anti-inflammatory treatments in clinical
settings underscores the need for a deeper investigation into their temporal dynamics.
Unraveling this relationship could reveal better insights for intervention and potentially
lead to more targeted and successful therapies. Thus, comprehending the timing and
interaction of OS and inflammation is essential for advancing our understanding of BPD
pathophysiology and improving patient outcomes [32]. We suggest that pharmacologic
drug candidates with both antioxidant and anti-inflammatory properties appear to afford
more promising efficacious treatments for BPD.

2. Literature Search
2.1. Eligibility Criteria

We first submitted the outlines to the editorial office and then prepared this review
according to the approval outlines. Three authors (M.T., T-J.W., and X.J.) searched PubMed
using keywords including premature birth, mechanism, oxidative stress, inflammation,
infection, bronchopulmonary dysplasia, or their combination to identify related reports.
Both human and animal studies were included. We prioritized our selection criteria to
review articles published in journals with high-impact factors. Only articles published in
English were eligible for consideration.

2.2. Inclusion Criteria

Two authors (B.W. and K.A.P.J.) first screened the curated articles based on their
expertise and article titles. The senior authors (S.N. and R-J.T.) determined which articles
should be included after discussion. For treatment effects, only randomized controlled trials
were chosen for review. We included human observational studies, human randomized
control trials, and animal models for experimental treatments that were important in
explaining the crucial mechanisms.

2.3. Exclusion Criteria

We excluded articles that were not written in English.

3. Relationship between OS and Inflammation in General Pathologies

OS and inflammation are closely intertwined biological processes that often co-exist and
can mutually exacerbate each other (Figure 1). However, the temporal relationship of these
events can vary depending on the specific disease state and underlying causal mechanism
of disease onset. Several signaling pathways have also been reported in the literature that
link OS and inflammation together, including Nrf2, Ets-1, Sirt1/p66Shc, Sirt1/PPAR/PGC-
1α, nitric oxide synthases, NADPH oxidases (NOX), Fe2+, NLRP3/caspase-1/GSDMD,
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HMGB1/TLR4/MAPKs/NF-κB, and mTOR/TFEB/NF-κB. This review will focus only on
the most commonly discussed ones. As this review is mainly about BPD, a more detailed
discussion of mechanisms will be presented in Section 4 (Relationship Between OS and
Inflammation in BPD).

Figure 1. The interaction between oxidative stress (OS) and inflammation in general pathologies.
Infection and autoimmune diseases are the most common prototypes that activate macrophages
and neutrophils. The reactive oxygen species (ROS) generated by myeloperoxidase (MPO), NADPH
oxidase, and uncoupled electron transport chain represent inflammation preceding OS. Metabolic
disorders (diabetes mellitus and hyperlipidemia) or neurodegenerative diseases (Parkinson’s disease
and Alzheimer’s disease) have mitochondrial dysfunction with increased OS, which then results
in secondary inflammation. However, OS and inflammation frequently form a vicious cycle and
reciprocally elicit each other. →: from upstream to downstream; +: positive effect.

3.1. Inflammation Preceding OS

Infection and autoimmune diseases are two typical conditions in this category. During
infection, inflammatory cells (neutrophils and macrophages) infiltrate the site to com-
bat pathogens. The inflammatory cells produce reactive oxygen species (ROS) as part of
the defense mechanism, leading to OS. The most representative example is viral respi-
ratory infections [38]. The ROS generated by inflammatory cells includes hypochlorous
acid (HOCl) from myeloperoxidase (MPO), superoxide (O2

−) from NOX, xanthine oxi-
dase/dehydrogenase, uncoupled mitochondrial electron transport chains, and uncoupled
endothelial nitric oxidase synthase. Superoxide is the primary, most abundant, but not a
potent ROS, as it is relatively unreactive with most cell components. Superoxide is con-
verted to other, more potent ROS through several reactions. The presence of free iron (Fe2+)
converts superoxide to hydroxyl radical (OH•) through the Fenton reaction. Hydroxyl
radical is a highly reactive ROS that quickly penetrates the mitochondrion membrane, per-
oxidizes lipids, damages DNA/RNA, and kills cells. The three superoxide dismutases (Cu,
Zn-SOD, Mn-SOD, extracellular SOD) dismutate superoxide to hydrogen peroxide (H2O2).
H2O2 is a permeable, non-radical ROS that reacts spontaneously with nitrogen or oxygen
nucleophiles and π-bonds to damage biomolecules. Another source of hydrogen peroxide
generation is monoamine oxidase, mainly found in the central nervous system. Nitric oxide
(NO) generated by nitric oxide synthases reacts with superoxide at a diffusion-limited rate
(6.7 ± 0.9 × 109/mol−1/s−1), which is six times faster than the removal of superoxide by
the Cu, Zn-SOD, to form peroxynitrite (ONOO−). HOCl and ONOO− are potent ROS and
reactive nitrogen species (RNS) that react with almost all biomolecules. Tyrosine-containing
proteins frequently react with hypochlorous acid and peroxynitrite, yielding chlorotyrosine
and nitrotyrosine as stable and characteristic footprints [39].

In autoimmune diseases, chronic inflammation is driven by an overactive immune
response, leading to increased ROS production and, hence, OS [40]. The process is more
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complex than infections, as basal ROS is critical in maintaining the homeostasis of the
adaptive immune response, and antioxidant treatments have been shown to increase the
mortality rate paradoxically in humans. Initially, it was believed that TNFα released from
chronically activated macrophages leads to releasing an oxidoreductase that causes OS.
Recent studies suggested ROS may also serve as signaling molecules in many immune cell
relationships and functions that prevent the progression of chronic inflammation [41]. This
complex relationship between inflammation and OS might explain the antioxidant paradox
in humans.

3.2. OS Preceding Inflammation

Metabolic disorders [42] and neurodegenerative diseases [43] are two typical con-
ditions in this category. In diabetes and obesity [44], high glucose and fatty acid lev-
els lead to mitochondrial dysfunction with increased ROS production [45]. The ROS-
induced activation of transcription factors (NFκB, AP-1, MAP kinase/Mk2, JAK/STAT,
PI3K/AKT/mTOR, and HIF1α) upregulates proinflammatory genes (CAMs, MCP-1, TNFα,
IL-1, and TGFβ). It triggers the downstream inflammatory cascades in animal studies [46].
Cells cope with OS through multiple pathways, including the unfolded protein response
(UPR) [47], autophagy [48], and cellular senescence [49] in an attempt to survive. The
UPR, due to excessive accumulation in the endoplasmic reticulum, can activate neutrophils
without infection (sterile inflammation) by upregulating cyclooxygenases and mitochon-
drial dysgenesis in hyperoxia-exposed rat pup lungs [50]. Autophagy, a mechanism that
degrades non-essential biomolecules to obtain raw materials for synthesizing essential
biomolecules, can promote and regulate inflammation [51]. Excessive autophagy promotes
neutrophil-mediated injury by destructing endothelial cell barriers to facilitate neutrophil
invasion, encouraging cytokine and ROS production, and inducing UPR. Senescent cells
can consistently release inflammatory cytokines by the senescence-associated secretory
phenotype (SASP), which perpetuates inflammatory responses until they are removed by
phagocytic cells [49].

There is an extensive interaction between UPR, autophagy, and cellular senescence [50].
When OS becomes unopposed or protracted, it can lead to cell death and release intra-
cellular molecules, including the high mobility group box-B1 (HMGB1). HMGB1 is a
non-histone nuclear protein stabilizing DNA when it stays in the nucleus. When HMGB1
leaks out from the nuclei to the extracellular compartment, it becomes the most potent
damage-associated molecular patterns (DMAP) or pathogen-associated molecular patterns
(PMAP) molecule (Table 1) that binds the pattern recognition receptors (PRR) (Table 2),
triggering more inflammatory reactions. HMGB1 is also seen in SASP [49]. The receptor
for advanced glycation end-products (RAGE), Toll-like receptors (TLRs), CXC chemokine
receptor type 4 (CXCR4), macrophage antigen-1, syndecan-3, T cell Ig mucin-3, and CD24-
Siglec-10 are the main PRRs for HMGB1 [52]. Once HMGB1 binds the PRR, a cascade of
signaling pathways is activated to augment (sterile) inflammation. In Alzheimer’s [53] and
Parkinson’s diseases [54], OS from mitochondrial dysfunction or accumulation of damaged
proteins (UPR) often occurs first, leading to chronic neuronal inflammation.

3.3. Reciprocal Influence between Inflammation and OS

In many diseases, inflammation and OS form a damaging, synergistic cycle [46].
For instance, in chronic inflammatory diseases, persistent ROS production causes tissue
damage and perpetuates the inflammatory state. Conversely, ongoing OS can perpetuate
inflammation mainly through modulating NFκB signaling [55], leading to the expression
of pro-inflammatory cytokines. The temporal relationship between inflammation and OS
depends on the nature of the disease and the developmental stage of the animal. One
example is neonatal lungs preferentially activate the NFκB pathway upon exposure to
hyperoxia compared to adult lungs [56]. These process-specific sequences and interplay
can provide insights into disease mechanisms and potential therapeutic targets for any
disease state where OS and inflammation are involved in causal onset and progression.
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Table 1. The damage-associated molecular patterns (DAMPs) molecules. The table is reproduced
from [52] under the CC 4.0 license.

Origin Subcellular Compartment Molecule

Intracellular Nuclear DNA
Histones
HMGB1
HMGN1
IL1a
IL33
RNA
SAP130

Cytosol Aβ

ATP
Cyclophilin A
F-actin
HSPs
S100s
Urate

Endoplasmic reticulum Calreticulin

Mitochondrion Formyl peptide
mROS
mtDNA
TFAM

Granule Defensins
Cathelicidin

Extracellular matrix Biglycan
Decorin
Fibronectin
Fibrinogen
Heparan sulfate
LMW hyaluronan
Tenascin C
Versican

Aβ: amyloid beta; F-actin: filamentous actin; HSP: heat shock protein; HMGB1: high mobility group box 1;
HMGN1: high mobility group nucleosome binding domain 1; LMW: low molecular weight; mROS: mitochondrial
reactive oxygen species; SAP130: spliceosome-associated protein 130; TFAM: mitochondrial transcription factor A.

Table 2. Pattern recognition receptors. The table is reproduced from [52] under the CC 4.0 license.

Family CDCs CLRs FPRs NLRs RLRs TLRs Scavenger
Receptor

Members
AIM2-like
receptor

DC-SIGN

FPR1–3

NOD1 LGP2

TLR1–9

CD36
DEC-2-5 NOD2 MDA5 CD44
Dectin-1 NLRPs RIG-1 CD68
Dectin-2 CD91
DNGR-1 CXCL16
Mincle RAGE
MMR
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Table 2. Cont.

Family CDCs CLRs FPRs NLRs RLRs TLRs Scavenger
Receptor

Ligands DNA

F-actin Formyl
peptide Aβ

RNA

Biglycan Calreticulin

SAP130 Cathelicidin Biglycan Decorin HMGB1
Histones DNA HSPs

LMW
hyaluronan Fibrinogen S100s

mtROS Glypicans Versican

Uric acid Heparan
sulfate

Histones
HMGB1

HSPs
LMW

hyaluronan
mtDNA

RNA
S100s

Syndecans
Tenascin C

Versican

AIM2: absent in melanoma 2; CDCs: cytosolic DNA sensor; CLR: C-type lectin receptor; FPR: formyl peptide
receptor; LGP2: laboratory of genetics and physiology 2; MDA5: melanoma differentiation-associated protein 5;
MMR: mismatch repair; NLR: NOD-like receptor; RIG-I: retinoic acid-inducible gene I.

4. Relationship between OS and Inflammation in BPD

Premature human neonates, especially those born as extremely premature before
28 weeks of gestation, are often subject to mechanical ventilation and supplemental oxygen
shortly after birth to maintain metabolic homeostasis. The treatment readily leads to
conditions favoring OS onset [50] and a mistaken belief that OS is the dominant factor
in BPD causality. However, the situation is somewhat more complicated, as outlined
here (Figure 2). Human observational studies demonstrate a strong association between
increased OS, inflammation, and premature births. Evidence from animal studies suggests
these intrauterine changes contribute to BPD development [57]. The underdeveloped
antioxidant system and RDS make premature neonates more susceptible to injury caused by
OS and infection. The postnatal OS from respiratory treatment and infection undoubtedly
aggravates the injury. Inflammation and OS are the most critical postnatal contributors
to BPD, and they inhibit vascular endothelial growth factor A signaling with impaired
angiogenesis and alveolar formation and, hence, the BPD phenotype [58].

4.1. Antenatal Temporal Phase and BPD

Compared to other complex disease conditions, BPD has several unique features,
including the probable involvement of antenatal conditions and events. Considering
this, the temporal phase is essential to understanding the role of inflammation and OS in
BPD onset and progression. In addition, this temporal phase is heavily influenced by the
balance between survival and morbidity, early postnatal fluid management, and nutritional
management. Lungs also differ from other organs by directly facing the highest oxygen
content and mechanical damage from ventilator support. The high expression of RAGE by
type I alveolar epithelial cells, a PRR that binds HMGB1 [59], may also explain why lungs
are frequently involved in systemic inflammatory response syndrome.
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Figure 2. The contributing role of OS and inflammation in developing bronchopulmonary dyspla-
sia (BPD). Increased OS and inflammation are seen antenatally for preterm birth. The surfactant
deficiency after preterm birth results in respiratory distress, and antioxidant deficiency leads to sensi-
tivity to OS-induced injury. Postnatal oxygen support, mechanical ventilation, and infection further
aggravate OS and inflammation in the premature lung that culminates into BPD. Nutritional depriva-
tion, which weakens the regenerative process, also contributes to BPD. DAMP: damage-associated
molecular pattern; IUGR: intrauterine growth restriction; PIH: pregnancy-induced hypertension
(pre-eclampsia, eclampsia, and chronic hypertension); PROM: premature rupture of the membranes;
ROS: reactive oxygen species. Solid blue arrow: direct relationship; Dashed blue arrow: distant
relationship; Broken blue arrow: positive reinforcement.

Approximately one-half of all premature births are considered to have no etiology
(idiopathic), which is considered by some researchers as genetically mediated [33]. Other
premature births can be the result of preterm labor, PROM, IUGR, or maternal hyper-
tensive disorders. Despite the etiology, ample evidence from human studies suggests
that inflammation and OS are highly associated with these antenatal causes of premature
delivery through measuring markers for inflammation or OS. The combination of OS and
inflammation can result in complex and damaging consequences.

4.1.1. Intrauterine Inflammation

An ample amount of evidence came from human studies. Peripheral neutrophilia [60]
and increased OS [61] in pregnant human women are common occurrences during the
third trimester. The intrauterine immune milieu is pro-inflammatory during the first
trimester and right before labor but anti-inflammatory between these two periods in
human studies [62]. The anti-inflammatory status allows the fetus to develop inside the
womb without being rejected by the maternal immune system. The pro-inflammatory
status during the first trimester is thought to assist implantation and placentation. The pro-
inflammatory status right before labor may help the labor process, protect pregnant women
against infections, and even facilitate postpartum recovery. The immune profiling of human
cord blood, however, showed inconsistent changes in pro-inflammatory mediators with
decreased levels of IL-1β, IL-6, IL-17A, IL-8, eotaxin, MIP-1α, and MIP-1β but increased
levels of IL-15 and MCP-1 in premature neonates as compared to term neonates. These
findings suggest a reduced capacity for pro-inflammatory immune responses in premature
infants in response to maternal inflammation [63].

Chorioamnionitis is an acute inflammation of the chorion and membranes of the
placenta [64]. We must remember that physiological parturition is an inflammatory process
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(sterile inflammation) [65] with neutrophil infiltration into the placenta and membranes [66].
This neutrophil infiltration into the maternal–fetal interface during parturition is exag-
gerated during human preterm birth [67]. The exact role of neutrophils in the onset of
labor remains an enigma, as their infiltration is not required for preterm birth in the mouse
model of infection-induced preterm labor [68,69]. Unfortunately, obtaining placenta tissue
for histology before delivery for studies is impossible, preventing us from studying the
temporal changes in human placentas.

Overall, 1–4% of all human births are complicated by chorioamnionitis [70]. The
prevalence varies by diagnostic criteria, risk factors, and gestational age. Around 40% of
spontaneous human premature births are considered to be infection-related with inflamma-
tory cell infiltration [71]. It results from ascending infection, often polymicrobial [72], and
can occur even with intact membranes. IUGR is a frequent cause of elective preterm deliv-
ery. Pregnant women with IUGR also have increased TNFα levels in their blood, indicating
an inflammatory status [73]. Sustained maternal inflammation is also known to cause IUGR
in sheep [74] and human fetuses [75] and sensitizes the neonate to inflammatory disorders,
including BPD [76].

Most obstetricians use clinical findings and laboratory tests to diagnose chorioam-
nionitis without pursuing microbiology or histology. The clinical findings include a fever
of at least 102.2 ◦F (39 ◦C), increased white blood cell count, uterine tenderness, abdominal
pain, foul-smelling vaginal discharge, fetal and maternal tachycardia, and purulent fluid
coming from the cervical os [77]. Occasionally, bacterial culture from amniotic fluid, vaginal
discharge, amniotic fluid, or urogenital discharge will be ordered to support the diagno-
sis. Although histological and clinical chorioamnionitis significantly increases the odds
of early onset (<72 h of birth) neonatal sepsis, less than 8% of neonates develop culture-
positive early onset neonatal septicemia. However, it is essential to point out that more
than 20% of neonates born to mothers with chorioamnionitis develop late-onset (≥72 h
of birth) or nosocomial neonatal sepsis, indicating maternal chorioamnionitis increases
the susceptibility to infections [78]. An extensive meta-analysis out of 158 human studies
(including a total of 244,096 premature infants) showed chorioamnionitis is associated with
an increased risk of BPD as defined by oxygen-dependence at 28 days (odds ratio 2.32) or
postconceptional age of 36 weeks (odds ratio 1.29). Interestingly, the association between
chorioamnionitis and BPD is not a consequence of RDS, as the odds of having RDS do not
increase with chorioamnionitis (odds ratio 1.1) [79]. In fact, in an animal study, perinatal
maternal antibiotic exposure augments the severity of BPD [80].

4.1.2. OS during Pregnancy

The levels of OS in pregnant women vary during their gestation and reach the high-
est level in the last trimester [61]. The increased OS may be necessary to stimulate cell
proliferation, assist the differentiation and invasion of trophoblasts, and promote placenta-
tion [81]. It is hypothesized that increased OS may be required to initiate labor-inducing
pathways [82]. Although the exact mechanism by which OS initiates labor remains unclear,
increased OS levels have been demonstrated in human preterm labor [24]. One piece of
evidence came from a study showing maternal blood levels of malondialdehyde (MDA)
were higher in those who delivered premature neonates than those who delivered at term.
The same study also showed that maternal blood MDA levels were positively correlated
with the corresponding cord blood levels at birth [83]. The evidence suggests that an
increased OS may promote premature cellular senescence, with senescence-associated
(sterile) inflammation and proteolysis predisposing to the PROM [84].

At birth, human premature neonates have higher levels of OS markers than their full-
term counterparts [85], such as plasma F2-isoprostane [86], total and hemoglobin-bound
MDA [87,88], erythrocyte membrane hydroperoxides [89], 8-hydroxy-2-deoxyguanosine (8-
OHdG) [90], and chelatable iron [86]. Some of these markers are negatively correlated with
gestational age [85]. Although there is no difference in maternal blood levels of protein
carbonyl between term and premature delivery, the cord blood levels are significantly
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higher in premature neonates than in term neonates [91]. These findings prove that
premature human neonates are born with higher endogenous OS. One common cause that
results in premature birth is IUGR, which accounts for over 40% of all induced preterm
births before 34 weeks of gestation [92]. It can be idiopathic or, more commonly, secondary
to maternal hypertension. Regardless of the etiology, they all result in placental insufficiency
with prenatal hypoxia and increased generation of ROS [93]. Irrespective of the etiology,
increased OS is consistently seen in premature human neonates.

4.2. Postnatal Temporal Phase and BPD

Neonates born prematurely, especially those born before 32 weeks postconceptional
age, frequently require respiratory support, including supplemental oxygen and mechanical
ventilation. Both relative hyperoxia from supplemental oxygen and mechanical injury from
the ventilator generate OS in the immature lungs. Invasive lines are commonly needed
to provide adequate fluid and nutritional support or blood work, offering an opportunity
for nosocomial infections. Supplemental oxygen, mechanical ventilation, and infection are
well-known risk factors for BPD [50]. Necrotizing enterocolitis has recently been identified
to increase the odds of BPD through increased inflammation [94].

4.2.1. Postnatally Increased OS

Preterm infants are susceptible to OS due to an imbalance between the oxidant and
antioxidant systems [95]. This imbalance results from insufficient antioxidant capacity due
to prematurity and increased OS due to respiratory treatment or infections.

• Decreased Antioxidant Capacity

Premature human neonates are born with a deficient antioxidant system, including
superoxide dismutase (SOD) [96] and catalase [97] activities in the blood, and SOD and cy-
tosolic glutathione peroxidase activities in red blood cells [89]. The levels of non-enzymatic
antioxidants are also decreased in premature neonates, such as vitamin E in blood [81] and
red blood cells [89], blood vitamin C [98], reduced glutathione in red blood cells [83], blood
transferrin [99], and decreased glutathione in tracheal aspirates [100]. These culminate in
lower antioxidant capacity and susceptibility to OS-induced injury in premature neonates.

• Supplemental oxygen

The uterus is a relatively hypoxic environment. This relative hypoxia is believed to
encourage stabilizing the hypoxia-inducible factors that encourage placentation and fetal
lung development [101]. The abrupt transition from an intrauterine oxygen tension of
40–50 torr to an ambient oxygen tension above 140 torr (21% O2, room air) is challeng-
ing for neonatal lungs. Clinicians face the dilemma of choosing between mortality and
morbidity when deciding the optimal oxygen concentration to support neonatal tissue
oxygenation. High fractional inspired oxygen (FiO2) for neonatal resuscitation is known to
be associated with increased OS damage in neonates, especially premature neonates [102].
In neonatal animal studies, both high oxygen concentration and mechanical ventilation
decrease hypoxia-inducible factors [99], AMP-activated protein kinase [103], mitochondrial
function [104], endothelial nitric oxidase synthase activity [105], matrix metalloproteinase-9
expression [106], and vascular endothelial growth factor abundance [107], which result in
arrested alveolarization.

• Mechanical ventilation

Although mechanical ventilation is often life-saving for premature neonates, neonatal
animal studies have shown that barotrauma and volutrauma from mechanical ventilation
can damage premature lungs and contribute to BPD development by causing OS, inflam-
mation, scarring, and tissue destruction [108,109]. Mechanical ventilation can also cause
the downregulation of the vascular endothelial growth factor and its receptor, along with
the upregulation of endoglin, which contributes to impaired angiogenesis and alveologe-

72



Int. J. Mol. Sci. 2024, 25, 10145

nesis [110]. The release of inflammatory mediators also contributes to impaired alveolar
formation [111].

• Infection

Macrophages and neutrophils activated by infections generate ROS and RNS through
NADPH-oxidase (NOX), inducible nitric oxide synthase (iNOS), and MPO. ONOO− from
inducible nitric oxide synthase [112] and HOCl, from MPO [113], are the two most potent
free radicals generated by myeloid cells in the lungs that contribute to the increased OS
(see detailed description in Section 3.1).

• Consequence of OS to neonatal lungs

Increased OS in human BPD lungs is evidenced by the increased levels of 8-OHdG, a
specific biomarker for OS-induced DNA damage, in histology [114]. Animal studies have
shown that hyperoxia-induced OS leads to endoplasmic reticulum stress, mitochondrial
dysfunction, activation of myeloid activity [115], sterile inflammation [116], autophagy,
apoptosis, and cellular senescence [114]. These sequential events form a self-perpetuated
destructive cycle, suppressing alveolar formation (Figure 3).

 

Figure 3. The BPD destructive cycle. The destructive cycle is constructed according to the results of
the rat BPD model. OS from hyperoxia or inflammation caused by lipopolysaccharide (LPS) causes
myeloid cell infiltration. Myeloperoxidase (MPO) released by macrophages and neutrophils will
generate hypochlorous acid (HOCl) from the surrounding chloride anion and H2O2 released by
activated myeloid cells. As one of the most potent free radicals, HOCl can kill or injure nearby
cells by releasing high mobility group box 1 (HMGB1), eliciting endoplasmic reticulum (ER) stress,
apoptosis, and cellular senescence. HMGB1 is the most potent DAMP, which binds to Toll-like
receptor 4 (TLR4) or the receptor for advanced glycation end product (RAGE). ER stress can generate
ROS to regain its ability to fold protein and glycosylate nascent proteins. ER stress will activate sterile
inflammation and promote cellular senescence. The senescence-associate secretory phenotype (SASP)
can lead to chronic inflammation by releasing pro-inflammatory cytokines (IL6, TNFα, HMGB1).
The hypermetabolic state of senescent cells and proliferation arrest of the stem/progenitor cells
contribute to impaired alveolar formation. These changes form a complex interaction network and
self-perpetuate the destructive cycle. The figure is reproduced from [50] under the Creative Commons
CC BY 4.0 license). Solid red and purple arrows: direct relationship; Arrowhead: direction of the
destructive cycle.
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4.2.2. Postnatal Inflammation

• Infection

Multiple studies show a strong association between postnatal infection and human
BPD [117,118]. New knowledge has recently emerged from animal studies showing how
pattern recognition receptors and DAMP, or PAMP, are involved in the infection-mediated
disruption of neonatal lung developmental processes such as angiogenesis, extracellular
matrix deposition, and alveolar formation [52] (see detailed description in Section 3.2).
Activating the endothelial cell TLR by endotoxin or HMGB1 during infection will lead
to deviant vascular formation, epithelial cell injury and reprogramming, disruption of
extracellular matrix organization, and pro-inflammatory polarization of the myeloid cells
in animal studies. These changes are similar to acute lung injury in adults and can be
expected to impact the neonatal lung during the first wave of alveolar formation [117,118].

• Sterile inflammation

Animal studies show that an excessive or unopposed OS can elicit sterile inflamma-
tion without microorganisms; this type of inflammation results from sterile cell death or
injury caused by the OS. Several endogenous molecules released during cellular injury are
considered DAMPs [52,119] (Table 1) that initiate sterile inflammation by interacting with
PRRs (Table 2). HMGB1 is the most extensively studied DAMP, binding mainly to TLR2,
TLR4, and RAGE when released extracellularly. After HMGB1 binds to TLR4 and RAGE,
inflammatory cytokines’ transcription, translation, and secretion increase through NFκB
signaling [120]. Other interesting facts are that HMGB1–RAGE binding will promote TLR4
translocation to the cell surface, and the HMGB1–TLR4 binding will result in increased
transcription and translation of RAGE, forming a self-perpetuating vicious cycle [120].

ER stress caused by excessive OS will also amplify cytokine-mediated inflammation
without pathogens [121] and contribute to cellular senescence [122]. DNA damage by
excessive OS will activate a cascade of tumor suppressors that arrest the cell cycle so that
DNA repair will succeed [123]. Tumor suppressor TP53 is the master regulator for DNA
damage response. TP53 upregulation can result in apoptosis or cellular senescence, which
is context-related [124]. Senescent cells can cause chronic inflammation through their
characteristic SASP [125]. Inflammatory mediators in SASP, especially HMGB1, can cause
chronic sterile inflammation unless phagocytic cells can effectively remove senescent cells.

4.3. OS and Inflammation Mutually Affect Each Other in BPD

OS and inflammation are closely related biological processes that can mutually elicit
each other [45]. Their complex interdependence might be the root cause of the antioxidant
paradox, in which antioxidants fail to protect against OS-mediated human disorders, in-
cluding BPD [126]. Existing data from human studies show that both OS and inflammation
are involved in premature births and BPD. Animal models have not examined the temporal
relationship between OS and inflammation in BPD onset and progression. Evidence shows,
however, that both HOX and LPS can lead to HMGB1 release, endoplasmic reticulum stress,
and cellular senescence in the lungs [50] (Figure 3). There are rare conditions of BPD in
which inflammation might precede OS. These conditions are early neonatal pneumonia,
necrotizing enterocolitis in late premature or full-term neonates, or postsurgical infections.
These rare conditions start from systemic inflammatory response syndrome or neonatal
acute lung injury, resulting in BPD after prolonged respiratory support.

Although our extensive literature review and animal experiments cannot reveal the
exact temporal relationship between OS and inflammation in BPD, we summarize that
they exert a complex interactive role in the onset and progression of BPD. We suggest
that additional studies are needed to understand the intrauterine OS and inflammation
relationship and that more well-designed animal studies are needed to further clarify this
critical temporal relationship.
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5. Strategies for BPD Treatment

Our current understanding and best practices for BPD can be summarized as follows.
It is believed that BPD development starts from RDS due to premature birth. Clinicians
might be capable of postponing preterm delivery, but maintaining the pregnancy until
term is almost impossible. The antenatal steroid has been proven to decrease the severity of
RDS and should be given to women with preterm labor [127]. As mechanical trauma and
oxygen-related injury start right after birth, early surfactant replacement therapy, judicious
oxygen use, and gentle ventilation strategy should be implemented. Aggressive nutritional
support and adequate fluid management will facilitate the healing of injured premature
lungs, which must start as early as possible. Stringent hygienic practice that decreases
nosocomial infections is also crucial in reducing BPD. Early administration of caffeine and
intramuscular vitamin A injection should be prescribed. These best practices have evolved
slowly with time in treating BPD, and further cautious developments continue to occur.

5.1. Early Surfactant Replacement

Preventing prematurity and antenatal corticosteroids are the most effective ways to
reduce RDS, but obstetricians manage them, and this is beyond the scope of this review.
Since premature neonates with RDS require supplemental oxygen and mechanical ven-
tilation, it is hypothesized that early surfactant administration might avoid high oxygen
concentrations and prolonged mechanical ventilation and result in reduced BPD. Sev-
eral new methods of early surfactant administration have been studied. So far, only less
invasive surfactant administration (LISA) has shown a significant reduction in BPD for
survivors [128]. Currently, two ongoing clinical trials (NCT05711966 and NCT04984057)
evaluate the further use of surfactants in BPD treatment (ClinicalTrials.Gov). Results from
these two studies may provide helpful information about optimal surfactant treatment
strategies for decreasing BPD.

5.2. Judicious Use of Oxygen
5.2.1. During Resuscitation

Randomized studies and meta-analysis in term neonates comparing 100% FiO2 and
21% FiO2 during resuscitation revealed an unexpectedly decreased survival rate in the
FiO2 21% group [129]. The results spurred changes in practice to use lower FiO2 in
the resuscitation of premature neonates [130]. The most recent network meta-analysis
showed, however, that higher FiO2 (60–90%) for resuscitation results in significant survival
in premature neonates born under 32 weeks of gestation [131]. The new finding will
undoubtedly stir up a debate about the optimal FiO2 for premature neonates.

5.2.2. After Initial Stabilization

Unlike most term neonates, who frequently recover from initial respiratory distress
within days with their fully developed antioxidant system, premature neonates require
more extended oxygen support to maintain tissue oxygenation and, hence, cause excessive
OS. The appropriate oxygen treatment strategy after initial resuscitation and stabilization
that offers the best survival rate with the lowest OS-induced morbidities has been stud-
ied for decades. The optimal FiO2 for premature neonates after initial resuscitation is
challenging to study due to their limited blood amount. The noninvasive tissue oxygen
saturation (SpO2) measurement through a pulse oximeter has been adopted as the most
practical tool for clinical studies. Results from the “Supplemental Therapeutic Oxygen
for Prethreshold Retinopathy Of Prematurity” (STOP-ROP) study clearly showed that
maintaining SpO2 above 96% increased BPD without improving the neurodevelopmental
outcome [132]. The most recent systemic review showed no difference in either survival
rate or neurodevelopmental outcome at 18 to 24 months between those who maintained
SpO2 between 85–89% and 91–95% [133]. Maintaining SpO2 91–95% during early postnatal
life is thus recommended by most neonatal units [134].
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5.2.3. After BPD Is Established

When the diagnosis of BPD is established, oxygen use becomes more liberalized for a
very different purpose. Experts suggest maintaining SpO2 at 92–95% to promote growth
and prevent pulmonary hypertension development [135].

5.3. Gentle Ventilation

The trauma inflicted by mechanical ventilation is considered a significant contribu-
tor to BPD. Noninvasive respiratory support is slowly being accepted by neonatologists
worldwide as the best way to support premature neonates [136]. The so-called noninvasive
ventilation includes nasal high-frequency ventilation [137], noninvasive neurally adjusted
ventilatory assistance [138], nasal intermittent positive pressure ventilation [139], and nasal
continuous positive pressure ventilation [140], which have all been reported. Although
nasal continuous positive pressure is the most cost-effective gentile ventilation, we must
recognize its 30–80% failure rate and the need for endotracheal intubation [141]. After
five large multicenter randomized controlled trials including over 3000 infants born at
24–29 weeks gestation, nearly 50% of surviving infants continue to develop BPD [16]. Al-
though no evidence supports the efficacy, the noninvasive ventilation strategy has become
routine for most neonatologists [136]. It is not which ventilatory support is more protective
but how aggressive clinicians are willing to de-escalate the aggressive mode of positive
airway pressure support that can reduce mechanical trauma to the lungs.

5.4. Antioxidant Treatment for BPD
5.4.1. Selenium

Selenium is an essential trace element required for the formation of selenoproteins. It
also has antioxidant, anti-inflammatory, and anti-aging properties [142]. Although meta-
analysis suggested low plasma selenium was associated with increased complications in
premature human infants, selenium supplementation did not reduce BPD [143].

5.4.2. Superoxide Dismutase (SOD)

There are three types of SODs, including Cu, Zn-SOD (SOD1), Mn-SOD (SOD2),
and extracellular SOD (ec-SOD, SOD3). Animal studies revealed that ec-SOD deficiency
aggravates hyperoxia lung injury. At the same time, Mn-SOD overexpression in type II
alveolar cells enhances the tolerance to hyperoxia leading to the assumption that SOD
treatment might decrease BPD [144]. There are three randomized controlled trials (RCTs)
concerning SOD in premature neonates available for meta-analysis. Unfortunately, there is
no evidence that SOD reduces BPD [145].

5.4.3. Vitamin C

The encouraging study showing vitamin C treatment in pregnant smokers led to
improved lung function in their offspring [146], offering hope for BPD prevention as
maternal smoking was considered a risk factor for BPD [50]. Unfortunately, there has been
no vitamin C study on premature human infants. High doses of vitamin C and E treatments
in premature baboons exposed to prolonged hyperoxia did increase the level of vitamin C
and E in blood and tracheal aspirates. Still, they failed to improve lung histology [147].

5.4.4. Vitamin E

Vitamin E is a fat-soluble essential vitamin with eight isoforms [148]. Both α- and
γ-tocopherols have anti-inflammatory properties. Maternal α-tocopherol intake during
pregnancy is an important growth factor for fetal lung development [149]. The literature has
seven randomized controlled trials of high-dose α-tocopherol to prevent BPD. Although one
study reported a significant reduction in BPD, the meta-analysis did not show efficacy [150].
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5.4.5. N-Acetylcysteine

Glutathione is the largest antioxidant pool in the body. As the precursor of glu-
tathione, N-acetylcysteine has been studied in extreme low-birth-weight neonates requiring
positive airway pressure support. The multicenter RCT showed no difference in the sever-
ity and incidence of BPD by a six-day course of N-acetylcysteine started within 36 h of
life [151]. However, a recent single-center study showed an encouraging result for ante-
natal N-acetylcysteine treatment in pregnant women showing signs of preterm labor or
inflammation that decreased BPD by 90%. This is the only clinical study showing that
exogenous antioxidants prevent premature neonates from developing BPD. It deserves our
attention that the treatment did not increase the maternal blood glutathione levels. The
authors hypothesized that the effect might be epigenetic instead of related to antioxidant
activity [152].

5.4.6. Lactoferrin

Lactoferrin is an endogenous protein that has antioxidant activity by binding non-
protein-bound iron. Premature neonates who later develop BPD have a more rapid drop of
lactoferrin levels in the tracheal fluid within three days [153]. There are three randomized
controlled studies using enteral lactoferrin to prevent prematurity-associated morbidities,
including BPD. Meta-analysis showed no reduction in BPD by enteral lactoferrin [154].

5.5. Anti-Inflammatory Treatment for BPD

System corticosteroids are the only anti-inflammatory agents that have been well-
studied in BPD. Although initial human studies showed a reduction in BPD if administered
within the first week of life, the early treatment strategy was disappointing. The systemic
administration of corticosteroids in the first eight days of life led to a significant increase
in long-term neurodevelopmental impairment [34] and other short-term complications
such as high blood pressure, high blood sugar, bowel perforation, and bleeding from
the stomach or bowel [155]. Systemic corticosteroid treatment after the eighth day might
reduce the composite outcome of BPD/death without affecting the neurodevelopmental
outcome [156]. When focused on extremely premature neonates, late systemic corticosteroid
treatment is beneficial to those with a high risk of death or moderate-to-severe BPD. Still, it
may harm those at low risk [21]. It is apparent that clinical experience suggests systemic
corticosteroid treatment does decrease BPD but will be associated with an increased risk of
neurodevelopmental impairment if started at the onset stage of BPD.

Non-steroid anti-inflammatory drugs (NSAIDs) have been studied for other purposes.
The trial of indomethacin prophylaxis in preterms (TIPP) showed no reduction in BPD [157].
A retrospective cohort study comparing indomethacin prophylaxis within 24 h of birth in
extremely premature neonates (<29 weeks or 401–1000 g birth weight) registered in the
NICHD Neonatal Research Network database showed no difference in BPD [158]. Another
NSAID that is commonly used in premature neonates is ibuprofen. A retrospective study
in extremely premature infants (<28 weeks) showed that ibuprofen effectively closed hemo-
dynamically significant patent ductus arteriosus but increased the odds (odds ratio 2.3) of
having BPD [159]. Acetaminophen has become a popular NSAID in treating patent ductus
arteriosus, but its impact on BPD is presently unknown [160].

Although neonatal infection is an independent risk factor for BPD, prophylactic
antimicrobial treatment is not recommended due to the high probability of cultivating
multi-resistant bacteria. Both early exposure to broad-spectrum antibiotics and prolonged
antibiotic treatment in human premature neonates have been shown to increase the odds
of moderate to severe BPD [161]. One recent animal study showed that perinatal maternal
antibiotic exposure augments the severity of BPD [80]. These findings have been explained
by changing the microbiomes in premature neonates, leading to dysbiosis that increases
the susceptibility to BPD [162]. Unlike broad-spectrum antibiotics, macrolides are used
more specifically to treat Ureaplasma or Mycoplasma infections with anti-inflammatory
properties [163]. Among all studied macrolides, only prophylactic azithromycin treatment
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significantly reduced BPD [164]. There is, however, a lack of pharmacokinetic data and
information about the potential side effects of their use in premature neonates.

5.6. Pharmacology Agents with Anti-Inflammatory and Antioxidative Properties for BPD
5.6.1. Vitamin A

The efficacy of intramuscular vitamin A injection has been shown to decrease BPD
in premature infants [18]. Vitamin A has antioxidative properties due to its hydrophobic
chain of polyene units, which can quench singlet oxygen, neutralize thiyl radicals, and
stabilize peroxyl radicals [165]. However, we must remember that this antioxidative
property is effective only in low-oxygen tension environments. When oxygen tension
is high, such as in the lungs under a hyperoxic condition, vitamin A will auto-oxidize.
Multiple randomized controlled trials have shown its anti-inflammatory activity [166].
Although systemic analysis demonstrated its efficacy in decreasing BPD [167], clinicians do
not commonly use it because it needs to be administered by intramuscular injection [168].
Enteral low-dose vitamin A has been studied in four trials (800 neonates <1500 g birth
weight or <32 weeks) but did not show any decrease in BPD by meta-analysis [169]. Inhaled
vitamin A offered better protection against BPD than intramuscular injections in the rat
hyperoxia model [170]. An NIH-funded Phase-IIB study was recently granted to study the
efficacy of inhaled vitamin A on BPD after a successful rat study [171].

5.6.2. Caffeine

Caffeine is a commonly used drug to treat the apnea of prematurity. The successful
reduction in BPD in premature neonates from the CAP trial as the secondary outcome anal-
ysis [19] prompted us to investigate the mechanisms. We first showed in the rat hyperoxia
BPD model that hyperoxia caused endoplasmic reticulum stress, mitochondrial fission,
inflammation, and OS-mediated lung injury. Early administration of caffeine effectively
reversed these hyperoxia-mediated changes [172]. Our group further showed in the same
animal model that caffeine reversed endothelial nitric oxidase synthase uncoupling, at
least in part, by preserving the tetrahydrobiopterin levels [112]. The antioxidative effect
of caffeine was further demonstrated by Endesfelder et al. by showing decreased H2O2,
malondialdehyde, and 8-OHdG with increased expression of SODs in the hyperoxia rat
BPD model [173]. Using an intra-amniotic lipopolysaccharide injection BPD model in rats,
Köroğlu et al. demonstrated the anti-inflammatory effect of caffeine with a reduction in the
inflammatory response and improved lung morphometry and the measured resistance of
the respiratory system [174]. Endesfelder et al. further showed that caffeine achieves its
anti-inflammatory effect by decreasing NFkB expression in hyperoxia-exposed neonatal rat
lungs [175]. These animal studies show that caffeine attenuates BPD through antioxidative
and anti-inflammatory effects.

5.6.3. Stem Cell Therapy

Stem cell treatment has been considered a promising treatment for BPD. Mesenchymal
stem cells (MSC) have attracted the most attention for their ease of isolation, low immune
reaction, anti-inflammatory and antioxidative activities [176,177], and reparative properties,
mainly in animal studies [22,178]. Studies have shown that MSC therapy reduces inflam-
mation, mitochondrial dysfunction, and fibrosis of neonatal lungs. MSC secretome [179]
or exosome [180] are new stem cell therapy modalities that may avoid some of the side
effects of MSC therapy. Still, concerns regarding possible vascular occlusion, potential tu-
morigenicity, and difficulty obtaining the appropriate number of cells and maintaining the
quality are waiting to be resolved [23]. A clinical study has shown that human premature
neonates tolerate stem cell therapy well, but its benefits for BPD remain to be revealed [22].

5.6.4. N-Acetyl-Lysyltyrosylcysteine Amide (KYC)

KYC is a novel N- and C-capped tripeptide that reversibly inhibits MPO activity to
decrease HOCl production [181]. This MPO-inhibiting activity is not seen in vitamin A
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and caffeine [114]. All reported KYC studies were conducted in animal studies. It has been
shown that KYC decreases vascular stress and increases vasorelaxation in sickle cell disease
mice [182,183], attenuates experimental autoimmune encephalomyelitis in mice [184],
reduces stroke in mice [185], mitigates inflammatory response to rat peritonitis [186], and
ameliorates plaque psoriasis in mice [187]. Since neutrophil infiltration is commonly seen
in BPD rat lungs shortly after hyperoxia exposure [172], it was hypothesized that KYC
might be able to attenuate the severity of BPD by reducing MPO activity. In hyperoxia
rat BPD lungs, KYC decreases neutrophil infiltration and MPO expression, indicating
anti-inflammatory activity [114]. In that study, the reduced expressions of cyclooxygenases,
TLR4, RAGE, and extracellular HMGB1 in BPD lungs further support the presence of an
anti-inflammatory property of KYC. It is crucial to know that the anti-inflammatory activity
of KYC requires the presence of MPO. MPO transforms KYC into a thiylating species that
oxidizes HMGB1 and inhibits HMGB1 binding to TLR4 and RAGE [114]. Reducing ER
stress [113], autophagy, and cellular senescence [112] provides more mechanisms by which
KYC decreases inflammation in BPD lungs.

The increased protein tyrosine chlorination in BPD rat lungs is significantly decreased
by KYC treatment, indicating a reduction in HOCl formation. KYC’s reduced 8-OHdG
in BPD rat lungs under immunofluorescent staining agrees with the finding above [114].
KYC facilitates the expression of Nrf2-induced antioxidative enzymes through thiylation
and glutathionylation of the Keap1, followed by stabilizing Nrf2, which offers one more
mechanism for its antioxidative activity [114]. KYC further reduces ROS formation during
the UPR by stabilizing the endoplasmic reticulum [112]. KYC thus has multiple mechanisms
to achieve its antioxidative activity.

Compared to vitamin A and caffeine, KYC offers more protection mechanisms against
hyperoxia-induced BPD, such as its impact on Nrf2 and HMGB1 signalings. By maintain-
ing a higher count of type 2 alveolar cells for the presumptive resident progenitor cells in
neonatal lungs [188] under hyperoxia, KYC might support better lung growth potential.
We thus coined the term systems pharmacological agent for KYC to describe its multi-layer
protection against BPD. Transcriptomic studies show increased leukocyte (macrophage,
neutrophil, and lymphocyte) migration, chemotaxis, degranulation, differentiation, pro-
liferation, and NETosis, with decreased WNT-catenin and Notch signalings in hyperoxia
BPD rat lungs. KYC can reverse all these transcriptomic changes in BPD rat lungs. From
the transcriptomic results, it is clear that KYC offers more mechanisms to reduce BPD. KYC
is currently being studied in an NIH-funded preclinical study for BPD.

6. Conclusions

BPD is a common complication of prematurity [1,2]. BPD’s most critical risk factors
include supplemental oxygen, mechanical ventilation, and infection [1]. As evidence of
increased OS [84] and inflammation [62] are consistently detected in human preterm birth,
we believe both prenatal mechanisms play crucial roles in BPD onset. Unfortunately, the
clinical reports do not allow us to interpret the temporal relationship between OS and
inflammation confidently. The limited clinical studies showing the benefit of antenatal N-
acetylcysteine in reducing BPD [152] and maternal antibiotic exposure increasing BPD [79]
suggest OS is the more critical antenatal mechanism for BPD onset. Postnatal respiratory
support and infections undoubtedly add more OS and inflammation to premature lungs
and contribute to BPD progression.

Most neonatologists have already adopted early surfactant replacement and gentle
respiratory support in managing premature neonates [189]. However, meta-analysis has
yet to confirm the efficacy of gentle respiratory support for BPD. Animal studies have
revealed that postnatal OS and inflammation mutually affect each other during BPD
development [54], but the available evidence does not allow us to detail the temporal
relationship between them. Prolonged use and prophylactic broad-spectrum antibiotics
are not recommended for their strong association with the emergence of multi-resistant
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bacteria and dysbiosis in premature neonates, and surprisingly, a strong association with
moderate to severe BPD was reported [161].

Early caffeine treatment and intramuscular vitamin A injection are proven therapeutic
strategies that decrease BPD [18,19]. Both reagents have dual antioxidative and anti-
inflammatory activities. The original intramuscular vitamin A study improved the survival
rate without BPD by 7% compared to the control group [190]. Unfortunately, the three times
weekly intramuscular injection to small premature neonates has made it unpopular to most
neonatologists [170]. The original CAP trial shows caffeine decreased BPD by 9% [19]. Meta-
analysis of five cohort studies showed that early caffeine treatment (<three days) reduces
the BPD compared to late (>three days) caffeine treatment but increases the death rate [191].
Another meta-analysis of 15 cohorts shows that high-dose caffeine (>10 mg/kg/d) offers
better BPD reduction than low-dose caffeine (<10 mg/kg/d) but with worse weight
gain [192]. More studies are thus needed to determine the best starting time and dose of
caffeine treatment.

Although early caffeine and vitamin A treatment reduce BPD by ~10%, more than 35%
of premature infants will still develop BPD. There remains room for improvement. As OS
and inflammation mutually elicit each other [46], we hypothesize that therapeutic agents
with antioxidant and anti-inflammatory properties are needed for BPD treatment. Knowing
whether combining intramuscular vitamin A with early caffeine treatment will decrease
BPD in premature infants will be essential. The newly developed systems pharmacology
agent KYC also holds promise as it involves many layers of protection against BPD. As so
many mechanisms are involved in BPD development, a systems pharmacology approach
will be required for its treatment.
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3 Department of Emergency Medicine, Poznań University of Medical Sciences, 7 Rokietnicka Street,
60-806 Poznań, Poland
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Abstract: The effectiveness of available neuropsychiatric drugs in the era of an increasing number
of patients is not sufficient, and the complexity of neuropsychiatric disease entities that are diffi-
cult to diagnose and therapeutically is increasing. Also, discoveries about the pathophysiology of
neuropsychiatric diseases are promising, including those initiating a new round of innovations in
the role of oxidative stress in the etiology of neuropsychiatric diseases. Oxidative stress is highly
related to mental disorders, in the treatment of which the most frequently used are first- and second-
generation antipsychotics, mood stabilizers, and antidepressants. Literature reports on the effect of
neuropsychiatric drugs on oxidative stress are divergent. They are starting with those proving their
protective effect and ending with those confirming disturbances in the oxidation–reduction balance.
The presented publication reviews the state of knowledge on the role of oxidative stress in the most
frequently used therapies for neuropsychiatric diseases using first- and second-generation antipsy-
chotic drugs, i.e., haloperidol, clozapine, risperidone, olanzapine, quetiapine, or aripiprazole, mood
stabilizers: lithium, carbamazepine, valproic acid, oxcarbazepine, and antidepressants: citalopram,
sertraline, and venlafaxine, along with a brief pharmacological characteristic, preclinical and clinical
studies effects.

Keywords: neuropsychiatric drugs; oxidative stress; first- and second-generation antipsychotics;
mood stabilizers; antidepressants

1. Introduction

Mental disorders have constituted a burden on society for many years. The situation
has deteriorated significantly as a result of the pandemic, as well as the risks associated
with the increasing stress and direct neuropsychiatric effects of the SARS-CoV-2 virus.
Unfortunately, the efficacy of available neuropsychiatric drugs is not sufficient in an era of
increasing numbers of patients, and the involvement of both diagnostically and therapeu-
tically complex diseases is rising. Psychiatric disorders are a range of various conditions
associated with abnormal functioning of the nervous system, which are common in pa-
tients with nervous system disorders [1]. As a result of these abnormalities, in response
to a stressful situation, the body activates maladaptive behavioral patterns that impede
daily functioning [2]. The most common mental disorders include mood swings, neurotic
disorders, dementia disorders, schizoaffective disorders, eating and personality disorders,
sleep disorders, or addictions (Table 1) [3–23]. According to the World Health Report,
mental disorders affect approximately 25% of people at some point during their lifetime.
The co-occurrence of neurological diseases with mood disorders and anxiety syndromes
is common in patients with neurodegenerative diseases (Parkinson’s, Alzheimer’s, and
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Huntington’s), stroke, epilepsy, and demyelinating diseases. The choice of treatment for
neurological patients with co-occurring mood and anxiety disorders is often difficult, as it
has to take into account the symptoms of the underlying disease and poorer drug toler-
ance [1]. According to the International Neuropsychiatry Association, discoveries in the
pathophysiology of neuropsychiatric diseases are promising, including those initiating
a new round of innovation within the contribution of oxidative stress to the etiology of
neuropsychiatric diseases [2,24,25]. Oxidative stress is a significant risk factor for many psy-
chiatric disorders, for the treatment of which first- and second-generation antipsychotics,
mood stabilizers, and antidepressants are most commonly used (Table 2) [2].

Table 1. Mental and behavioural disorders in selected categories with clinical details [3–23].

Mental and Behavioural Disorders Selected Categories Clinical Details Publications

Organic, including symptomatic,
mental disorders

Dementia in Alzheimer’s disease
Progressive, neurodegenerative

disease
Loss of cognitive function

[3,4]

Vascular dementia Result of infraction of the brain due to
vascular disease

Delirium, not induced by alcohol and
other psychoactive substances

Non-specific organic cerebral
syndrome

Including: disturbances of
consciousness, attention, perception

and emotional disturbances

Unspecified organic or symptomatic
mental disorder

Brain disorder, injury, or toxicity
Mental and behavioural disorders

Mental and behavioural disorders due
to psychoactive substance use

Mental and behavioural disorders due to
use of alcohol

Wide variety of disorders resulting
from abuse or misuse of

alcohol/psychoactive substances
[5–8]

Mental and behavioural disorders due to
use of sedatives or hypnotics

Mental and behavioural disorders due to
use of other stimulants, including caffeine

Mental and behavioural disorders due to
multiple drug use and use of other

psychoactive substances

Schizophrenia, schizotypal, and
delusional disorders

Schizophrenia

Multifactorial, combination of genetic
and environmental factors

Abnormalities in the perception or
expression of reality

[9–11]

Schizotypal disorder

Eccentric thoughts, inappropriate
affect and behaviour, extreme social
anxiety, and limited interpersonal

interaction

Mood (affective) disorders
Manic episode

Extreme changes in behaviour, and
mood that drastically affect their

functioning [12,13]

Bipolar affective disorder Severe mood swings (mania and
depression)

Neurotic,
stress-related and somatoform

disorders

Phobic anxiety disorders Strong, irrational fear, anxiety
[14,15]

Obsessive-compulsive disorder Intrusive ideas, thoughts and images

Behavioural syndromes associated
with physiological disturbances and

physical factors

Eating disorders Physiological and psychological
disturbances in appetite or food intake

[16–18]

Nonorganic sleep disorders Disturbance of normal sleep patterns

Abuse of non-dependence-producing
substances

The use of non-addictive drugs,
particularly those purchased without
a prescription (antacids, herbal, folk
remedies, steroids, hormones and

vitamins)
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Table 1. Cont.

Mental and Behavioural Disorders Selected Categories Clinical Details Publications

Disorders of adult personality and
behaviour

Specific personality disorders Disorders characterized by
disturbances in the personality

[19–21]Gender identity disorders
Incongruence between experienced or

expressed gender and the one
assigned at birth

Disorders of sexual preference Intense sexually arousing fantasies,
urges, or behaviours

Behavioural and emotional disorders
with onset usually occurring in

childhood and adolescence

Hyperkinetic disorders Difficulty sustaining cognitive
engagement in activities

[22,23]
Tic disorders

Recurrent tics (involuntary, rapid,
nonrhythmic motor movement or

vocal)

Table 2. Antipsychotic, mood stabilizers and antidepressants drugs (SSRI, selective serotonin re-
uptake inhibitor) and (SNRI, serotonin and norepinephrine reuptake inhibitors)—generations and
applications [1,3,9,24,25].

Antipsychotic Drugs Mood Stabilizers Antidepressants

Schizophrenia Bipolar Disorder Depression

I II III First-Line
Drugs

Second-Line
Drugs I II First-Line

Drugs
Add-on
Therapy SSRI SNRI First-Line

Drugs

Haloperidol

Clozapine
Quetiapine
Risperidone
Olanzapine

Aripiprazole

Risperidone
Olanzapine
Quetiapine

Aripiprazole

Clozapine
Lithium

Valproate
Carbamazepine

Oxcarbazepine
Lithium

Valproate
Carbamazepine

Oxcarbazepine Sertraline
Citalopram Venlafaxine

Sertraline
Citalopram
Venlafaxine

Oxidative stress is a state of imbalance between antioxidants and free radicals in
the body. Both oxidants and antioxidants, essential for vital processes, should remain in
quantitative balance for the safety of the entire system. However, there are known factors
under the influence of which one overpowers the other, resulting in changes, i.e., DNA
damage, disruption of protein, lipid, or carbohydrate function and structure. In addition,
oxidative stress may be involved in the etiology of many conditions, i.e., hypertension,
obesity, atherosclerosis, or diabetes. Also, in terms of many neuropsychiatric diseases,
despite advances in neurobiological research, the pathophysiology of many of these dis-
eases has yet to be more extensively described. Advances in the understanding of the
pathomechanism of many psychiatric disorders, as well as neuropsychiatric diseases, may
help to discover effective therapies and indicators for their early diagnosis. Oxidative
stress, which damages biomolecules and causes dysfunctions of, among others, cellular
systems at the level of, e.g., mitochondria or dopamine receptors, is also referred to as a
critical phenomenon in patients with mental disorders [2,26–29] (Figure 1).

Under conditions of homeostasis, and thus at safe concentrations, the presence of
reactive oxygen species (ROS) is not harmful to the organism and acts as a regulator and
mediator of physiological processes. ROS play an essential role in the ordinary course
of inflammatory reactions, regulation of immune processes, or T-lymphocyte activation,
with concomitant adhesion of leukocyte cells to the endothelium [27–30]. Currently, the
diagnostic market makes available numerous analytical tools and biomarkers that can be
used to assess oxidative stress. Examples of oxidative markers include myeloperoxidase
(MPO), 4-hydroxynonenal (HNE), F2-isoprostanes (IsoP), 8-hydroxy-2-deoxyguanosine
(8-OHdG), malondialdehyde (MDA), allantoin, and thiobarbituric acid reactive substances
(TBARS). They are used to monitor tissue damage resulting from a loss of balance between
antioxidants and free radicals [31–33]. Table 3 brings together the oxidative stress markers
according to the adverse changes they are used to assess.
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Carbohydrate oxidation 3-nitrotyrosine 

Protein oxidation Substances that react with thiobarbituric acid 
Glycation end products 

Figure 1. First (FGA) and second-generation (SGA) antipsychotics and extrapyramidal adverse
effects—receptor scheme and mechanism [24–26].

Table 3. Biological markers of oxidative stress [31,33,34].

Destructive Changes Markers of Oxidative Stress

Lipid peroxidation

Malondialdehyde
F2-isoprostanes

Oxidized low density lipoproteins
Oxidized LDL (low-density lipoprotein) antibodies

4-hydroxynonenal
Acrolein

Oxidation of nucleic acids
8-hydroxy-2-deoxyguanosine

Reactive aldehydes
Reduced sugars, e.g., ribose

Carbohydrate oxidation 3-nitrotyrosine

Protein oxidation
Substances that react with thiobarbituric acid

Glycation end products
Oxidized thiol groups

Knowledge of the biotransformation of drugs used to treat psychiatric disorders in-
volving enzymatic systems may support the hypothesis of oxidative disorders generated by,
among other things, reactive metabolites or radicals. However, the link between the effects
of many drugs and oxidative stress is still the subject of few scientific publications aiming
to confirm their antioxidant or pro-oxidant effects in groups of treated patients [35,36].

The presented publication reviews the state of knowledge on the share of oxidative
stress in the most commonly used therapies for neuropsychiatric diseases using first- and
second-generation antipsychotics, i.e., haloperidol (HLP), clozapine (CLO), risperidone
(RIS), olanzapine (OLZ), quetiapine (QT) or aripiprazole (ARP), mood stabilizers: lithium
(Li), carbamazepine (CBZ), valproic acid (VPA), oxcarbazepine (OXC), and antidepressants:
citalopram (CIT), sertraline (SER), venlafaxine (VEN), along with an explanation of the
obtained results and their comparison. The data provided and discussed come from the
US National Library of Medicine (PubMed) bibliographic sources, selecting publications
from the last ten years and older for analysis in order to discuss the results of more recent
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preclinical and clinical studies. The key search terms for the literature search were oxidative
stress and neuropsychiatric drugs.

2. First and Second-Generations of Antipsychotic Drugs
2.1. Haloperidol (HLP)
2.1.1. Pharmacological HLP Data

Haloperidol (HLP), synthesized in 1958, belongs to the butyrophenone derivatives. Its
discovery came during research into new derivatives of pethidine and methadone, both of
which were claimed to have analgesic activity. However, it has been proven that this drug
has significant efficacy in the treatment of psychiatric disorders, including schizophrenia,
especially hallucinations and delusions [37–39]. The antipsychotic effect of the drug is due
to the blockade of dopamine D2 receptors. Its high affinity for the receptor, together with a
low cholinolytic effect, minimizes the occurrence of symptoms such as constipation, dry
mouth, and visual disturbances [38,40–43].

2.1.2. Preclinical HLP Studies

Oxidative stress occurring with a first-generation antipsychotic drug such as haloperi-
dol is not a fully understood issue. The use of the drug has been shown to increase
oxidative stress, which has an impact on the pathophysiology of schizophrenia. On the
one hand, oxidative imbalance may be part of the pathogenesis of the disease, but on the
other hand, it can lead to patients experiencing extrapyramidal symptoms (EPS). Preclin-
ical and in vitro (cell) studies conducted on HLP have revealed that the use of the drug
is associated with a decrease in antioxidant enzyme activity and an increase in reactive
oxygen species (ROS) levels [44–51]. Perera et al. demonstrated that biochemical changes
in the rat brain after haloperidol administration are accompanied by histopathological
changes such as necrosis and fibrosis. Although the exact pathophysiology of EPS is not
known, the authors here point to an important role for ROS in inducing oxidative stress,
representing one mechanism of haloperidol-induced long-term neurotoxicity [44]. When
HLP is used, dopamine is increased, which deaminates and generates significant amounts
of free radicals and hydrogen peroxide, among other things. Reactive metabolites leading
to multicellular damage and lipid peroxidation contribute to the cytotoxic effects of the
drug. Raudenska et al. showed that long-term haloperidol administration to rats leads to
changes in sigma-1R receptor and inositol triphosphate receptor (IP3R) expression, mod-
ifying myocardial contractility. This may underlie cardiac arrhythmias and QT interval
prolongation in patients using haloperidol [45]. Haloperidol can also lead to changes in
brain tissue, as evidenced by the study by El-Awadan et al. After 14 days of administering
the drug to rats at a dose of 1 mg/kg, the concentrations of GSH, malondialdehyde (MDA),
and nitric oxide (NO) in the brain and liver were determined. Levels of the former were
significantly reduced in both tissues. In contrast, there was an increase in NO and MDA
levels in brain tissue [47]. The adverse effects of the drug on antioxidant enzymes in the
brain were also confirmed by measuring the expression of the enzyme peroxiredoxin-6.
After a 28-day administration of haloperidol (1 mg/kg) to rats, significantly increased
levels of the test protein were observed in the grey matter of the brain, with a concomitant
increase in lipid peroxidation. However, peroxiredoxin-6 concentrations were unchanged
in the white matter of the brain and liver of rats [48].

Subsequent studies in human cell lines confirmed that, under prooxidant conditions,
therapeutic concentrations of haloperidol increase TBARS levels. However, a significant
correlation between the used drug and lipid peroxidation was not observed for cells not
treated with hydrogen peroxide. In addition, the combination of lithium and haloperidol
significantly reduced cell survival. Despite the lack of statistical significance of the results
obtained, they indicate the need for particular caution when combining drugs used in the
treatment of psychiatric disorders [50,51].

92



Int. J. Mol. Sci. 2024, 24, 7304

2.1.3. Clinial HLP Studies

Available clinical data on the relationship between HLP and oxidative stress points to
the use of biomarkers such as superoxide dismutase (SOD), catalase (CAT), and glutathione
(GSH). The use of haloperidol results in a decrease in the activity of the above antioxidant
enzymes, as confirmed by a study by Bošković et al. conducted on a group of patients
treated with haloperidol for a minimum of six months. In addition, they observed signifi-
cantly lower concentrations of the biomarkers determined in patients with extrapyramidal
symptoms [46]. In contrast, Singh et al. further assessed markers of lipid peroxidation by
determining serum thiobarbituric acid reactive substances (TBARS). TBARS levels were
significantly elevated in patients treated with haloperidol (for at least six weeks) compared
with patients taking the second-generation antipsychotic drug olanzapine. SOD has also
been shown to be negatively correlated with serum TBARS [49].

2.2. Clozapine (CLO)
2.2.1. Pharmacological CLO Data

Clozapine (CLO), which belongs to the atypical antipsychotics, has structural similari-
ties to tricyclic antidepressants. Its synthesis took place in the early 1960s. A clear advantage
of clozapine appeared to be the absence of extrapyramidal side effects. Nonetheless, the
drug was initially skeptically assessed and withdrawn from use, a factor contributed to
by the significant risk of agranulocytosis during its use. However, continued research
has confirmed significant effectiveness in the treatment of symptoms of psychosis, espe-
cially drug-resistant schizophrenia [52,53]. Regular blood tests of patients have also been
shown to control the risk of agranulocytosis. Consequently, the drug was reintroduced
to the pharmaceutical market in 1989 in Europe—and a year later in the USA. However,
its use is limited, and it is not a first-line drug. The inclusion of CLO in pharmacotherapy
occurs primarily when treatment with other antipsychotics is unsuccessful. In addition,
its use is associated with adverse effects that are troublesome for patients, e.g., weight
gain, constipation, metabolic disorders, and the development of diabetes [52,54,55]. The
antipsychotic effect of clozapine is due to its diverse pharmacological profile. This is
because it shows affinity for dopamine D1, D4, and D2 receptors. In the case of the D2
receptor, dissociation occurs very rapidly, thus reducing the risk of hyperprolactinemia
and extrapyramidal symptoms. Clozapine also has an affinity for serotonin, adrenergic,
histamine, and muscarinic receptors [52,54,55].

2.2.2. Preclinical CLO Studies

There are numerous attempts to link oxidative stress to adverse effects, including
metabolic disorders occurring during clozapine use, in preclinical studies. This points
to the involvement of free radicals leading to the oxidation of proteins, which results
in their disruption or loss of function [56–61]. In the study by Walss-Bass et al., human
neuroblastoma cells were used to identify changes in proteins under oxidative stress after
administration of CLO (in three concentrations of 1, 10, or 20 µM). The level of reactive
oxygen species increased with dose until reaching a maximum value at a drug concentration
of 10 µM. Among others, malate dehydrogenase, calumenin, or the muscle isoenzyme of
keratin kinase were found to be particularly susceptible to oxidation. Irreversible changes
in enzymes involved in key metabolic processes can lead to the occurrence of multiple
disorders in the body [57].

A study by Abdel-Wahab et al. in rats further revealed an association between ox-
idative stress and myocardial ischemia. Clozapine causes an increased release of cate-
cholamines, which in turn increases the production of free radicals. As a consequence,
cell damage occurs with the infiltration of neutrophils, which release cytokines, among
others, TNF-α. Rats treated with CLO for 21 days showed a significant increase in MDA
and 8-hydroxy-2-deoxyguanosine (8-OHdG), which was observed at doses of 15 and
25 mg/kg/day. This indicates lipid peroxidation and oxidative damage to DNA. The
cardiotoxic effect was further confirmed by an increase in the activity of the biomarkers
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of cardiac damage—lactate dehydrogenase (LDH) and cardiac creatine kinase isoenzyme
(CK-MB). At the same time, GSH levels decreased significantly [58]. Similar results were
obtained during clozapine cardiotoxicity studies using striped danios. After a three-day
exposure of embryos to the drug (concentration range 12.5–100 µM), cardiac morphologi-
cal abnormalities and bradycardia were detected. In addition, levels of ROS, MDA, and
pro-inflammatory cytokines increased. In contrast, CAT and SOD activity decreased. These
results confirmed that CLO contributes to both oxidative stress and inflammation, thus
leading to cardiotoxicity in preclinical studies [59].

2.2.3. Clinial CLO Studies

Clozapine-induced oxidative stress also affects blood cells in patients with agranulo-
cytosis and in patients without agranulocytosis. A clinical study by Fehsel et al. suggests
that the use of the drug is associated with an increase in ROS production in neutrophils,
which may contribute to the induction of their apoptosis. In addition, increased expression
of the proapoptotic gene p53 was observed, and this also occurred in patients treated with
other antipsychotics, including olanzapine [60].

However, the results of a study comparing oxidative stress parameters in patients
treated with perphenazine, risperidone, and clozapine led the authors to a completely
different conclusion. Indeed, it has been shown that in patients treated with clozapine
for at least three months, serum GSH and SOD levels increased, and MDA levels were
significantly lower compared to patients treated with perphenazine and risperidone [61].

2.3. Risperidone (RIS)
2.3.1. Pharmacological RIS Data

During studies conducted in the 1960s and 1970s, it was observed that the admin-
istration of lysergic acid diethylamide (LSD) to rats produced symptoms similar to the
negative symptoms of schizophrenia. This phenomenon has been linked to 5-HT2 receptor
agonism and serotonin overactivation. A new target in the field of treatment of psychotic
disorders has, therefore, become the development of compounds that block D2 and 5-HT2
receptors simultaneously. In the early 1980s, a benzoxazole derivative was obtained, which
was classified as an atypical antipsychotic drug in the form of risperidone (RIS). The drug
was approved by the US Food and Drug Administration in a relatively short time, as early
as 1993, for the treatment of schizophrenia [62–64]. The drug also binds to α1adrenergic
receptors and α2 and histamine H1 receptors. A particular advantage of the drug is its
lack of affinity for muscarinic receptors; thus, there is little likelihood of anticholinergic
symptoms developing. Although it is not without side effects and can lead to weight gain,
hyperprolactinemia, hyperlipidemia, and diabetes, among others, it has a limited side effect
profile compared to its predecessors [64–68].

2.3.2. Preclinical RIS Studies

With risperidone, the incidence of serious side effects such as extrapyramidal symp-
toms is limited, which is attributed to lower levels of oxidative stress [69–72]. Stojkovic
et al. demonstrated that the drug affects parameters such as MDA, GSH, and SOD in the
brain structures of rats. An increase in previously reduced GSH levels was observed in the
brains of rats administered phencyclidine (PCP) initially for redox imbalance, followed by
RIS for nine weeks. PCP led to oxidative damage in the brain and lipid peroxidation, but
long-term administration of risperidone resulted in reduced levels of MDA and SOD [69].

However, some researchers indicate that risperidone has a cytotoxic effect by increas-
ing the production of reactive oxygen species, thus inducing oxidative stress. In isolated
hepatocytes of lab rats incubated with risperidone, a significant decrease in GSH levels was
observed compared to the control group, as well as signs of cell damage, including, among
others, a decrease in mitochondrial membrane potential and lipid peroxidation [72].
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2.3.3. Clinial CLO Studies

Similar results were observed in a group of patients treated with RIS for 12 weeks
at a dose of 6 mg/day. The concentration of SOD in the blood decreased significantly.
However, the effect of the drug on NO levels remains inconclusive. The above study
did not show a decrease in elevated NO levels in patients’ blood [70]. Different results
were obtained in the blood of patients undergoing six weeks of pharmacotherapy with
risperidone at individually selected doses in the range of 3–11 mg/day, as there was an
increase in the levels of NO and its metabolites. At the same time, NO levels in the blood of
patients with schizophrenia have also been shown to be significantly lower than in healthy
individuals [71]. The aforementioned study by Hendouei et al. also assessed the effect
of risperidone on oxidative stress parameters. Although clozapine showed a significant
advantage in antioxidant activity, the total antioxidant capacity of plasma (FRAP, ferric
reducing antioxidant power) reached the highest value compared to the patient group
treated with risperidone [61].

2.4. Olanzapine (OLZ)
2.4.1. Pharmacological OLZ Data

In 1996, olanzapine (OLZ) was approved by the FDA for the treatment of schizophre-
nia, and in 2004, it was also approved for the treatment of bipolar disorder [73,74]. Due
to its structural similarity to clozapine, olanzapine has a similar receptor profile. It shows
high affinity for both dopamine receptors (e.g., D2, D4), serotonin (among others, 5-HT2A,
5H-T2C), adrenergic, histamine, as well as muscarinic. It has been shown that this drug
also affects the glutamatergic system by interacting with NMDA receptors. However,
the exact mechanism is not known [74,75]. The use of OLZ is associated with a limited
risk of extrapyramidal symptoms and small increases in prolactin levels. Despite the
above-mentioned advantages, the drug, especially during long-term therapy, significantly
interferes with the body’s metabolic processes, leading to numerous disorders such as
hyperlipidemia, diabetes, and weight gain. The latter is more common with olanzapine
compared to other antipsychotics. Drowsiness, dry mouth, dizziness, and fatigue, as well as
other symptoms, may also occur [73–75]. Olanzapine is classified as a second-choice drug
due to its significant impact on metabolism. Nevertheless, due to its considerable efficacy,
it continues to be one of the most commonly used second-generation antipsychotics, along
with quetiapine, risperidone, and aripiprazole [41,68,76].

2.4.2. Preclinical OLZ Studies

There are numerous findings to compare oxidative stress with OLZ toxicity, including
preclinical and clinical studies [77–81]. In numerous projects, olanzapine is compared with
other antipsychotics, both first- and second-generation. In the animal study by Reinke
et al., it was combined with haloperidol and clozapine. The obtained results indicate a
significant advantage of atypical drugs over classical ones. Unlike haloperidol, they did
not cause oxidative brain damage in the studied rats. A 28-day treatment with olanzapine
administered intravenously at doses of 2.5, 5, and 10 mg/kg resulted in lower TBARS and
carbonyl levels. Two-month treatment of rats with schizophrenia (doses of 10–20 mg/day)
also resulted in improvements in oxidative stress parameters. Lipid peroxidation was
assessed by analyzing MDA concentrations. Compared to pre-treatment values, biomarker
levels decreased significantly [79].

Research from recent years also indicates an important role of the prefrontal cortex in
the treatment of schizophrenia. Olanzapine-induced inflammation of this area and activa-
tion of the immune response are most likely linked to the pathogenesis of schizophrenia.
Administration of the drug to rats for 1, 8, and 36 days (dose 3 mg/kg/day) resulted
in activation of IKKβ/NF-κB inflammatory signaling pathways, increased expression of
the pro-inflammatory cytokines TNF-α, IL-6, and IL-1β, and immune system proteins
including iNOS, TLR4, and CD14 in the prefrontal cortex [81].
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OLZ also shows effects on hypothalamic cells, with dose- and time-dependent effects
suggested. During in vitro studies on cell lines, a significant decrease in cell survival
was observed at concentrations ≥100 µM after 24 h of incubation. Quantification of live
hypothalamic cells confirmed the neurotoxicity of OLZ after both 24 and 48 h of incubation,
which was for concentrations of 100 µM. No significant changes in cell survival were
observed at a concentration of 25 µM. Based on the results, it can be concluded that
olanzapine leads to dose-dependent neurotoxicity, where low concentrations of olanzapine
(<100 µM) show beneficial antioxidant properties, but high doses (≥100 µM) result in cell
damage [78].

2.4.3. Clinial OLZ Studies

Schizophrenic patients have been shown to have elevated levels of free radicals,
with reduced levels of antioxidants. However, a significant number of studies show
improvements in oxidative stress parameters in the blood of patients treated with OLZ.
In the group of patients receiving the drug for 3 months at a dose of 5–20 mg/day, there
was a decrease in the elevated MDA levels. The improvement was also noticeable for
GSH, the concentration of which decreased significantly. In addition, the initially reduced
levels of α-tocopheryl and ascorbic acid increased significantly. In this study, similar effects
were obtained for risperidone, but better results in improving levels of oxidative stress
biomarkers were obtained in the group of patients treated with olanzapine [77].

Total antioxidant status (TAS) was measured in schizophrenic patients. As a result of
treatment, the blood levels of patients increased significantly. On the basis of the obtained
data, researchers concluded that olanzapine showed a partial ability to regulate elevated
levels of oxidative stress in patients with schizophrenia [80].

2.5. Quetiapine (QT)
2.5.1. Pharmacological QT Data

Quetiapine (QT), like clozapine and olanzapine, belongs to the dibenzoazepine deriva-
tives. In 1997, it was approved by the FDA for the treatment of schizophrenia. In 2004,
the registration indication was expanded to include the treatment of bipolar disorder
and, a few years later, also the treatment of depression, with quetiapine being recog-
nized as an adjunctive therapy drug [73,82,83]. It is characterized by strong antagonism
to the 5-HT2A receptor. It binds to a small extent to the D2 receptor. Its sedative effect
is most likely related to its very strong affinity for histamine H1 receptors. In turn, the
occurrence of orthostatic hypotonia is explained by its affinity for α1-adrenergic receptors.
Although the mechanisms of action of quetiapine are not fully understood, it is indicated
that its metabolite—norquetiapine—influences antidepressant efficacy. This compound
not only acts agonistically at 5-HT1A receptors but also inhibits norepinephrine transport
factor (NET). Side effects include drowsiness, dry mouth, dyslipidemia, and weight gain.
However, compared to olanzapine and clozapine, the intensity of metabolic disturbances
occurring during quetiapine use is lower [41,68,73,83–85].

2.5.2. Preclinical QT Studies

Studies have shown that quetiapine presents different directions of action from the
damaging effects of oxidative stress [86–91]. Han et al. induced free radical production by a
seven-day intra-peritoneal administration of 20% ethanol (2 g/kg/day) to rats. An increase
in total antioxidant capacity (TAC), SOD, and CAT activity was observed in brain areas
of animals receiving the drug at a dose of 10 mg/kg/day. This effect was not observed
in the liver, where there was an increase in MDA and ROS concentrations despite drug
administration [86]. Similar results were also obtained with fourteen days of quetiapine
therapy (20 mg/kg), which produced a significant increase in SOD activity and a decrease in
TBARS levels in the rat brain areas studied (hippocampus, amygdala, and prefrontal cortex).
This indicates a reduction in lipid peroxidation and protein damage, thereby reducing
oxidative stress [87]. Due to the significant effectiveness of quetiapine in the treatment of
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cognitive deficits, studies were also conducted to assess its impact on behavioral changes
resulting from anticancer treatment with doxorubicin. The results of the 30-day study
revealed that oxidative stress and inflammation parameters were improved in the brain
tissue of the rats. Quetiapine administration reduced high concentrations of MDA and
GSH in the brains of rats [91].

2.5.3. Clinical QT Studies

In contrast to preclinical data, determination of myeloperoxidase (MPO) and C-reactive
protein (CRP) activity in patients after QT overdose revealed oxidative dysfunction and
the development of inflammation. Levels of both biomarkers increased significantly,
which was further related to serum drug concentration and the patient’s clinical condition.
Quetiapine concentrations above 1 µg/mL in blood correlated with both increased MPO
and CRP levels [88]. However, in other studies conducted with quetiapine-treated patients,
the antioxidant effect of the drug has been observed. After four weeks of therapy, a
decrease in baseline-elevated plasma TBARS and urinary F2-isoprostane concentrations
was noted. Initial levels of the lipid peroxidation marker 4-hydroxynonenal (4-HNE) in
the schizophrenia group were not significantly different from the control group, and these
levels did not change after quetiapine treatment. This study also allowed a comparison
of the antioxidant properties of selected atypical antipsychotics. Quetiapine, together
with clozapine and olanzapine, showed the most beneficial effect on oxidative stress
parameters [89].

This effect was also confirmed during in vitro studies using blood drawn from healthy
volunteers. Significant reductions in lipid peroxidation in the form of reduced TBARS
levels occurred after both 1 and 24 h of plasma incubation with the drug [90].

2.6. Aripiprazole (ARP)
2.6.1. Pharmacological ARP Data

In 2002, the FDA approved the new drug aripiprazole (ARP) for the treatment of
schizophrenia. As a quinoline derivative, it exhibits a unique mechanism of action, making
it classed as a third-generation antipsychotic. Like quetiapine, aripiprazole has received
approval for the treatment of bipolar affective disorder and depression as adjunctive
therapy. This occurred in 2004 and 2007 [73]. It is called a dopamine system stabilizer.
When the activity of the dopaminergic system is reduced, it acts as an agonist for D2
receptors by stimulating them. In contrast, when dopamine concentrations are too high,
aripiprazole acts as an antagonist. This allows for antipsychotic effects while reducing the
risk of EPS. This drug also has an affinity for 5-HT1A, 5-HT2A, 5-HT7, and D3 receptors
and moderate activity at D4, H1, and α1-adrenergic receptors. A particular advantage of
aripiprazole is its beneficial effect on prolactin. This is because it does not increase serum
concentrations of the hormone. In addition, it can lead to the normalization of prolactin
levels in patients whose levels were initially elevated. The most common side effects
include drowsiness, akathisia, anxiety, nausea, vomiting, and headache [56,68,73,92–96].

2.6.2. Preclinical ARP Studies

Preclinical, in vitro, and clinical studies have shown that ARP can generate or reduce
oxidative stress [97–101]. It was observed that in both isolated mouse liver mitochondria
and in isolated blood cells from healthy patients, mitochondrial respiration was disrupted
by aripiprazole administration. This drug led to the induction of reactive oxygen species
production and lipid peroxidation, as indicated by increased levels of modified HNE
proteins [97].

In contrast, some studies confirm the induction of an antioxidant response by ARP. In
view of its potential antidepressant effect, an analysis was made of the drug’s effect on ox-
idative stress parameters that also play an important role in the pathogenesis of depression.
Lipid peroxidation levels in the cerebral cortex of rats receiving aripiprazole (2.5 mg/kg) for
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four weeks did not differ from those of the control group. However, glutathione peroxidase
activity, GSH, and vitamin C concentrations increased significantly [99].

Recent studies also indicate a potential antioxidant effect on neurons. Administration
of aripiprazole to rats for 30 days at doses of 1 and 2 mg/kg resulted in reduced levels
of the oxidative stress marker MDA and the inflammatory marker COX-2 for both drug
concentrations. In addition, the antioxidant activities of GSH and CAT increased. According
to the researchers, the results obtained demonstrate the neuroprotective mechanism of
action of aripiprazole [100].

Equally beneficial effects of the drug on antioxidant protection and cell viability were
observed in relation to rat hepatocytes. Under oxidative conditions, after eight weeks
of treatment, there was an increase in the activity of the antioxidant enzymes, SOD and
CAT, which applied to both 2.23 and 6 µM ARP concentrations. At the same time, the
dose-dependent effect of the drug was shown, and the largest increase in enzymes occurred
after the drug was administered at a higher concentration [101].

2.6.3. Clinical ARP Studies

In contrast, the results of a clinical study conducted to assess the effect of therapeutic
doses of antipsychotics on oxidative stress parameters suggest that aripiprazole has a
dose-dependent effect. Plasma samples from healthy volunteers were incubated with the
drug for 24 h. For both drug concentrations of 163 and 242 ng/mL, no significant effect was
observed on plasma TBARS levels. However, at lower concentrations, there was a slight
induction of lipid peroxidation, indicating possible prooxidant properties [98].

3. Mood Stabilizers
3.1. Lithium (Li)
3.1.1. Pharmacological Li Data

The origins of the use of lithium (Li) date back to the 19th century, but the first publi-
cations demonstrating its effectiveness were published in the mid-20th century [102,103].
It is currently used mainly in the treatment of schizoaffective disorders, including bipolar
mood disorders, as a mood stabilizer [104]. It is also suggested for use in the treatment
of schizophrenia as a next-line treatment and in severe forms of depression due to its
anti-suicidal properties [105,106]. Its use in neurodegenerative diseases has also been pos-
tulated [107–109]. Despite its long history of use, the mechanism of action of lithium is not
yet fully understood. However, two main mechanisms of action have been postulated: by
blocking inositol phosphatases involved in intracellular signal transduction and by inhibit-
ing glycogen synthase kinase 3 [110,111]. In addition, it increases GABA-based inhibitory
neurotransmission, which is of particular importance in the treatment of mania [112]. Side
effects associated, particularly with long-term use, include kidney damage and endocrine
disruption in the form of deterioration of thyroid functions [113,114].

3.1.2. Preclinical Li Studies

Preclinical, clinical, and in vitro studies have shown that lithium enhances or inhibits
oxidative stress [115–123]. In preclinical studies conducted on rats induced into a state of
mania by methamphetamine, it was shown that the oxidative effect of lithium is influenced
by the dose of the substance inducing the manic state in the model and the site of action
in the nervous tissue [118]. Results confirming the antioxidant properties of lithium were
also shown in a study by Jornad et al., which was also conducted on rats introduced
into a model of mania. SOD activity was statistically significantly reduced with lithium
treatment compared to the group introduced into mania without lithium treatment in both
the prefrontal and hippocampus. In the case of CAT, increased activity was also observed
in both brain regions. In addition, a significant reduction in TBARS was also observed after
lithium therapy in neural tissue. In contrast, in non-manic animals, the use of lithium did
not affect oxidative stress parameters in any case [119]. Another study in rats showed a
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significant increase in SOD levels only in the group treated with higher concentrations of
lithium, suggesting a dose-dependent increase in oxidative damage [121].

Additionally, in an in vitro model study, lithium was shown to inhibit oxidative stress-
induced senescence in nerve cells [120]. In a study conducted on rat liver cells in vitro,
lithium cytotoxicity associated with its participation in the formation of oxygen-free radicals
was demonstrated. Moreover, cytotoxicity increased with increasing ion concentrations. In
addition, the role of the CYP2E1 isoenzyme in oxidative stress associated with the intake of
lithium was postulated [123].

3.1.3. Clinical Li Studies

A clinical study conducted on a group of bipolar disorder patients treated with lithium
showed a statistically significant reduction in TBARS level, an exponent of increased lipid
peroxidation, after starting therapy. Similar observations have been shown for superoxide
dismutase (SOD). CAT and GPx levels did not change statistically significantly after lithium
treatment but were significantly higher compared to the control group, which is explained
by the pathophysiology of the disease. In addition, changes in oxidative stress parameters
have been linked to the response to lithium therapy [115,116]. A study by Banerjee et al.,
also conducted on a group of bipolar disorder patients, showed significantly reduced lipid
peroxidation exponents in lithium-treated patients compared to lithium-naive patients.
Moreover, an increase in Na+-K+-ATPase activity associated with lithium treatment and
affecting the reduction of oxidative stress was demonstrated [117]. In contrast, a study in
healthy volunteers showed a statistically significant reduction in SOD after Li therapy, with
no significant effect on CAT or TBARS levels [122].

3.2. Valproic Acid (VPA)
3.2.1. Pharmacological VPA Data

The action of valproic acid (VPA) is based on blocking voltage-gated ion channels
and modulating GABA-nergic and monoamine-based transmission within neural tissue.
Through the induction of glutamic acid decarboxylase, VPA increases levels of GABA,
which is an inhibitory neurotransmitter. In addition, VPA inhibits the enzymes that break
down GABA, which further contributes to its levels. This reduces impulse conduction,
which translates into a reduction in the occurrence of convulsions. The effect on NMDA
receptor-based conduction is also not insignificant. This is carried out by weakening the
action of glutamate, which is a stimulating neurotransmitter. In addition, VPA reduces
glucose utilization within the brain, which results in reduced ATP production and indirectly
translates into a slower metabolism in the neural tissue. Common side effects associated
with the use of VPA include weakness, lethargy, nausea, weight gain, and hair condition
deterioration. In addition, hematological disorders and hepatotoxicity associated with
VPA intake are observed. In addition, valproic acid has shown significant teratogenic
properties [124–136].

3.2.2. Preclinical VPA Studies

The use of valproic acid affects the redox balance in the body [137–145]. Studies in
rats have shown VPA-associated significant reductions in GTx, SOD, and CAT activity
in neural tissue. In addition, oxidative stress exponents such as TBARS and carbonyls
have been shown to be elevated [137]. However, this effect can be inhibited by selenium
and L-carnitine supplementation, which has also been confirmed in studies conducted on
rats [138,139]. In turn, work carried out on the same animal model showed neuroprotective
properties of VPA against nerve cells after the occurrence of mechanical trauma in the
mechanism of inhibiting oxidative stress [140]. VPA also has a similar effect in the case of
nerve tissue damage as a result of stroke, which has been demonstrated in studies on the
same animal model [141].

Studies conducted on human neuroblastoma cells in an in vitro model showed a
reduction in hydrogen peroxide levels in cells subjected to stimulated excitotoxicity in the
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case of incubation with VPA. In addition, an increase in SOD and a slight increase in CAT
were also observed in samples incubated with VPA. However, when excitotoxicity was
induced, the relationships were not statistically significant [142]. Also, a study conducted
on a mouse embryo model showed an increase in reactive oxygen species associated with
VPA administration and a negative impact on the embryo. In addition, administration of
exogenous CAT showed potential embryonic protective properties, which could not be
demonstrated for SOD [144]. Elevated markers of oxidative stress associated with the use
of VPA have also been demonstrated in work on glioma cell lines. VPA-related reactive
oxygen species caused damage within mitochondria, affected cell–cell communication
pathways, and regulated VPA-induced apoptosis [145].

3.2.3. Clinical VPA Studies

A clinical study conducted on a group of VPA-treated patients showed a signifi-
cant reduction in antioxidant potential (FRAP) between the VPA-treated and the control
group. Importantly, no such relationship was shown for reduced to oxidized glutathione
(GSH/GSSG ratio) [143].

3.3. Carbamazepine (CBZ)
3.3.1. Pharmacological CBZ Data

The origins of the use of carbamazepine (CBZ) date back to the mid-20th century. Its
mechanism is based on the modulation and blocking of potential-gated sodium channels.
Its effects on serotonin- and catecholamine-based conductance have also been postulated.
Among its other uses are the treatment of seizures, neuropathic pain, and manic episodes
in the course of bipolar disorder. Side effects associated with its use include feelings of
fatigue, headaches, blurred vision, and ataxia. Cases of Stevens–Johnson syndrome, severe
hematological disorders, and toxic epidermal necrolysis associated with carbamazepine
use have also been described [146–152].

3.3.2. Preclinical CBZ Studies

The studies of the effect of CBZ on the condition of oxidative stress are varied [153–160].
In vitro studies on erythrocytes showed no significant effect of the drug on oxidative stress
in the cell [155]. In contrast, a study conducted on a plant cell model showed an increase
in lipid peroxidation and levels of hydroperoxide and carbonyl proteins. In addition, a
statistically non-significant increase in CAT levels was observed [160].

Studies of CBZ nephrotoxicity in rats suggest an association of renal cell damage with
increased rates of oxidative stress [156]. In another study conducted on rats, no significant
changes in malondialdehyde, glutathione, and SOD levels were observed in neural tissue
during CBZ treatment. A significant decrease in GSH and SOD levels and an increase
in MDA levels were only visible in the group with induced epilepsy [157]. A study in
another animal model showed an increase in lipid peroxidation and hydroperoxide levels
after exposure to CBZ. At the same time, a reduction in SOD, CAT, and GPx activity was
confirmed [158]. Similar conclusions were reached in a similar study on the same animal
model. A reduction in SOD, CAT, and GPx activity was shown with a concomitant increase
in TBARS and carbonyl protein [159].

3.3.3. Clinical CBZ Studies

A study conducted on a pediatric population showed a significant reduction in antiox-
idant capacity and an increase in the oxidative stress index among epilepsy patients treated
with carbamazepine compared to a healthy control group. In addition, an association was
found between the use of CBZ and increased total oxidative status [160]. Similarly, a study
by Varoglu et al. found a significant reduction in some antioxidative markers, with an
increase in selected oxidative markers during carbamazepine monotherapy [154].
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3.4. Oxcarbazepine (OXC)
3.4.1. Pharmacological OXC Data

The origins of the use of oxcarbazepine (OXC) in therapy date back to the 1990s. It
is a structural derivative of carbamazepine, which is a pro-drug that is activated in the
body as an active metabolite. It is postulated to act mainly by blocking and influencing
voltage-gated sodium channels. The primary uses of the drug include the treatment of
epilepsy and affective disorders. Compared to carbamazepine, OXC is characterized by
greater safety and fewer side effects and interactions. Common side effects associated with
OXC use include dizziness, headaches, and nausea [161–166].

3.4.2. Preclinical OXC Studies

The studies of the effect of OXC on the status of oxidative stress are not very numerous
and clear [167–171]. Studies in mice have shown no significant effect of OXC use on levels
of oxidative stress exponents such as MDA, GSH, CAT, and SOD determined in brain tissue.
Elevated MDA levels and reduced glutathione levels were only observed with OXC use in
individuals with pharmacologically induced epilepsy [168]. In turn, studies conducted in
rats showed a significant protective effect of the use of OXC on nerve cells after hypoxia
induced by cardiac arrest. It is postulated that these protective properties result from the
attenuation of oxidative stress by increasing the presence of SOD [169]. The neuroprotective
properties of OXC through its effect on redox balance are also confirmed by a rodent study
by Park et al., which showed a reduction in the production of superoxide anions.

In addition, elevated levels of SOD, CAT, and GPx were observed in nerve cells [170].
An increase in the formation of ROS as a result of epileptic seizures has been demon-
strated [171].

3.4.3. Clinical OXC Studies

A meta-analysis by Rezaei et al. found no significant statistical difference between
OXC-treated and healthy individuals in blood-assessed homocysteine levels, which are
directly related to redox balance regulation [167]. Similar observations have also been made
regarding folic acid and cobalamin’s indirect involvement in the regulation of oxidative
stress [168].

4. Antidepressants
4.1. Citalopram (CIT)
4.1.1. Pharmacological CIT Data

Citalopram (CIT) is a selective serotonin reuptake inhibitor (SSRI), authorized in
1998. In addition, it has a low affinity for dopaminergic D2 receptors, 5-HT1A and 5-HT2A
receptors, α-adrenergic and β-adrenergic, muscarinic, and histamine H1 receptors [172].
It is used in the treatment of depressive disorders, anxiety disorders with or without
anxiety attacks with agoraphobia, as well as obsessive-compulsive disorders. Common
side effects include sleep disturbances, nausea, decreased sex drive, excessive sweating,
and dry mouth [173].

4.1.2. Preclinical CIT Studies

The research results provide a lot of data on the impact of CIT on oxidative stress [174–181].
Hepatotoxicity of CIT, resulting from free radical effects, has been observed in rat studies.
Treatment took place in vitro and in vivo. In the in vitro group, hepatocyte death was noted
at 500 µM, as well as increased ROS formation, breakdown of mitochondrial potential,
lysosomal membrane leakage, GSH depletion, and lipid peroxidation. The in vivo tests at
a dose of citalopram (20 mg/kg), confirmed the above damage [174].

In addition, other studies conducted on male rats have shown that CIT causes testicular
damage to the mechanisms of oxidative stress as well as hormonal changes. The drug was
used at doses of 5, 10, and 20 mg/kg. Sperm showed abnormal morphology and DNA
damage, while their concentration decreased. In addition, histopathological changes in
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the testicles were observed. Luteinizing hormone concentrations increased with each dose
of citalopram, while testosterone concentrations increased with doses of 5 and 10 mg/kg.
Reduced glutathione levels signaled increased oxidative stress in the male rats given
citalopram at doses of 10 and 20 mg/kg [175]. Studies conducted on Daphnia magna have
shown that citalopram causes oxidative damage. The microorganisms were exposed to
citalopram in the water at a concentration of 1.03 mg/L. In Daphnia, an increase in the
concentration of the antioxidant molecule glutathione S-transferase (GST) was observed,
as well as an increase in the activity of SOD, CAT, and GPx. In addition, MDA, protein
carbonyl, and 8-OHdG concentrations increased. CIT has been shown to cause oxidative
damage [176].

Antitumor effects of citalopram on hepatocellular carcinoma cells have also been
observed. The cytotoxic effect of the drug on HepG2 cells was manifested by decreased cell
viability and increased ROS formation. An increase in mitochondrial Bax and a decrease in
Bcl2, as well as cytochrome C release, were observed. It has been suggested that citalopram
may exhibit apoptotic effects against a hepatocellular carcinoma cell line via induction
of cell death via a cytochrome C release mechanism and ROS-dependent activation of
NFκB [177].

In addition, studies on the effect of citalopram on the processing of amyloid-β pre-
cursor protein (AβPP) have suggested that the drug may increase AβPP processing and
also reduce oxidative stress. The study was conducted on induced pluripotent stem cells
(iPSCs). Citalopram was administered for 45 days at concentrations of 0.8, 5, and 10 µM. In
cells with the PSEN1 gene mutation, O2 concentrations were significantly reduced after
each dose of citalopram. In contrast, no change in the formation of terminal oxidative stress
markers was observed after treatment [180].

In addition, in studies conducted in rats, it was observed that co-administration of
citalopram combined with rosuvastatin intensifies oxidative stress. The concomitant medi-
cations were used for 14 days. The results showed an increase in peroxidase and glutathione
reductase activity, with no effect on antioxidant concentrations [178]. On the other hand,
in studies conducted in Wistar rats, a neuroprotective effect of citalopram was observed,
induced by the alleviation of oxidative stress, inflammation, apoptosis, and an altered
metabolic profile. Treatment with CIT at 4 mg/kg significantly altered 17 metabolites
with attenuation of malondialdehyde, reduced glutathione, matrix metalloproteinases, and
apoptosis markers [179].

4.1.3. Clinical CIT Studies

A limited number of studies examine oxidative stress measured in patient groups.
There was a significant increase in serum SOD, serum MDA, and decrease in plasma
ascorbic acid levels in patients treated with CIT for major depression as compared to
control subjects [181].

4.2. Sertraline (SER)
4.2.1. Pharmacological SER Data

Sertraline (SER) was introduced in 1991. It is a naphthaleneamine derivative. The
mechanism of action of the drug is to inhibit the presynaptic reuptake of serotonin from
the synaptic cleft (SSRI). Norepinephrine and dopamine transport are also blocked to a
small extent. Sertraline slightly binds to adrenergic, histamine, muscarinic, dopaminergic,
serotonergic, benzodiazepine, and GABA receptors. It is used to treat depressive disorders,
obsessive-compulsive disorder, post-traumatic stress disorder, and seizure disorders. Com-
mon side effects include insomnia, drowsiness, anorexia, tremors, dizziness and headaches,
diarrhea, nausea, or sexual dysfunction. In addition, movement disorders, paresthesias,
visual disturbances, or increased sweating have been noted. In addition, sertraline-induced
hepatotoxicity has also been described [182–184].
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4.2.2. Preclinical SER Studies

The effects of SER on lipoperoxidation and antioxidant enzyme activity in plasma and
brain tissues were studied in Wistar albino rats. Animals were administered the drug at
doses of 10, 40, and 80 mg/kg. Lipid peroxidation (MDA) levels in plasma and brain tissue
increased in all rats treated with sertraline. SOD activity in brain tissue decreased, while
plasma concentrations increased compared to the control group. In contrast, plasma and
brain tissue CAT concentrations and plasma paraoxonase (PON) concentrations decreased
compared to the control group. Administration of higher doses of sertraline has been
found to increase oxidative stress [185]. Studies in Drosophila melanogaster have shown
sertraline-induced DNA damage and cell toxicity. Antidepressant-treated larvae manifested
delayed development and reduced survival. It was observed that, through the action
of sertraline, mitotically active tissues had DNA breaks and underwent apoptosis with
increased frequency. Interestingly, the toxicity of the drug was partially mitigated by the
administration of ascorbic acid. It has been suggested that sertraline induces oxidative
DNA damage [186]. Sertraline-induced hepatotoxicity is probably due to mitochondrial
dysfunction. The study was conducted on male Sprague Dawley rats. It has been observed
that at doses of 75 and 100 µM, sertraline inhibits mitochondrial function by uncoupling
oxidative phosphorylation and inhibiting the activity of complexes I and V. This process is
further mediated by the loss of ATP and the induction of microsomal TG transport protein
(MPT) [184].

The effects of sertraline (also in combination with haloperidol) on oxidative stress
in mice were also compared. SER was administered at doses of 10–20 mg/kg. In antide-
pressant monotherapy, brain concentrations of GSH, MDA, TAC, and nitrite remained
unchanged, while catalase and PON1 activity decreased. It has been found that sertraline,
through its effects, can expose the brain to further oxidative damage [187]. Importantly,
some studies suggest using the oxidative properties of sertraline to treat certain diseases.
Sertraline can be used in the treatment of prostate cancer. Antidepressant-induced apop-
tosis and autophagy by activating free radical production, hydrogen peroxide (H2O2)
formation, lipid peroxidation, and decreasing GSH concentration. Furthermore, sertraline
significantly reduced the expression of aldehyde dehydrogenase 1 (ALDH1) and the stem
cell marker CD44 [188].

Other studies have investigated the oxidative properties of sertraline against the
Leishmania infantum parasite. The drug-induced uncoupling of respiration, a signifi-
cant decrease in intracellular ATP concentration, and oxidative stress in the promastigote
L. infantum. In addition, prolonged metabolic dysfunction was demonstrated. Sertraline
killed Leishmania through a multidirectional mechanism of action, eliminating the parasite’s
primary metabolic pathways. The use of sertraline to treat visceral leishmaniasis in an
off-label regimen has been suggested [189].

4.2.3. Clinical SER Studies

In contrast, a pilot study comparing the effects of sertraline on markers of oxidative
stress (MDA) revealed a different effect on oxidative properties. People with depression,
also diagnosed with heart failure, were divided into two groups: those receiving sertraline
and those not receiving any antidepressant. After three months of treatment, patients
treated with sertraline showed a significant reduction in MDA. It has been suggested
that SER treatment reduces plasma markers of oxidative stress in depressed patients with
additionally diagnosed heart failure [190].

4.3. Venlafaxine (VEN)
4.3.1. Pharmacological VEN Data

Venlafaxine (VEN) was launched in 1994 [191]. This substance, together with its
metabolite—O-desmethylvenlafaxine—acts as a serotonin and norepinephrine reuptake
inhibitor (SNRI). In addition, venlafaxine shows weak properties as a dopamine reuptake
inhibitor. Its serotonergic effect contributes to sedative, drowsiness-increasing, and neutral-
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izing effects, while its noradrenergic action can result in the opposite effects, i.e., agitation,
deterioration of sleep quality, and sometimes even induce feelings of anxiety. The drug
is approved for a variety of uses, such as the treatment of episodes of major depression,
prevention of recurrent episodes of major depression, treatment of generalized anxiety
disorder, treatment of social phobia, and treatment of paroxysmal anxiety [192]. Most pa-
tients tolerate VEN well, although symptoms such as dizziness and headache, nausea, dry
mouth, and night sweats are most commonly seen in clinical practice. An increase in blood
pressure is also observed, especially at the beginning of therapy or with high daily doses
(300 mg/day) [193]. Other potential side effects mentioned in the literature include tinnitus,
palpitations, sleep disturbances, vomiting, diarrhea, constipation, decreased appetite, and
nervousness [194].

4.3.2. Preclinical VEN Studies

A study in male mice assessed venlafaxine’s ability to damage DNA in the brain and
liver and its oxidative effects on DNA, lipids, and proteins. An intermediate dose of the
drug (50 mg/kg) caused significant DNA damage at 2 and 6 h after exposure, while a high
dose (250 mg/kg) caused even more pronounced oxidative damage over the same time
interval. Damage was observed in both the brain and liver, with the liver being, however,
more severe. Lipoperoxidation effects in the brain and liver were evident after 6 and 12 h
at doses of 50 and 250 mg/kg. In contrast, liver nitrite content induced 2 h after exposure
to venlafaxine (250 mg/kg) was elevated [195].

Similar observations were made on the effect of VEN on hepatocyte cytotoxicity—in
this study, the drug was administered to male rats, and then liver cells were isolated from
them. Venlafaxine has been observed to cause hepatotoxicity through the induction of
oxidative stress and subsequent toxic effects, including GSH depletion, lipid peroxidation,
breakdown of mitochondrial potential, and lysosomal membrane leakage in hepatocytes.
In addition, functional mitochondrial damage was observed through inhibition of mito-
chondrial respiratory complexes II and IV. Lysosomes and mitochondria have been shown
to be the earliest target structures for venlafaxine-induced hepatotoxicity [196].

In addition, chronic VEN administration affects the methylation of promoters of genes
involved in oxidative and nitrosative stress. This includes mRNA expression of SOD1,
SOD2, and NOS1 in peripheral blood mononuclear cells (PBMC) and in the brain, as well
as gene expression of CAT, Gpx1, and Gpx4 only in the brain [197]. In a study in mice, co-
administration of VEN (40 mg/kg) with morphine showed inhibition of naloxone-induced
withdrawal symptoms. In addition, the drug reduces the expression of TNF-α, IL-1β, IL-6,
NO, and the concentration of MDA in brain tissue. Repeated administration of venlafaxine
inhibits the decline in brain-derived neurotrophic factor (BDNF), thiol, and GPx [198].
Studies evaluating the effects of venlafaxine on glucose homeostasis and oxidative stress
showed that the drug’s effects were associated with a TBARS decrease and an increase
in GSH levels in the brain. Mice with diabetes were studied; VEN was administered at
doses of 8 and 16 mg/kg/day for 21 days. Glucose levels did not change significantly after
administration [199]. No clinical VEN study results were found in the literature.

5. Discussion

Understanding the mechanisms and role of oxidative stress in the possible etiopatho-
genesis of psychiatric diseases makes it possible to develop new therapeutic approaches
based on its modulation. Such research has been conducted in the case of bipolar disorder,
where oxidative stress has been shown to affect molecule damage at the neurobiological
level. This observation makes it possible to try to use drugs that affect the balance between
antioxidative and oxidative processes to induce remission of the disease [1].

A compilation of the many publications on in vitro and animal experiments and the
few findings from studies conducted in patient groups indicates considerable interest in the
topic of the involvement of oxidative stress in the mechanism of many neurodegenerative
diseases treated with older and newer generation drugs.
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The findings indicate that significant differences can be observed in clinical practice re-
garding the prescribing of the classic drug haloperidol. Although second-generation drugs
are preferred in most cases, haloperidol still stands out among the classic antipsychotics,
as its prescription frequency has not changed significantly over the past decade [41–43].
Despite this, the contribution of oxidative stress during HLP use is still not fully understood.
A substantial body of research allows the authors to conclude that haloperidol increases ox-
idative stress in brain tissue, showing a tendency to increase neuronal damage [47]. Hence,
one of the main directions of recent research is the study of the interaction of antipsychotic
drugs, including haloperidol, with other substances. This is because they can exhibit both
adverse and beneficial joint effects on oxidative stress parameters [44,47,51].

Continued research among neuropsychiatric drugs has confirmed the significant
efficacy of clozapine in the treatment of symptoms of psychosis, particularly drug-resistant
schizophrenia [52,53]. Studies on the involvement of clozapine in oxidative stress further
revealed the cardiotoxic effects of the drug, confirmed by elevated activities of biomarkers
of cardiac damage, i.e., LDH and cardiac creatine kinase isoenzyme, CK-MB, with a
concomitant decrease in GSH levels, such an important antioxidant in the body [58].
However, the results of a study comparing oxidative stress parameters in patients treated
with perphenazine, risperidone, and clozapine led the authors to a completely different
conclusion. Indeed, it was shown that in the group of patients treated with clozapine
for at least three months, serum GSH and SOD levels increased, and MDA levels were
significantly lower compared to patients treated with perphenazine and risperidone. It
has, therefore, been suggested that clozapine, contributes to a significant alleviation of the
negative symptoms of schizophrenia by exhibiting antioxidant effects [61].

The results suggest that atypical antipsychotics (clozapine, risperidone) have a more
favorable effect on levels of oxidative stress biomarkers compared to classical drugs (per-
phenazine), which may be important in the context of both schizophrenia treatment and
symptom relief [61]. The success of clozapine led to a search for its chemical analog, which
would not be associated with such a high risk of developing agranulocytosis. This research
allowed the synthesis of olanzapine, a new tricyclic dibenzoazepine derivative belonging
to the second generation of antipsychotics. The drug quickly gained popularity after its ap-
proval and, along with risperidone, became one of the most widely used antipsychotics. Its
prescribing frequency declined slightly in the 2000s, most likely driven by patient concerns
about side effects [41,68,76].

Numerous studies have been conducted to clarify the relationship between OLZ
treatment and changes in antioxidant and oxidant levels in the body [77]. Given the lack of
oxidative damage induced by olanzapine, researchers point to a possible neuroprotective
mechanism of action of the drug [79]. The results suggest that the use of olanzapine in the
short term, unfortunately, leads to the development of inflammation in both the central
and peripheral nervous system, which induces the occurrence of altered immunological
responses in patients with schizophrenia. These changes may be related to the therapeutic
effects of olanzapine, but their association with adverse side effects, e.g., weight gain, is
also not excluded [81].

QT shows a complex effect on oxidative stress. As with the other second-generation
drugs, research results indicate their antioxidant properties [86,87]. The authors pointed
to the potential use of quetiapine to improve cognition and reduce oxidative damage to
the brain, drawing additional attention to the drug’s neuroprotective properties. Indeed, a
reduction in Bax and caspase-3 protein levels provides protection against neuronal apopto-
sis [91,96]. The favorable side-effect profile makes aripiprazole one of the drugs preferred
by patients. Along with risperidone, quetiapine, and olanzapine, it is the most commonly
prescribed atypical antipsychotic drug [56,68,96]. Given the unique mechanism of action of
aripiprazole and its favorable side-effect profile, it is expected to have an equally favorable
effect on oxidative stress parameters. However, the studies conducted do not provide a
clear answer regarding the potential pro- or antioxidant effect of the drug [97]. Recent stud-
ies also indicate a potential antioxidant effect on neurons. According to the researchers, the
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results obtained demonstrate the neuroprotective mechanism of action of aripiprazole [100].
Based on the results, it was inferred that aripiprazole provides potential protection for liver
cells under oxidative conditions found in people with schizophrenia [101].

The effect of lithium on oxidative status is still not fully understood. A number of
factors have now been postulated to influence the effect of lithium on oxidative stress.
Among them, factors related to the conduct of therapy should be distinguished, such as
the doses used, the time of taking, or interactions with other drugs used. The type of
tissue affected by lithium also has an impact. Furthermore, when assessing the effect of
lithium on oxidative stress, the pre-existing redox balance disturbances, which form the
pathophysiological basis of diseases, must also be taken into account [114,115]. A study in
healthy volunteers showed a statistically significant reduction in SOD after lithium therapy,
with no significant effect on CAT or TBARS levels [122]. In a study conducted on rat liver
cells in vitro, Li cytotoxicity was demonstrated to be associated with participation in the
formation of oxygen-free radicals. Moreover, cytotoxicity increased with increasing blood
lithium concentrations. In addition, the role of the CYP2E1 isoenzyme in oxidative stress
associated with the intake of lithium was postulated [123].

Valproic acid and carbamazepine were among the first drugs to be used in the treat-
ment of epilepsy. Toxicity related to the oxidative stress effects of VPA is also seen in rat
hepatocyte cells, which is related to the intensive and multi-step hepatic metabolism of the
drug [139].

Capacity and increased oxidative stress index among epilepsy patients treated with
carbamazepine compared to a healthy control group. In addition, a correlation was found
between the use of carbamazepine and increased total oxidative status [153].

The effect of oxcarbazepine on oxidative stress remains a subject of research [166].
Also, in the case of epilepsy, the role of oxidative stress as one of the components in
epileptogenesis has been demonstrated [171].

The effect of citalopram on the development of oxidative stress is important. Studies
on Daphnia magna have shown that citalopram causes oxidative damage [176]. Antitumor
effects of citalopram on hepatocellular carcinoma cells have also been observed. It has
been suggested that citalopram may exhibit apoptotic effects against a hepatocellular
carcinoma cell line via induction of cell death via a cytochrome C release mechanism and
ROS-dependent activation of NFκB [177].

The topic of sertraline-induced oxidative stress is frequently addressed in research.
Studies in Drosophila melanogaster have shown sertraline-induced DNA damage and
cell toxicity. Sertraline-induced hepatotoxicity is probably due to mitochondrial dysfunc-
tion [184]. Significantly, some studies suggest using the oxidative properties of sertraline
to treat certain diseases. Sertraline can be used in the treatment of prostate cancer [188].
In contrast, a pilot study comparing the effects of sertraline on markers of oxidative stress
(MDA) revealed different effects on oxidative properties [190].

The relationship between venlafaxine and oxidative stress is a topic addressed in
the literature. Studies evaluating the effects of venlafaxine on glucose homeostasis and
oxidative stress showed that the drug’s effects were associated with a decrease in TBARS
and an increase in brain GSH levels [198].

6. Conclusions

In conclusion, oxidative stress is an important risk factor for many psychiatric dis-
orders in the treatment of which first- and second-generation antipsychotics are most
commonly used, mood stabilizers, and antidepressants, and this publication reviews the
state of the art of the contribution of oxidative stress to the most commonly used treatments
of neuropsychiatric diseases, with first- and second-generation antipsychotics as important
in treatment success as discoveries in the pathophysiology of neuropsychiatric diseases,
including those initiating a new round of innovations in the contribution of oxidative stress
to the etiology of neuropsychiatric diseases. For neurological patients, it is important to
identify the cause of the oxidation–reduction disturbances, which can be led by pharmaco-
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logical drug properties, mechanism of action, drug–drug interaction, dose, and nutritional
status [2,6,8,77,99,138,139,167,168,181,200]. All changes should be taken into account in
oxidative stress generation because it is necessary to understand the characteristics and
scope of each neuropsychiatric drug used in therapy.

Author Contributions: Conceptualization, K.S.-K.; methodology, W.J.; software, S.R. and F.N.; formal
analysis, K.S.-K., W.J., S.R. and F.N.; resources, M.Ł.-G. and P.Ś.; writing—original draft preparation,
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90. Dietrich-Muszalska, A.; Kontek, B.; Rabe-Jabłońska, J. Quetiapine, Olanzapine and Haloperidol Affect Human Plasma Lipid
Peroxidation in Vitro. Neuropsychobiology 2011, 63, 197–201. [CrossRef] [PubMed]

91. Mani, V.; Alshammeri, B.S. Quetiapine Moderates Doxorubicin-Induced Cognitive Deficits: Influence of Oxidative Stress,
Neuroinflammation, and Cellular Apoptosis. Int. J. Mol. Sci. 2023, 24, 11525. [CrossRef] [PubMed]

92. Stark, A.D.; Jordan, S.; Allers, K.A.; Bertekap, R.L.; Chen, R.; Mistry Kannan, T.; Molski, T.F.; Yocca, F.D.; Sharp, T.; Kikuchi, T.; et al.
Interaction of the Novel Antipsychotic Aripiprazole with 5-HT1A and 5-HT 2A Receptors: Functional Receptor-Binding and in
Vivo Electrophysiological Studies. Psychopharmacology 2007, 190, 373–382. [CrossRef] [PubMed]

93. Preda, A.; Shapiro, B.B. A Safety Evaluation of Aripiprazole in the Treatment of Schizophrenia. Expert Opin. Drug Saf. 2020, 19,
1529–1538. [CrossRef] [PubMed]

94. Prommer, E. Aripiprazole. Am. J. Hosp. Palliat. Care 2017, 34, 180–185. [CrossRef] [PubMed]
95. Cuomo, A.; Beccarini Crescenzi, B.; Goracci, A.; Bolognesi, S.; Giordano, N.; Rossi, R.; Facchi, E.; Neal, S.M.; Fagiolini, A. Drug

Safety Evaluation of Aripiprazole in Bipolar Disorder. Expert Opin. Drug Saf. 2019, 18, 455–463. [CrossRef]
96. Khanna, P.; Suo, T.; Komossa, K.; Ma, H.; Rummel-Kluge, C.; El-Sayeh, H.G.; Leucht, S.; Xia, J. Aripiprazole versus Other Atypical

Antipsychotics for Schizophrenia. Cochrane Database Syst. Rev. 2014, 2014, CD006569. [CrossRef]
97. Doblado, L.; Patel, G.; Yildiz, R.; Sellinger, L.; Koller, D.; Abad-Santos, F.; Peral, B.; Ben, A.; Monsalve, M. The SGAs Olanzapine

and Aripiprazole Inhibit Mitochondrial Respiration and Induce Oxidative Stress. Free. Radic. Biol. Med. 2021, 165, 58–59.
[CrossRef]
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the Expression Level and Methylation Status of Genes Involved in Oxidative Stress in Rats Exposed to a Chronic Mild Stress.
J. Cell Mol. Med. 2020, 24, 5675–5694. [CrossRef] [PubMed]

198. Mansouri, M.T.; Naghizadeh, B.; Ghorbanzadeh, B.; Amirgholami, N.; Houshmand, G.; Alboghobeish, S. Venlafaxine Inhibits
Naloxone-Precipitated Morphine Withdrawal Symptoms: Role of Inflammatory Cytokines and Nitric Oxide. Metab. Brain Dis.
2020, 35, 305–313. [CrossRef] [PubMed]

199. Khanam, R.; Najfi, H.; Akhtar, M.; Vohora, D. Evaluation of Venlafaxine on Glucose Homeostasis and Oxidative Stress in Diabetic
Mice. Hum. Exp. Toxicol. 2012, 31, 1244–1250. [CrossRef]

200. Lee, H. The Importance of Nutrition in Neurological Disorders and Nutrition Assessment Methods. Brain Neurorehabil. 2022,
15, e1. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

114



 International Journal of 

Molecular Sciences

Review

Royal Jelly: Biological Action and Health Benefits
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Abstract: Royal jelly (RJ) is a highly nutritious natural product with great potential for use in
medicine, cosmetics, and as a health-promoting food. This bee product is a mixture of important
compounds, such as proteins, vitamins, lipids, minerals, hormones, neurotransmitters, flavonoids,
and polyphenols, that underlie the remarkable biological and therapeutic activities of RJ. Various
bioactive molecules like 10-hydroxy-2-decenoic acid (10-HDA), antibacterial protein, apisin, the major
royal jelly proteins, and specific peptides such as apisimin, royalisin, royalactin, apidaecin, defensin-1,
and jelleins are characteristic ingredients of RJ. RJ shows numerous physiological and pharma-
cological properties, including vasodilatory, hypotensive, antihypercholesterolaemic, antidiabetic,
immunomodulatory, anti-inflammatory, antioxidant, anti-aging, neuroprotective, antimicrobial, es-
trogenic, anti-allergic, anti-osteoporotic, and anti-tumor effects. Moreover, RJ may reduce menopause
symptoms and improve the health of the reproductive system, liver, and kidneys, and promote
wound healing. This article provides an overview of the molecular mechanisms underlying the
beneficial effects of RJ in various diseases, aging, and aging-related complications, with special em-
phasis on the bioactive components of RJ and their health-promoting properties. The data presented
should be an incentive for future clinical studies that hopefully will advance our knowledge about the
therapeutic potential of RJ and facilitate the development of novel RJ-based therapeutic opportunities
for improving human health and well-being.

Keywords: royal jelly; bioactive components; aphytherapy; molecular and cellular activity

1. Introduction
Royal Jelly as Functional Food

Royal jelly (RJ), a viscous product of the beehive, is appreciated as an attractive
ingredient for healthy foods. It is secreted by the hypopharyngeal and mandibular glands
of worker honeybees (Apis mellifera) and used as a food for the bee larvae and the queen. RJ
is recognized for its exceptional nutritional value, earning the reputation of a “superfood”
whose consumption has numerous health benefits for humans [1–3].

The method for producing RJ is based on artificial larvae grafting. RJ production
occurs outside the honeycomb in artificial queen cells made of wax. Worker bee larvae, 12
to 18 h after hatching, are transferred into these cells using an inoculation pen to encourage
the bee colony to produce RJ for larval feeding. After 68–72 h (3 days), the larvae are
removed from the substrate with tweezers, and the RJ is collected and transferred to a
storage bottle. This conventional method, which involves grafting young larvae, is time-
consuming, labor-intensive, and limited by the availability of larvae and the technician’s
vision. A new method for producing RJ eliminates the need for larvae grafting and utilizes
a practical and efficient device. The device consists of a plastic worker foundation with
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regular holes, plastic cell bottoms mounted on a bar that can be inserted into the comb to
fill the holes, and into the bottomless plastic queen cups on RJ production bars [3].

In recent years, consumers and the food industry have become increasingly aware of
functional foods and how they can contribute to maintaining human health. The important
role of a diet in the prevention and treatment of various illnesses is, nowadays, widely
accepted. Functional foods can be natural or produced by extracting or replacing one or
more ingredients. Furthermore, some ingredients, such as omega-3 fatty acids, vitamins,
probiotics, fibers, bioactive peptides, and fitosterols, can be added to the foods to increase
their “functionality” or “benefit” [1,2]. Besides RJ, foods with potential health benefits
from the beehive include honey, propolis, beebread, and pollen [3,4]. It is recognized
that various bee products, including RJ, can have a positive effect on human health. RJ
contains a considerable number of essential components, such as proteins, free amino acids,
lipids, vitamins, sugars, hormones, and bioactive substances like 10-HDA. Some of the
most abundant proteins from RJ are proteins from the family of major royal jelly proteins
(MRJPs), antibacterial protein, and 350-kDa protein called apisin, an unique component of
RJ that consists of major royal jelly protein 1 (MRJP1) and apisimin [3].

RJ, as the most valued bee product, is not only one of the most attractive functional
foods; it can also be used in medicine as a medicinal product. In many countries, it is
recommended in pediatrics to geriatric medicine, especially in relation to nutrition and
cosmetics. Due to the highly valuable nutritive composition, the consummation of RJ is
constantly growing. It can be consumed in different forms, either native or as a functional
component of different food products. According to some sources, the annual production of
RJ in China, the world’s largest producer and exporter, is over 4000 tons, which represents
more than 90% of the total production on a global level [5].

Regarding medicinal use, RJ and its biologically active components have gained
significant interest due to their potential chemopreventive/protective functions in the
maintenance of human health based on their anti-inflammatory and antioxidative proper-
ties, as well as food–gene interactions. Bioactive components of RJ, such as polyphenols,
vitamins, hormones, and enzymes, are essential for redox reactions and controlling the level
of oxidative stress (OS) and OS-induced cell damage and inflammation, factors that lead
to the progression of symptoms associated with metabolic syndrome, cancer, aging, and
neurodegenerative diseases. Various biological activities and health-promoting properties
of RJ are largely assigned to diverse phenolic compounds and glycosides from the RJ, such
as pinobanksin, hesperetin, kaempferol, isorhamnetin, isosakuranetin, naringenin, chrysin,
acacetin, luteolin, apigenin, and formononetin. These findings directed pharmacological
studies towards the beneficial health effects of various RJ components that are capable
of interfering with the production of reactive radicals, reduce OS and inflammation, and
potentially slow down the onset and progression of numerous chronic diseases.

Nowadays, RJ is being intensively tested, especially in Japan, and many of its effects
have been scientifically confirmed. In addition to its use as a cosmetic and dietary sup-
plement, it is considered that RJ has biostimulating and regenerative effects on human
health based on its unique chemical composition. However, there is not yet enough data
on the effectiveness of RJ and the health benefits for humans. The biological effects of RJ
have mainly been studied in experimental animal models and cell cultures rather than in
humans. Considering the complexity of RJ, the main approach is to purify and test the
biological effectiveness of individual bioactive molecules.

The aim of this review is to collect the latest relevant studies on the use of RJ in the
prevention and therapy of numerous diseases associated with oxidative stress and inflam-
mation. These conditions result from the reduced antioxidant capacity of the organism,
which contributes to the increase in chronic diseases, including neurological disorders,
type 2 diabetes, cancer, aging, cardiovascular damage, acute kidney failure, hyperten-
sion, pre-eclampsia, osteoporosis, inflammatory diseases of the liver and intestines, and
atherosclerosis, among others. Furthermore, our goal is to highlight the benefits of RJ and
its effects on health-issue prevention in both the young and elderly population, especially
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related to its antimicrobial, antibacterial, immunoregulatory, antidiabetic, and reproductive
health improvement properties, wound healing, life extension, slower aging, antilipidemic,
antihypertensive, antiviral, and antiparasitic effects, the protection of vital organs such
as the brain, heart, liver, and kidneys from toxins and drugs (organo-protective effects—
neuroprotective, hepato-renal protective, etc.), neuromodulatory capabilities, stimulation
of growth, regulation of healthy cells, antiobesity properties, and memory improvement.
We believe that gathering knowledge about the latest molecular mechanisms and pharma-
cological targets of the active biological components of RJ will enable its wider application
and production for the treatment of various diseases, ultimately improving the quality
of life, especially for individuals suffering from specific illnesses. These novel findings
will enhance the comprehensive understanding and use of RJ, making it more effective in
maintaining health. Given the exceptional biological properties of RJ and its use in many
areas, from the pharmaceutical and food industries to the manufacturing of cosmetic prod-
ucts, there is a need for its standardization, investigation of qualitative and quantitative
properties, and analytic studies of bioactive substances and their transformations during
storage and keeping.

2. Chemical Composition of Royal Jelly

RJ is made of 60–70% water; 9–18% proteins (w/w) (albumin, α, β, γ globulin, gly-
coproteins, lipoproteins, and 23 amino acids); 7–18% sugars (glucose, fructose, negligible
amounts of ribose, maltose, isomaltose, trehalose, neotrehalos, gentiobiose, turanose, and
inositol); 3–8% lipids (w/w) (sterols and glycerols, wax, neutral fats, fatty acids, phospho-
lipids, phenolic lipids, and free organic acids), 0.7–1.5% minerals (K, Na, Ca, Mg, Cu, Fe,
Mn, Zn, Si, Cr, Ni, Ag, Co, Al, As, Hg, Bi, Au, S, and P), and vitamins (B1, B2, B3, B5, B6,
B7, B9, B12, E, D, A, K, and C, 336–351 mg/100 g) [2,3,5–7]. The chemical composition,
especially the sugar content in RJ, is highly variable and depends on the geographical
origin, plant species, bee species, season, and method of collection. RJ also contains various
previously mentioned phenolic compounds, flavonoids, organic acids, enzymes (amylase,
invertase, catalase, acid phosphatase, and others), neurotransmitter acetylcholine and its
precursor choline, as well as sex hormones (estradiol, testosterone, and progesterone). In
addition to proteins and peptides, RJ contains a large amount of free amino acids, such
as lysine, proline, cystine, aspartic acid, valine, glutamic acid, serine, glycine, cysteine,
threonine, alanine, tyrosine, phenylalanine, leucine, isoleucine, and glutamine. As men-
tioned, RJ is also rich in lipids that account for 15–30% of the lyophilized product. The
lipid content predominantly encompasses fatty acids (more than 80%) that are followed
by phenols (4–10%), waxes (5–6%), steroids (3–4%), and phospholipids (0.4–0.8%). The
most abundant are medium-chain fatty acids (MCFAs), such as (10-HDA) sebacic acid and
9-hydroxy-2-decenoic acid. 10-HDA is the main constituent (app. 21 mg/g RJ) that is also
regarded as a marker of quality and freshness [8–11].

In addition to phenolic compounds, pharmacological effects of RJ are also attributed to
10-HDA, royalisin, apisin, and some antimicrobial proteins [12,13]. According to Furusawa
et al. [10], apisin is a hetero-oligomer containing MRJP1 (55 kDa protein) and apisimin
(5 kDa protein). The apisin content in RJ is fairly constant (i.e., 3.93 to 4.67 w/w%) and can
be used as a quality standard of RJ. The main compounds from RJ are shown in Table 1.

Proteins and peptides are the second most abundant components of RJ. The main
proteins are MRJP1 (royalactin) to MRJP9 (more than 80% of the protein content, molecular
weights between 49 to 87 kDa), whereas the most often-found peptides in RJ are apisimin,
royalisin, apidaecin, defensin-1, and jelleins [13–16]. Proteins represent more than 50%
of dry matter [13–16] and have a specific physiological role in queen bee development.
MRJPs include numerous essential amino acids, like ovalbumin and casein [17–22]. Pro-
teins from the MRJP family, from MRP1 to MRP9, are the main soluble proteins (31%)
of RJ [17–19]. MRJP 1 is a weakly acidic glycoprotein (55 kDa) that forms oligomers of
350 or 420 kDa [19,20]. MRJP 2, MRJP3, MRJP4, and MRJP 5 are glycoproteins of 49 kDa,
60–70 kDa, 60 kDa, and 80 kDa, respectively) [22].
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Table 1. Key components and their content in fresh and lyophilized royal jelly.

Contents Fresh Royal Jelly (%) Lyophilized Royal Jelly (%) References

Water 60–70 <5
Lipids 3–8 8–19
10-hydroxy-2-decenoic acid
(10-HDA) >1.4 >3.5

Proteins 9–18 27–41
Fructose + glucose + sucrose 7–18 -
Fructose 3–13 -
Glucose 4–8 - [2,3,5–23]
Sucrose 0.5–2.0 -
Minerals 0.7–1.5
Ash (dry weight) 0.8–3.0 2–5
pH 3.4–4.5 3.4–4.5
Acidity (mL 0.1N NaOH/g) 3.0–6.0 -
Furasine (mg/100 g protein) <50 -

In one study that investigated the protein composition of RJ, 134 proteins were identi-
fied by gel-based and gel-free proteomics [20,22–24]. MRJPs were the main protein com-
ponents of RJ, together with some proteins participating in the carbohydrate metabolism,
such as glucose oxidase, predecessor-glucosidase, and glucose dehydrogenase. The study
revealed 19 new proteins that were predominantly grouped in three functional categories:
redox proteins, protein-binding proteins, and lipid-transporting proteins. The important
physiological functions of RJ proteins have been demonstrated in numerous studies [16–25].
For example, some MRJPs stimulate cell proliferation [26–34], while others inhibited bisphe-
nol A-induced proliferation of human breast cancer cell lines [34]. MRJP1 and MRJP2
stimulate mouse macrophages and the release of tumor necrosis factor α (TNF-α) [35],
while MRJP 3 modulates the immune response by suppressing the production of inter-
leukin (IL)-4, IL-2, and interferon γ (IFN-γ) in T-lymphocytes [36,37]. Yet another protein
primarily identified in RJ is apolypophorin III-like protein, a lipid-associated protein that
transfers lipids in aqueous environments in the form of a protein–lipid complex [38].

3. Royal Jelly as Nutrient for Queen and Larvae

RJ, a yellowish-white, creamy liquid, is a special food for queen bees and larvae in
the hives. All larvae are fed with RJ, but only for the first three days. Afterwards, only
those larvae that will become queens are fed with RJ, as well as adult queens [3,39–42].
The bee queens are approximately two times larger and live 10 times longer than worker
bees. The difference in feeding, particularly during the larval stage, is considered as the
main contributing factor to their exceptional fertility, morphology, lifespan, and behavior,
including their memory abilities, compared to worker bees [39]. There are three types of
royal jelly: worker jelly, royal (queen) jelly, and drone jelly. Royal jelly is white, acidic
(pH 3.6–4.2), and of a specific flavor. Compared to worker and drone jelly, the Queens’
royal jelly contains 10 times more pantothenic acid, biopterine, and neobiopterine. During
the development of the worker and drone larvae, the glucose-to-fructose ratio changes
from 0.1 to 0.7, while in the queen’s royal jelly it remains constant, 1.2–2.5. Kamakura [43]
has demonstrated that egg differentiation into queen or worker bees is determined by the
intake of royal jelly; more precisely, royalactin (MRPJ1), a 57 kDa protein of RJ, promotes
larvae differentiation into queens. Royalactin increases the size of the body and ovary
size, and reduces the developmental time of queens. The effects of royalactin on body size
are mediated by p70 S6 kinase, the increased activity of mitogen-activated protein kinase
(MAPK), and a shortened developmental time, whereas an increased concentration of the
juvenile hormone affects the development of ovaries. All these effects during the bee larvae
differentiation into queens are triggered through the activation of the epidermal growth
factor receptor (EGFR) signaling pathway [30,43,44].
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During the spring, a queen that is well-mated and well-fed can lay app. 1500 eggs per
day. At every moment, she is surrounded by worker bees who take care of her needs. They
provide queen with the food and dispose of her waste. The queen bee has no direct control
over the hive. She serves as the reproducer and is able to determine the sex of the eggs she
lays, i.e., a fertilized (female) or unfertilized (male) egg, depending on the width of the
cell. To fertilize the egg, the queen selectively releases the sperm stored in her spermatheca
when the egg passes the oviduct [45]. In queenless honey bee colonies, bee workers that are
fed with the RJ-rich diet may acquire queen-like properties and increased fertility (through
ovarian development). In particular, the consumption of tyrosine in RJ increases brain
levels of dopamine and tyramine and promotes the transition from normal to reproductive
workers. The activation of EGFR also regulates this process by increasing the production
of the juvenile growth-enhancing hormone (4–8 mM in RJ). Furthermore, RJ improves the
memory and survival of bee workers due to its high concentration of acetylcholine. The
permanent expression of the DNA methyltransferases 3 (DNMT3) gene which encodes
DNA methyltransferase and has an important role in the formation of long-term memory
further contributes to the extraordinary cognitive performances of queen bees [46,47].

During the queen honeybee and larvae development, MRJPs from the RJ are an important
source of certain essential amino acids, whereas lipids are responsible for biological activities
related to the development strategies of the colony [48]. Besides providing various nutrients, the
ideal viscosity of RJ ensures that developing queen larvae are kept in place. This consistency of
RJ is dependent on a protein–sterol complex made of two proteins and a sterol, MRJP1, apisimin,
and 24-methylenecholesterol (24MC), respectively. The complex contains four MRJP1 molecules
that surround four molecules of apisimin and eight molecules of 24MC. The viscosity of the
complex is pH-dependent. A low pH increases the viscosity of RJ due to the formation of
the fibrillar structures of the complex. Interestingly, proteins of the complex are produced by
hypopharyngeal glands, whereas acidic conditions are achieved by mandibular glands that
secrete fatty acids. The formation of fibrils also depends on the 10-HDA secreted from the
mandibular glands. In queen-right colonies, workers predominantly produce 10-HDA and
10-HDAA by their mandibular glands, while the main components of the mandibular glands of
the queen are (E)-9-oxodec2-enoic acid (9-ODA) and (E)-9-hydroxydec-2-enoic acid (9-HDA) that
constitute a queen mandibular pheromone [49]. 10-HDA, a fatty acid, can account for up to 5% of
RJ composition and may act as a histone deacetylase (HDAC) inhibitor. During the development
and adult life of bees, there is a strong link between the queen–worker differentiation, OS,
longevity, and dietary levels of metal cations, including zinc, iron, and potassium, based on the
modulation of HDAC activity by these chemical species [50]. Among other possible mechanisms,
a regulation of HDAC3 activity by metal cations and 10-HDA may represent possible epigenetic
mechanisms of queen–worker bee differentiation. Therefore, various metals at different levels in
RJ and worker bee jelly potentially may affect plasticity in caste differentiation and behavior
through epigenetic regulation. Reducing sugars in RJ are also thought to contribute to the
epigenetic effects by activating the insulin-like growth factor 1 (IGF-1) and mammalian target of
rapamycin (mTOR) signaling cascades. Thus, they stimulate differentiation into queens through
the increased intake of food and essential nutrients [51]. Moreover, as concentrations of various
trace elements and minerals are found to be fairly constant in RJ samples of different botanical
and geographical origin, it has been suggested that RJ, viewed as a form of insect lactation,
shows homeostatic adjustments similar to mammalian milk.

4. RJ Values in Human Nutrition and as a Nutraceutical

The importance of RJ from the perspective of human nutrition is relatively small. Con-
sidering a daily intake of 2 g of RJ, the proteins, lipids, carbohydrates, and minerals present
in RJ do not contribute significantly to the recommended daily intake (RDI). On the other
hand, there is a small contribution of the vitamins B1, B2, B6, and biotin (B7). In addition,
RJ is one of the best sources of pantothenic acid (vitamin B5) which is needed to release
energy from food. B5 is the most abundant vitamin in RJ (52.8 mg/100 g), followed by niacin
(B3) (42.42 mg/100 g). A B5 deficiency increases susceptibility to infections, bad mood, and
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gastrointestinal problems. All B-group vitamins help in the conversion of proteins, carbohy-
drates, and fats into energy. B vitamins are also important for healthy skin, hair, and eyes, the
proper functioning of the nervous system and liver, a healthy digestive tract, the production
and differentiation of all blood cells, especially erythrocytes, and the production of steroid
hormones in the adrenal glands. Hence, the mentioned vitamins are important components
that increase the nutritional value and the health-promoting potential of RJ.

As already mentioned, the concentrations of trace and mineral elements are quite
constant in different RJ samples. In fresh RJ, the ash content is 0.8–3%, while in dry RJ it
is 2–5%. The ash contains different minerals—K+, P3−, S2−, Na+, Ca2+, Al3+, Mg2+, Zn2+,
Fe2+, Cu+, and Mn2+—as well as trace elements including Ni, Cr, Sn, W, Sb, Bi, and Ti.
Trace elements and minerals play a key role in the biomedical activities associated with RJ,
participating in various biological effects. The most abundant microelements in RJ are Zn,
Fe, Cu, and Mn [3,11,52].

The presence of potassium as the main macroelement should be highlighted
(321.1–357.4 mg/100 g,), followed by phosphorus (338.4–412.1 mg/100 g), sulfur
(153.2–169.3 mg/100 g), calcium (22.8–24.0 mg/100 g), magnesium (44.0–50.4 mg/100
g), and sodium (0.3–13.8 mg/100 g) [52–56]. Potassium regulates the fluid balance, de-
creases the blood pressure, regulates the electrical activity of the muscle cells and heart,
and improves the bone mineral density [53,54].

Ca is important for the bone mineral density and bone mineral content. The intake
of calcium is usually insufficient at all ages which has adverse effects on bone health,
weight gain, and fat accumulation. In contrast, diets rich in calcium can prevent fat
accumulation, regulate blood pressure and premenstrual syndrome, and reduce the risk
of colon cancer [54–56]. Mg also helps with high blood pressure, cardiovascular diseases,
osteoporosis, and diabetes, whereas Zn supports growth, development, and immune
functions. Iron participates in various metabolic processes, such as oxygen transport, DNA
synthesis, and electron transport [54].

As previously emphasized, MRJP1 is the main protein from RJ which may exist in
monomeric (55 kDa) and oligomeric forms. Many lines of evidence indicate that MRJP1
has a wide range of pharmaceutical effects on human health. It shows wound healing
and antibacterial, antifungal, hypocholesterolemic, antitumor, and immune-enhancement
activities [3,7,13,48,57]. In addition, MRJP 1–5 are important sources of 10 essential amino
acids (Arg, His, Ile, Leu, Lys, Met, Phe, Thr, Trp, and Val), MRJP2, MRJP3, and MRJP5 provide
the nitrogen supply, while MRJP 6–9 do not have a nutritional value. MRKP5 has the highest
content of essential amino acids (51.4%), followed by MRJP1 (48%) and MRJP2 (47%) [3,57].

It has been mentioned that RJ contributes to the unique qualities of bee queens, including
their excellent learning and memory abilities. In animal models of aging and Alzheimer’s
disease (AD), RJ was able to enhance learning and memory retention, as well as prevent and
treat cognitive deficits. In preclinical studies, in animal models and in cell lines, RJ, enzyme-
treated RJ (eRJ), 10-HDA, RJ peptides, and MRJPs were effective against AD pathology by
interfering with protein misfolding, amyloid synthesis, and amyloid clearance. Furthermore,
RJ promoted neuronal survival and functioning by targeting inflammation, OS, mitochondrial
dysfunction, disturbed proteostasis, amyloid β (Aβ) toxicity, Ca-mediated excitotoxicity, and
bioenergetic failure. In clinical trials, RJ was effective against high blood pressure, diabetes,
multiple sclerosis, infertility, menopausal symptoms, and even cancer [58,59].

Based on all these findings, [60] RJ has a great potential for the development of novel
dietary supplements with valuable nutritional and bioactive properties. For example,
the addition of RJ improved the probiotic viability and antioxidant, antimicrobial, and
anticancer activities of fermented milk. When compared to the control fermented milk,
milk supplemented with 1% of RJ preserved more Lactobacillus helveticus Lh-B02 during
the 21 days of cold storage. Lactobacillus helveticus may improve the antioxidant status
and immunological response of the host, produce bioactive peptides, and enhance the
bioavailability of the nutrients’ production of biopeptides. Fermented milks with 0.5%,
1%, and 1.5% RJ have shown better radical scavenging activity (30.15%, 45.13%, and
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58.36%, respectively) compared to fermented milk (27.62%). Fermented milk with 1.5% RJ
demonstrated the best anticancer and antibacterial properties, but milk with 1% RJ had
the best sensory acceptability (in terms of flavor, appearance, and color). Increasing the
RJ content from 1.0% to 1.5% significantly improved the antimicrobial activities against
Staphylococcus aureus ATCC 25923, Candida albicans ATCC 10231, Aspergillus niger NRRL
326, and Aspergillus flavus NRRL 1957. All fermented milks containing RJ (0.5–1.5%) have
shown anticancer activity and the inhibited growth of various cancer cell lines, such as
MCF-7, HepG2, HCT-116, and MCF7-12F, perhaps due to the presence of 10-HDA. The
authors suggested that probiotic fermented milk with 1.5% RJ could be a promising option
for developing novel functional symbiotic milk with health-promoting effects [60,61].

It is worth mentioning the numerous polyphenolic components of RJ, along with
various glycosides, which have huge potential to contribute to human health [62–67].
However, many of these claims still need scientific evidence from clinical trials. The most
important bioactive components of RJ and their functional roles are shown in Table 2.

Table 2. Bioactive components of royal jelly and their functional activity. n.d.: Not determined.

Bioactive Component Fresh Royal
Jelly (%)

Lyophilized
Royal Jelly (%) Functional Activities References

Proteins

MRPJ1
(Alternative name:

Royalactin, apalbumin
1, D III)

5.89%

Antimicrobial, antibacterial,
antifungal, [2,3,12,14,18,48,63]

wound healing, [3,7,13,26,31,48,57]
antiproliferative, antioxidant,

anti-inflammatory, antitumoral, [7,13,29,58,68–76]

immunomodulatory, [13–15,17,19,69]
hypocholesterolemic,

anti-hypertensive, [27,28]

proliferation of intestinal epithelial
cells (IEC-6), [31]

increase in lifespan in invertebrates, [11,26,53]
proliferation rat hepatocytes, [26]

larvae differentiation into queen via
epidermal growth factor signaling, [11,30,43,44,47,48]

self-renewal of stem cells, [11,26,30]
proliferation of human monocytes and

Jurkat lymphoid cell [33,35,44]

MRPJ2 and isoform
(Alternative name:

Apalbumin 2)
1.41%

Antimicrobial, antibacterial,
antifungal, antiviral, [2,3,12,14,18,48,63]

wound healing, [26,31]
antioxidant, antitumoral, [29,62–68]

anti-allergic, [31,37]
hepato-renal protective,

promotione of caspase-dependent
apoptosis, inhibition of bcl-2 and p53

expression in HepG2 cells
[60,61]

MRPJ3 1.66%

Wound healing, [26,31]
anti-allergic, [31,37]
anti-aging, [53]

anti-inflammatory, antitumoral, [34,36,69–71]
immunoregulatory effect, modulation

of immune responses of T cells,
suppression of proinflammatory

cytokine secretion,
decrease of IL-4, IL-2, and IFN-γ

in vitro and anti-OVA IgE and IgG1
in vivo

[13,37]
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Table 2. Cont.

Bioactive Component Fresh Royal
Jelly (%)

Lyophilized
Royal Jelly (%) Functional Activities References

MRPJ4 0.89% Antimicrobial [2,3,12,14,18]

MRPJ7 0.51% Wound healing [14,17,19,26]

Enzymes

Glucose oxidase 0.08% Carbohydrate metabolism,
antibacterial [3,5,15]

Gluco-cerebrosidase Hydrolysis glucosylceramide [22,53]

Alpha-glucosidase Hydrolysis of polysaccharides and
oligosaccharides into monomers [22,53]

Antimicrobial
peptides and proteins

Royalisin 0.83%

Antimicrobial, antibacterial,
antifungal, inhibition of

Gram-positive bacteria through
damage to cell walls and cell

membranes

[12–16,48,63,68]

Apisimin 0.13%
Antibacterial, [9,10,12,17,48]

increases the proliferation and
stimulation of human monocytes [21,33]

Yelleines I-III 0.37%

Antimicrobial, antibacterial,
inhibition of yeast, Gram-positive
and Gram-negative bacteria, cell

degranulation, hemolysis, increase
immune response

[13–16,48,63,68]

Yelleine IV - Antimicrobial [48]

Venom protein 2 - Protection of larvae from diseases
infection [48,63]

Apolipophorin-III-like
protein 0.08%

Antimicrobial, immunoregulatory
effect,

stimulation of immune response
[48,63]

Lipids and fatty acids

10-hydroxy-2-decenoic
(10-HDA), 0.75–3.39%

Immunomodulatory, [13,67,69,76,77]
antioxidant, [7,52,53,62,68]
antiaging, [53,67]

neurotrophic and neurogenesis
inductor, [4,58,68]

anti-inflammatory functions, [7,13,58,62,63,68,69]
antimicrobial, antibacterial, [48,67,68]

estrogenic, [28,58]
antialergic, [7]

antiosteoporetic, [35,58]
antitumor activity, [7,34,60,61]

activation of TRPA1 and TRPV1
receptors and increased longevity in

C. Elegans,
[52,53,59]

anti-ultraviolet B properties and
skin protection, [59]

decrease of IL-6 production by
reducing expression of IκBζ in

RAW264 cells,
[48,63,68]

inhibition of NO production through
the inhibition of NF-κB activation [13,58,69]
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Table 2. Cont.

Bioactive Component Fresh Royal
Jelly (%)

Lyophilized
Royal Jelly (%) Functional Activities References

10-hydroxydecanoic
acid (10-HDAA) 0.78–1.05%

Anti-inflammatory, [67,68]
estrogenic, [28,60]

activation of TRPA1 and TRPV1
receptors [52,53,59]

8-hydroxy octanoic
acid 0.18–0.39% Varroa-repellent [3,35,67,68]

3-hydroxydecanoic
acid 0.05–0.09% Antifungal [3,5,35,67,68]

3,10-
dihydroxydecanoic

acid
0.26–0.46%

Immunomodulatory, stimulation of
dendritic cell, differentiation,

inhibition of the proliferation of
allogeneic T cells and dendritic

cell-dependent production of IL-2

[22,23,35]

9-hydroxy-2-decenoic
acid 0.07–0.15% Signal components (pheromone) of

honeybee queen [35,49,50]

1,10-decanedioic acid
(sebacic) 0.15–0.24%

Estrogenic, [28,53]
anti-inflammatory, [36,68,69]

hypotensive [8,23]

2-Decenedioic 0.18–0.33% <0.1–3.6% Anti-inflammatory [36,68,69]

Phenols 0.24–0.6% 4–10% Antioxidant [8–11,62–67]

Phenolic Acids

Ferulic acid 68.42 mg/100 g Antioxidant, anti-inflammatory, and
antiviral properties [62,63]Chlorogenic Acid 37.61 mg/100 g

Caffeic Acid 5.14 mg/100 g

Flavonoids

Quercetin 16.13 mg/100 g Anticancer, antioxidant,
anti-inflammatory, and antiviral
properties, neuroprotective and

cardio-protective

[62–67]
Naringin 0.47 mg/100 g

Hesperetin 0.85 mg/100 g
Galangin 0.51 mg/100 g

Waxes 0.3–0.36% 5–6% -

Steroids 0.18–0.24% 3–4% Effects on collagen synthesis
24-methylene

cholesterol 6.06 mg/lipid Estrogenic [2,3,28]

Phospholipids 0.02–0.04% (0.4–0.8%) -

Carbohydrates

Fructose + glucose +
sucrose
Fructose
glucose

7–18%
3–13%
4–8%

90% of the total
sugar

2.3–7.6%
2.9–8.1%

Act as an energy source, help in
control of blood glucose and insulin

metabolism, participate in
cholesterol and triglyceride
metabolism, and help with

fermentation

[2,3,5–7,52]

Sucrose 0.5–2.0% <0.1–3.6%

Increases mental alertness, memory,
reaction readiness, attention and the

ability to solve mathematical
problems, as well as reducing the

feeling of fatigue

[2,3,5–7,52]
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Table 2. Cont.

Bioactive Component Fresh Royal
Jelly (%)

Lyophilized
Royal Jelly (%) Functional Activities References

Trehalose, maltose,
erlose, melibiose, ribose
gentiobiose, isomaltose,

raffinose, and
melezitose

Modulate glucose homeostasis,
reduce bone resorption and

inflammation, induce autophagy
and alleviate Huntington’s disease,

neurodegenerative and
cardiometabolic diseases, enhance

resistance to oxidative stress

[2,3,5–7,52]

Vitamins

Vitamin A 1.10 mg/100 g

Helps form and maintain healthy
teeth, skeletal and soft tissue, mucus
membranes, and skin, reproduction,
immunity, maintenance of the visual

system, and epithelial cellular
integrity

[2,3,5–7]

Vitamin B1 2.06 mg/100 g Transketolation, metabolism of fats,
proteins, and nucleic acids [2,3,5–7]

Vitamin B2 2.77 mg/100 g Precursor of FMN and FAD [2,3,5–7]

Niacin (B3) 42.42 mg/100 g Increase HDL [2,3,5–7]

Vitamin B5
(Pantothenic acid) 52.80 mg/100 g

Constituent of coenzyme A, plays a
role in breaking down fats and

carbohydrates for energy, crucial for
red blood cell production,

production of sex and stress-related
hormones from the adrenal glands,

reduces cholesterol levels

[2,3,5–7]

Vitamin B6 11.90 mg/100 g

Plays a role in cognitive
development through the

biosynthesis of neurotransmitters
and in maintaining normal levels of
homocysteine, an amino acid in the

blood, gluconeogenesis and
glycogenolysis, immune function,

and hemoglobin formation,
transamination, and

decarboxylation of amino acids

[2,3,5–7]

Vitamin B9 (Folic acid) 0.40 mg/100 g

Helps to form DNA, RNA, and
protein metabolism, rapid growth

during pregnancy and fetal
development, supports healthy
blood cells, plays a key role in

breaking down homocysteine, DNA
biosynthesis, and methylation

[2,3,5–7]

Vitamin B12 0.15 mg/100 g

Plays an essential role in red blood
cell formation, cell metabolism,

nerve function, and the production
of DNA, the molecules inside cells

that carry genetic information

[2,3,5–7]

Vitamin C (Ascorbic
acid) 2.00 mg/100 g

Antioxidant activity, form blood
vessels, cartilage, muscle, and

collagen in bones
[2,3,5–7]
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Table 2. Cont.

Bioactive Component Fresh Royal
Jelly (%)

Lyophilized
Royal Jelly (%) Functional Activities References

Vitamin D 0.2 mg/100 g

Calcium and phosphorus
absorption, essential for the bones

and teeth, the immune system, brain
health, and for regulating

inflammation

[2,3,5–7]

Vitamin E 5.00 mg/100 g Antioxidant activity [2,3,5–7]

Free amino acid

Lysine 62.43 mg/100 g Prevent chronic fatigue, help
maintain skin, hair, nails, bones,

joints, hormonal regulation, sexual
vitality, weight regulation, body

vitality, recovery from illness,
stimulation of the immune system,
health of the cardiovascular system

[3,57,64,65]
Proline 58.76 mg/100 g

Cysteine 21.76 mg/100 g
aspartic acid 17.33 mg/100 g

valine, glutamic acid,
serine, glycine, cysteine,

threonine, alanine,
tyrosine, phenylalanine,

hydroxyproline,
leucine-isoleucine, and

glutamine

less than
5 mg/100 g

Minerals

Macroelements 321.1–
357.4 mg/100 g

Na 0.30–
13.8 mg/100 g

Helps maintain normal blood
pressure, supports the work of your
nerves and muscles, and regulates

your body’s fluid balance

[54,55]

K 321.1–
357.4 mg/100 g

Regulates fluid balance, decreases
blood pressure, regulates electrical
activity of muscle cells and heart,

and improves bone mineral density

[53,54]

Ca 22.8–
24.0 mg/100 14.5–113

Effect on bone mineral density and
bone mineral content, prevent fat

accumulation, regulate blood
pressure and premenstrual

syndrome, and reduce the risk of
colon cancer

[57,58]

Mg 44.0–
50.4 mg/100

Helps with high blood pressure,
cardiovascular diseases,

osteoporosis and diabetes, reduces
the inflammatory processes,

improves
glucose and insulin metabolism, and

normalizes the lipid profile

[52–56]

P 338.4–
412.1 mg/100

Plays key roles in regulation of gene
transcription, activation of enzymes,

maintenance of normal pH in
extracellular fluid, and intracellular

energy storage, helps in the
formation of bones and teeth

[52–56]
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Table 2. Cont.

Bioactive Component Fresh Royal
Jelly (%)

Lyophilized
Royal Jelly (%) Functional Activities References

S 153.2–
169.3 mg/100

Plays role in formation of collagen
and keratin proteins, responsible for
wound healing and for the health of
the skin, hair, nails, and connective

tissue, is important for proper
development of cartilage and

tendons, participates in
detoxification processes, blood

coagulation, and the production of
some bile of acids

[52–56]

Microelements

Fe n.d.

Oxygen transport, DNA synthesis,
and electron transport, metabolic
processes and energy, regulates

macrophage polarization, activity
and function of neutrophils, NK, T,

and B cells

[3,11,50,52]

Mn 0.01–
0.08 mg/100

Oxidative phosphorylation, fatty
acids, and cholesterol

metabolism, mucopolysaccharide
metabolism, and

urea cycle

[3,11,52]

Zn 2.07–
2.58 mg/100

Supports growth, development, and
immune functions [3,11,52]

Cr 0.03–
0.15 mg/100

Helps control whole body
metabolism, utilizes energy, controls

body sugar, and body function.
[3,11,52]

Cu 0.31–
0.39 mg/100

Supports energy production, iron
metabolism, neuropeptide

activation, connective tissue
synthesis, and neurotransmitter

synthesis, angiogenesis,
neurohormone homeostasis, and

regulation of gene expression, brain
development, pigmentation, and

immune system functioning,
defense against oxidative damage

[3,11,50,52]

5. Biological Function of Royal Jelly

The biological role of RJ as a functional food refers to its bioactive components and
their antioxidant and anti-inflammatory properties, its effects on beauty and aging delay,
immunity, memory, chronic inflammatory diseases, wound healing, diabetes, obesity,
hypertension, osteoporosis, reproduction, antimicrobial properties, anti-allergic/allergic
properties, as well as antitumor properties and protection against the accompanying toxic
effects of chemotherapy and radiation. The biological and pharmacological effects of RJ
have been shown in cell cultures, animal models, and human experiments.

5.1. Antioxidant and Anti-Inflammatory Activity of RJ

The most important antioxidants in RJ are flavonoids and phenolic compounds. As
determined by the study of Nabas et al. [62], RJ contains 23.3 ± 0.92 gallic acid, equivalent
(GAE) µg/mg of the total phenolic components, and 1.28 ± 0.09 rutin equivalent (RE),
µg/mg of the total flavonoids. The flavonoids of RJ are an important group of phenolic
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compounds with a pronounced ability to scavenge free radicals. They can be differenti-
ated into four groups: (i) flavanones, e.g., pinocembrin, hesperetin, isosakuranetin, and
naringenin; (ii) flavones, e.g., acacetin, apigenin and its glucoside, chrysin, and luteolin
glucoside; (iii) flavonols, e.g., quercetin, galangin, fisetin, isorhamnetin, and kaempferol
glucosides; and (iv) isoflavonoids, e.g., coumestrol, formononetin, and genistein [62,63].
Fatty acids and their esters, including octanoic acid, benzoic acid, 2-hexenedioic acid and its
esters, and dodecanoic acid and its ester, known as 1,2-benzenedicarboxylic acid, contribute
to the antioxidant capacity of RJ as well [7,13,64,65]. In addition, the antioxidant activity of
RJ may be related to the presence of free amino acids [63,65]. Furthermore, the antioxidant
capacity and the total amount of polyphenols are dependent on the time of the collection of
RJ; the best antioxidant properties were detected after 24 h [62,63].

The antioxidant abilities of RJ were investigated by various methodological ap-
proaches, including the scavenging of 1,1-diphenyl-2-picrylhydrazyl (DPPH), hydroxyl
and superoxide radicals, reducing power, and the inhibitory effect on superoxide dismutase
activity and linoleic acid oxidation. The antioxidant abilities of RJ were also dependent
on the larval age and time of collection. Depending on the time of harvest (24–72 h after
the larval transfer), the DPPH radical scavenging ability was between 43.0 and 62.8%, the
inhibition of the superoxide radicals was in the range 23.9 to 37.4%, those of hydroxyl
radicals varied from 48 to 68%, and linoleic acid oxidation was reduced by 8.6–27.9%.
Furthermore, RJ harvested 24 h after the larval transfer has shown the highest reducing
power, while the most significant effect on SOD activity was observed for RJ collected
72 h after transfer. These findings indicate that superoxide radicals’ scavenging and SOD
inhibition are likely mediated by different compounds from RJ. The antioxidant properties
of RJ have also been demonstrated in vivo. Mice that were fed RJ had reduced levels
of 8-hydroxy-2-deoxyguanosine (8-OHdG), a marker of oxidative DNA damage, in the
kidneys and serum [62,64,65].

Interestingly, di- and tri-peptides obtained by the hydrolysis of RJ proteins have
also demonstrated the antioxidant properties, especially regarding hydrogen peroxide-
scavenging. However, the metal-chelating activity and scavenging of superoxide radicals
were not observed. From 29 hydrolyzed peptides, 12 peptides with 2–4 residues have
demonstrated prominent antioxidative properties, of which the dipeptides Lys-Tyr, Arg-
Tyr, and Tyr-Tyr have shown strong scavenging activity through the donation of a hydrogen
atom of the phenolic hydroxyl group of Tyr residues [64,65]. Similarly, MRJPs have shown a
DPPH radical-scavenging ability and have protected DNA against oxidative injury [29,66].
In another study, recombinant MRJPs from Apis cerana (AcMRJPs) protected NIH 3T3 cells
from OS-induced apoptosis by reducing caspase-3 activity. AcMRJPs also demonstrated an
antioxidative effect and protected DNA from oxidative damage in an in vitro assay [66].

Furthermore, the antioxidative effects of RJ have been demonstrated in liver and
kidney tissues exposed to various harmful stimuli with pro-oxidant activity. RJ reduced the
extent of lipid peroxidation and improved the activities of the key antioxidative enzymes
glutathione reductase (GR), glutathione peroxidase (GPx), superoxide dismutase (SOD),
and catalase (CAT). The activation of the transcription factor nuclear factor erythroid
2-related factor 2 (Nrf2) has been recognized as one of the most important mechanisms
underlying the antioxidative activity of RJ. Nrf2 regulates cellular redox balance and of-
fers protection against toxic and oxidative insults by controlling the expression of genes
involved in the oxidative stress response and drug detoxification [67]. In particular, its tran-
scriptional activation improves its resistance to oxidative stress, chemical carcinogens, and
inflammatory challenges. Chi et al. [67] demonstrated that RJ induces the transcriptional
expression of Nrf2 and its target genes heme oxygenase (HO-1) and GPx1, suggesting that
RJ activates the Nrf2–HO-1 pathway to improve antioxidant defense. Moreover, changes
in the gene expression profiles were paralleled with the improved activity of enzymatic
antioxidants in the liver. It has been suggested that the phenolic components of RJ are
likely responsible for the observed induction of Nrf2 expression at the gene level (Figure 1).
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Figure 1. Modulation of Nrf2 and NF-κB signaling pathways by royal jelly (RJ). RJ reduces reactive 
oxygen species (ROS)-induced tissue damage and toxicity by modulating Nrf2 and NF-κB signaling 
pathways. Nrf2 and NF-κB are important regulators of the body’s response to oxidative stress and 
inflammation. The figure shows potential molecular mechanisms of RJ action via Nrf2 and NF-κB 
pathways and important effects on harmful exogenous and endogenous factors, as well as interplay 
between Nrf2 and NF-κB signaling. NF-κB functions as a homo- or heterodimer derived from one 
or more of the five members of the NF-κB family (RelA/p65, RelB, cRel, NF-κB1 or p50, and NF-κB2 
or p52), and is activated by stimulus-dependent inhibitor degradation, post-translational modifica-
tions, nuclear translocation, and chromatin-binding. The activated NF-κB drives the pro-inflamma-
tory response that plays an important role in the pathogenesis of chronic inflammatory diseases. In 
the nucleus, p65 coordinates gene transcription by recruiting coactivators (e.g., CREB-binding pro-
teins (CBP)) or corepressors (e.g., histone deacetylases (HDACs)). Nrf2 and NF-κB compete for the 
CBP-binding in the nucleus; which transcription factor will bind to CBP depends on the relative 
amounts of translocated Nrf2 and NF-κB. In addition, NF-κB recruits HDAC3 which deacetylates 
Nrf2, reduces Nrf2 levels, and inhibits expression of ARE-dependent genes. 

By activating the Nrf2 pathway, RJ increases the antioxidant capacity and inhibits the 
inflammatory response mediated by NF-κB, reducing the organ toxicity induced by en-
dogenous and exogenous factors. RJ directly or indirectly activates Nrf2 signaling, pre-
vents IκBα degradation, increases expressions of HO-1, and inhibits the activation of NF-
κB. In the nucleus, Nrf2 heterodimerizes with small Maf proteins (MafF, MafG, and MafK) 
and binds to the antioxidant responsive element (ARE). Through the activation of the Nrf2 
pathway, RJ increases the cellular antioxidant defense, promoting the resistance to the 
toxic effects of various stressors and drugs. In addition, RJ may increase the activation of 
the Nrf2 pathway and ARE gene transcription by increasing the free CBP levels, and by 
reducing the recruitment of HDAC3 to the ARE region. Furthermore, RJ may inhibit the 
nuclear translocation of NF-κB.  

Note: ARE, antioxidant responsive element; CAT, catalase; CBP, CREB-binding pro-
teins; HDACs, histone deacetylases; COPD, chronic obstructive pulmonary disease; COX-
2, Cyclooxygenase-2; GSH, glutathione; GSK-3β; glycogen synthase kinase-3β; HIF, hy-
poxia-inducible factor; HO-1, heme oxygenase 1; IκB, Nuclear factor of kappa light 

Figure 1. Modulation of Nrf2 and NF-κB signaling pathways by royal jelly (RJ). RJ reduces reactive
oxygen species (ROS)-induced tissue damage and toxicity by modulating Nrf2 and NF-κB signaling
pathways. Nrf2 and NF-κB are important regulators of the body’s response to oxidative stress and
inflammation. The figure shows potential molecular mechanisms of RJ action via Nrf2 and NF-κB
pathways and important effects on harmful exogenous and endogenous factors, as well as interplay
between Nrf2 and NF-κB signaling. NF-κB functions as a homo- or heterodimer derived from one or
more of the five members of the NF-κB family (RelA/p65, RelB, cRel, NF-κB1 or p50, and NF-κB2 or
p52), and is activated by stimulus-dependent inhibitor degradation, post-translational modifications,
nuclear translocation, and chromatin-binding. The activated NF-κB drives the pro-inflammatory
response that plays an important role in the pathogenesis of chronic inflammatory diseases. In the
nucleus, p65 coordinates gene transcription by recruiting coactivators (e.g., CREB-binding proteins
(CBP)) or corepressors (e.g., histone deacetylases (HDACs)). Nrf2 and NF-κB compete for the CBP-
binding in the nucleus; which transcription factor will bind to CBP depends on the relative amounts
of translocated Nrf2 and NF-κB. In addition, NF-κB recruits HDAC3 which deacetylates Nrf2, reduces
Nrf2 levels, and inhibits expression of ARE-dependent genes.

The inflammatory response is also characterized by the orchestrated activation of
intracellular signaling pathways that regulate the expression of various pro- and anti-
inflammatory mediators. The activation of the transcription factor NF-κB is widely impli-
cated in various inflammatory diseases. NF-κB regulates the expression of proinflamma-
tory molecules, including cytokines, chemokines, and adhesion molecules. Consequently,
the activation of the canonical NF-κB pathway largely contributes to the pathogenesis
of chronic inflammatory diseases such as atherosclerosis, asthma, chronic obstructive
pulmonary disease (COPD), inflammatory bowel disease (IBD), multiple sclerosis (MS),
rheumatoid arthritis (RA), ulcerative colitis, and others. On the other hand, RJ is able
to modulate levels of the main inflammatory mediators, including the aforementioned
cytokines, chemokines, and adhesion molecules, thereby attenuating the inflammatory re-
sponse. The anti-inflammatory abilities of RJ are mediated by various mechanisms. Besides
inhibiting the production of pro-inflammatory cytokines, RJ also suppresses the NF-κB
signaling pathway and modulates immune cells’ functions (see Figure 1).

Regarding individual compounds, the anti-inflammatory effects of RJ are attributed to
10-HDA, 10-HDAA, and sebacic acid (SA). The anti-inflammatory effect of 10-HDA, the
main lipid component of RA, has been demonstrated by many studies. Thus, Jang and
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colleagues [68] have investigated the effects of 10-HDA on the production of TNF-α, IL-1β,
IL-8, and IL-1ra in WiDr cells. 10-HDA inhibited the production of TNF-α, IL-1β, IL-8, and
NF-κB but increased the amount of IL-1ra. The inhibitory effects (81.79%) on the production
of TNF-α were observed at a 3 mM concentration of 10-HDA. Thus, the results indicate
that 10-HDA has the ability to suppress the secretion of pro-inflammatory cytokines and
increase the production of anti-inflammatory cytokines. Enzyme-treated RJ (ERJ) has also
shown the anti-inflammatory and immune-promoting properties. ERJ decreased the levels
of TNF-α, IL-1, IL-6, IL-10, IFN-γ, and IL-12, and increased the proliferation of B- and T-
lymphocytes and natural killer cells (NK-cells). In another study, 10-HDA greatly reduced
the expression of pro-inflammatory cytokines (IL-1, IL-6, cyclooxygenase 2 (COX-2), and
monocyte chemoattractant protein-1 (MCP-1)) and the activation of the NF-κB and c-Jun N-
terminal kinase (JNK) pathways. Furthermore, 10-HDA can act as an HDAC inhibitor and
has the ability to inhibit the proliferation of fibroblast-like synoviocyte (FLS) cells induced
by RA, a systemic chronic inflammatory disease [13,69]. The anti-inflammatory effects of
MRJP3 or its C-terminal tandem pentapeptide repeats (TPRs) were also reported. They
inhibited the expression of TNF-α and IL-6 mRNAs in lipopolysaccharide (LPS)-stimulated
THP-1 cells. The anti-inflammatory activity of MRJP3 and its ability to suppress the
production of the pro-inflammatory cytokines has also been observed in mice [36,69–71].

By activating the Nrf2 pathway, RJ increases the antioxidant capacity and inhibits
the inflammatory response mediated by NF-κB, reducing the organ toxicity induced by
endogenous and exogenous factors. RJ directly or indirectly activates Nrf2 signaling,
prevents IκBα degradation, increases expressions of HO-1, and inhibits the activation of
NF-κB. In the nucleus, Nrf2 heterodimerizes with small Maf proteins (MafF, MafG, and
MafK) and binds to the antioxidant responsive element (ARE). Through the activation of
the Nrf2 pathway, RJ increases the cellular antioxidant defense, promoting the resistance to
the toxic effects of various stressors and drugs. In addition, RJ may increase the activation
of the Nrf2 pathway and ARE gene transcription by increasing the free CBP levels, and by
reducing the recruitment of HDAC3 to the ARE region. Furthermore, RJ may inhibit the
nuclear translocation of NF-κB.

Note: ARE, antioxidant responsive element; CAT, catalase; CBP, CREB-binding pro-
teins; HDACs, histone deacetylases; COPD, chronic obstructive pulmonary disease; COX-2,
Cyclooxygenase-2; GSH, glutathione; GSK-3β; glycogen synthase kinase-3β; HIF, hypoxia-
inducible factor; HO-1, heme oxygenase 1; IκB, Nuclear factor of kappa light polypeptide
gene enhancer in B-cells inhibitor; iNOS, inducible nitric oxide synthase; Keap1, kelch-like
ECH-associated protein 1; LOX, Lipooxygenase; Maf, Maf proteins (MafF, MafG, and
MafK); MMP-9, matrix metalloproteinase 9; NADPH, nicotinamide adenine dinucleotide
phosphate; NF-κB, nuclear factor kappa-light-chain-enhancer of activated B cells; NF-κB1
(also named p50), NF-κB2 (also named p52), NQO1, NAD(P)H quinone oxidoreductase 1;
Nrf2, nuclear factor-erythroid 2-related factor 2; RelA (p65), ROS, reactive oxygen species;
SOD, superoxide dismutase; and TNF-α, tumor necrosis factor alpha.

Ulcerative colitis (UC) and Crohn’s disease (CD) are inflammatory bowel diseases
(IBD) with a complex etiology resulting from interactions of genetic, environmental, and
microbial factors.

The effects of RJ have been investigated in several animal models of colitis. Colitis
is induced by either 2, 4, 6-trinitrobenzene sulfonic acid (TNBS), dextran sulfate sodium
(DSS), or acetic acid (AA). RJ exhibited anti-inflammatory, antioxidant, and regenerative
effects and improved the colonic mucosal barrier and intestinal gut microbiota. In rats
with AA-induced colitis, treatment with RJ alleviated the damage of the colon tissue
and the number of colonic CD3+CD45+ T cells and mast cells, without affecting the
number of CD68+ macrophages and CD5+T cells. RJ also stimulated the production
of the anti-inflammatory cytokine IL-10 and GPx activity. In rats with TNBS-induced
colitis, supplementation with RJ also reduced CD3+, CD5+, CD8+, and CD45+ T cells, the
production of pro-inflammatory cytokines IL-1β and TNF-α, and the levels of COX-2 and
NF-κB. In the DSS-induced mouse model of colitis, treatment with RJ (2.0 g/kg) improved
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symptoms, reduced the apoptosis of colonic cells, and decreased intestinal permeability by
upregulating the expression of the tight-junction protein, goblet cells, and their product,
glycoprotein mucin 2 (MUC2). RJ also reduced the expression of proinflammatory cytokine
IL-6 and increased the levels of anti-inflammatory cytokine IL-10 and antibody sIgA, which
has an important role in mucosal immunity. RJ also improved DSS-induced changes in
the relative abundance of various bacterial strains in the colon, including Parabacteroides,
Proteobacteria (Gammaproteobacteria, Enterobacteriales, and Enterobacteriaceae), Escherichia
Shigella, and Muribaculum. These results indicate that RJ might reduce colon damage by
reducing intestinal inflammation [72]. In another study, in mice fed with RJ, RJ increased
the relative abundance of Lachnospiraceae_NK4A136_group, Prevotellaceae, and Bacteroides
and decreased the relative abundance of Alistipes [73].

All-together, increasing evidence suggests that RJ not only stimulates immunity and
antioxidative activities, but also regulates the composition and structure of the gut mi-
crobiota. The gut barrier has an important role in transporting nutrients and metabolites
across the epithelial cells and prevents damage by intraluminal substances [68,72,74].

It has been shown that RJ proteins may regulate immune function by stimulating
macrophage activity and by reducing the levels of inflammatory mediators [75]. Thus, in
immunodeficient cyclophosphamide-treated mice, the monomeric MRJP1, MRJP2, and
MRJP3 proteins increased the number of murine macrophages, stimulated the immune
response, and improved the composition of intestinal flora [76]. In particular, MRJPs
affected the development of the spleen and liver, the number of leukocytes in the peripheral
blood, the immunoglobulin content, cytokine levels, and the proliferation ability of spleen
T- and B-lymphocytes.

In another study performed in db/db mice, RJ improved gut microbiota dysbiosis and
intestinal and liver inflammation. It also regulated the expression of genes involved in
nutrient absorption in the small intestine, increasing the excretion of saturated fatty acids
in feces and the number of short-chain fatty acid (SCFA)-producing intestinal bacteria,
altogether improving the atrophy of the intestinal mucosa. In general, SCFAs are end-
products of the fermentation of non-digestible carbohydrates by gut microbiota. They are
the main nutritional source for epithelial cells and are accordingly important for colon
health. In addition to increasing mucus production and strengthening the tight junctions
between the intestinal epithelial cells, SCFAs also cause an increase in mucin expression
in goblet cells. Furthermore, SCFAs bind to the free fatty acid receptor and inhibit the
activation of NF-κB [77], suppressing the secretion of pro-inflammatory cytokines like IL-1,
IL-12, and TNF-α [78–80]. These cytokines further impact innate lymphoid cells (ILC1
and ILC3) and the production of their cytokines, including NF-α, IFN-γ, IL-17, and IL-22,
leading to inflammation and cytotoxicity.

According to Kobayashy et al. [80], RJ can help in non-alcoholic fatty liver disease
(NAFLD). Besides improving gut dysbiosis and inflammation, RJ increases the excretion of
saturated palmitic acid in the feces, thus decreasing its content in the blood and liver, and
increases the content MCFAs in the liver. In RJ, four main MCFAs have been identified: 10-
HDA, 10 HDAA, 2-decenedioic acid (2-DA), and sebacic acid (SA). This finding is important
as it is recognized that a high content of saturated fatty acids in a diet may increase
the secretion of IL-12 from macrophages, induce mitochondrial damage, and sustain
chronic low-grade inflammation, contributing to the pathogenesis of metabolic disorders,
muscular atrophy, progressive liver inflammation, and cardiovascular diseases [77–80].
NAFLD pathogenesis is related to the “two-hits” hypothesis, which suggests that steatosis
develops into nonalcoholic steatohepatitis (NASH) through excessive free fatty acids (FFAs),
hyperinsulinemia, and lipid peroxidation [81]. The disturbance of the circadian rhythm
and its Period genes (Pers) is associated with disruption of metabolic activity, increased
fat storage, and a decrease in its consumption, ultimately causing hepatic steatosis which
exacerbates the development of NAFLD [82]. According to You et al. [82], RJ could decrease
the body and liver weights, improve cholesterol levels, downregulate ALT and AST levels,
and combat NAFLD in OVX rats. The preventive effect of RJ may align with its strong anti-
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oxidative activity and its capacity to ameliorate the disturbances of the circadian genes, Per1
and Per2. In another study, the protective effect of RJ was demonstrated against NAFLD
due to its antioxidant and anti-inflammatory effect, as well as regulating the metabolism of
FAs such as α-linolenic acid, linoleic acid, and arachidonic acid, and the biosynthesis of
unsaturated fatty acids [83]. Felemban and coauthors [84] revealed that the chronic feeding
of RJ to HFD-fed rats not only reduced the gain in weight and improved insulin resistance
(IR), but also attenuated hyperglycemia and alleviated hepatic damage and steatosis. In
addition, this study showed that the antidiabetic and anti-steatosis mechanisms by which
RJ acts involve at least antioxidant potential, as well as the activation of the hepatic AMPK
signaling-mediated upregulation of PPARα (fatty acid oxidation) and the suppression of
SREBP1/2 (de novo lipogenesis) The treatment with RJ also reduced the serum levels of
liver function enzymes, interleukin 6 (IL-6), tumor necrosis factor-α (TNF-α), and leptin, but
significantly increased the serum levels of adiponectin. In addition, 10-HDA inhibits matrix
metalloproteinases (MMPs) which degrade matrix and non-matrix proteins, resulting in
tissue aging (e.g., skin) and chronic inflammatory diseases such as rheumatoid arthritis
(RA) [85].

RA is an autoimmune inflammatory disease with an unclear etiology. The hallmarks
of RA are hyperplasia and persistent inflammation of the synovial membranes, which
penetrate deep into the bone and articular cartilage. The damage of bone and cartilage in
RA joints is attributed to MMPs produced by the rheumatoid arthritis synovial fibroblasts
(RASFs). MMP-1 (collagenase 1) and MMP-3 (stromelysin 1) are particularly important
proteases in RA-associated tissue degradation. TNF-α is one of the well-known cytokines
that stimulates the production of MMPs by activating the MAPK signaling pathways. The
regulation of MMPs’ production is achieved through the activation of JNK, p38, and NF-κB
in synovial tissue and cultured RASFs. It has been shown that 10-HDA from the RJ may
reduce joint destruction in RA. 10-HDA exerted its effects by reducing the TNF-α-induced
gene expression of MMP-1 and MMP-3, and by inhibiting the activation of the p38 and
JNK/AP-1 signaling pathways. On the contrary, it had no effect on the TNF-α-induced
activation of the extracellular signal-regulated kinase (ERK) cascade, NF-κB activity, or
IκBα degradation [85]. These findings also indicate that the inhibition of the p38 and
JNK pathways could be a possible therapeutic target against inflammation-related joints’
destruction in RA [85].

Overall, the anti-inflammatory effects of SA, 10-had, and 10-HDAA are not related
only to the regulation of proteins involved in MAPK and NF-κB signaling [86,87]. They
also may affect estrogen signaling by stimulating the activity of estrogen receptors (ER),
ERα and ERβ [35], potentially exerting beneficial effects on the bones, muscles, and adipose
tissue in a sex-dependent manner. Another study demonstrated that the inhibitory effect of
10-HDA on the proliferation of fibroblast-like synoviocytes was mediated by its ability to
act as an HDAC inhibitor and downregulate the PI3K–AKT pathway. It also increased the
expression of genes involved in cytokine–cytokine receptor interactions [88].

Multiple sclerosis (MS), also a chronic inflammatory disease, affects about 250,000 to
350,000 individuals in the USA and markedly reduces their quality of life. Demyelinating
lesions in the brain, spinal cord, and optic nerve are typical hallmarks of MS. Oshvandi
et al. [89] showed that supplementation with RJ can be beneficial in improving quality of
life; following a 90-day period of supplementation, the patients’ activity was increased. In
another study, Seyyedi et al. [90] have reported that the consumption of RJ, through its es-
trogenic effect and reduced vaginal atrophy, improves the quality of life of postmenopausal
women [90,91]. The anti-inflammatory effect of RJ was also confirmed in experimental
autoimmune encephalomyelitis (EAE), an animal model of MS. RJ and 10-HDA reduced
demyelination, regulated the polarization of Th17 and Th1 cells, and attenuated the infiltra-
tion of the peripheral immune cells into the CNS. In addition to RA and MS, RJ can be useful
in other human autoimmune diseases such as Graves’ disease and lupus erythematosus by
strengthening the immune system.
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RJ, MRJP3, or its C-terminal TPRs sequence may exert anti-inflammatory effects by
inhibiting the production of pro-inflammatory cytokines TNF-α, IL-1β, IL-2, IL-6, and IL-33.
This has been shown in various conditions, including herpes stromal keratitis (HSK) caused
by Herpes simplex virus type 1 (HSV-1), LPS-stimulated THP-1 cells, formalin-induced
rat paw edema, and nanoparticle-induced inflammation of the skin, gastrointestinal and
respiratory tract, and cardiovascular system [92,93].

Environmental and occupational exposure to heavy metals, such as Cd, has been
tightly linked to the ROS-induced oxidative damage of proteins, lipids, carbohydrates,
and DNA, which underlies the development and progression of pathological changes in
many diseases. Exposure to Cd also induces apoptotic events and modulates the ratio of
pro- and anti-apoptotic proteins. In addition, Cd results in massive inflammation through
the excessive release of pro-inflammatory mediators, like IL-1β, TNF-α, and nitric oxide
(NO) [94]. It has been shown that RJ markedly reduces Cd-induced oxidative damage in
mouse testes via the Nrf2 pathway [95]. By increasing Nrf2 and homoxygenase-1, RJ also
protected the lymphocytes, liver, kidney, and heart tissue against drug- or toxin-induced
oxidative injury [96]. In 6-hydroxydopamine-induced cell death, Nrf2 translocation to
the nucleus and the enhanced expression of antioxidant and detoxifying enzymes were
induced by 4-hydroperoxy-2-decenoic acid ethyl ester (HPO-DAEE), a lipid component of
RJ [97].

5.2. Royal Jelly, Beauty, and Postponement of Ageing

The majority of the aging process is conditioned by the genetically programmed
weakening and failure of the homeostatic mechanisms. Various stressors may induce the
senescence process (see Figure 2), especially OS, mitochondrial dysfunction, ER stress, and
epigenetic stress, leading to irreversible DNA damage and the activation of molecular
mechanisms of aging associated with p53 regulation. The cell’s DNA damage response
(DDR), particularly to double-strand breaks (DSB), results in p53 phosphorylation, p21
activation, and cell cycle arrest [98–102].

Continuous OS and chronic inflammation are associated with many cellular and
molecular changes: damage of the main biological molecules, loss of enzymatic activity,
mitochondrial dysfunction, reduced proteostasis, genome instability, weakened repair
mechanisms, telomere shortening, epigenetic modifications, and the disturbance of gene
expression and signaling pathways. In addition, these changes include the loss of inter-
cellular communication, immunosenescence and dysfunction of effector functions of T
and B cells, decrease in the antigen-presenting functions, exhaustion of stem cells, low-
grade inflammation and increased cytokine release, dysbiosis of intestinal microbiota and
alternations in intestinal permeability, and ultimately, cellular aging (see Figure 2).

Cellular senescence is induced by critically short telomeres, triggering the permanent
activation of DDR and cell cycle arrest. The DDR is a well-known activator of the senescence-
associated secretory phenotype (SASP) which is characterized by the increased expression
of an array of pro-inflammatory factors, mostly in an NF-Kb-dependent manner, such as
IL-6, IL-8, IL-1β, monocyte chemoattractant protein (MCP)-1, MCP-2 and MCP-4, growth
factors like the human growth factor (HGF) and fibroblast growth factor (FGF), various
proteases like MMPs, and secreted insoluble proteins/extracellular matrix proteins (ECM).
Senescent cells disrupt the homeostasis and function of tissues and organs, resulting in the
loss of tissue regeneration and the reduced function of stem cells. SASP components can
induce tissue fibrosis in certain epithelial tissues, whereas the infiltration of macrophages
and lymphocytes, fibrosis, and cell death are recognized as the cause of numerous diseases
associated with aging [98–102].

Therefore, the antioxidant, anti-inflammatory, and antisenescence properties of RJ as
well as the modulation of cellular senescence by targeting Nrf2 activation can be a promising
preventive strategy against cancer and other degenerative diseases (NAFLD, neurodegen-
erative diseases, aging, heart diseases, and cardiovascular diseases) [58,100–103].
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Figure 2. Anti-senescence effect and molecular mechanisms of royal jelly (RJ) and its components
on cellular senescence, healthy aging, and longevity induced by endogenous and exogenous factors.
Cellular senescence is triggered by various intrinsic and extrinsic stimuli such as ROS, inflammation,
mitochondrial dysfunction, genotoxic stress, irradiation and chemotherapeutic agents, telomere
shortening, irreversible DNA damage, or signals such as oncogene activation or the overexpression of
pluripotency factors. These stressors initiate various cellular signaling cascades, ultimately resulting
in the activation of p53, p16Ink4a, or both. Their activation induces cell cycle arrest by inhibiting
cyclin D–Cdk4/6 and cyclin E–Cdk2 and prevents Rb inactivation, resulting in continuous repression
of E2F target genes required for S-phase. ARF can inhibit MDM2 and stabilize p53, which leads
to the arrest of the cell cycle and cellular aging and the possibility of repairing minor damages.
Accordingly, senescence is associated with several molecular and phenotypic alterations, such as
senescence-associated secretory phenotype (SASP), cell cycle arrest, DNA damage response (DDR),
senescence-associated β-galactosidase, morphogenesis, and chromatin remodeling. The anti-senesce
effects of RJ and its component (MRJPs, 10-had, and RJPs) is the result of the interplay between
several genes involved in downregulation of insulin/insulin-like growth factor-1 signaling (IIS)
and targeting of rapamycin (mTOR), upregulation of the epidermal growth factor (EGF) signaling,
dietary restriction, and enhancement of antioxidative capacity via Nrf2 activation. These signaling
pathways affect cellular processes associated with longevity: DNA repair, autophagy, antioxidant
activity, anti-inflammatory activity, stress resistance, and cell proliferation. In addition, RJ suppresses
cellular senescence by upregulation of SOD1 and downregulation of Mtor and catenin beta like-
1, and by regulating the expression levels of p53, p16, and p21. The life-expanding effect of RJ
possibly originates from its antioxidant and anti-inflammatory properties, which can promote healthy
aging by improving glycemic status, lipid profiles, and oxidative stress and hence can prevent
the occurrence of various debilitating metabolic diseases. Furthermore, it should be noted that
RJ contains epigenetically active compounds that inhibit DNMT3 or HDAC3, thus changing the
epigenetic information generated in response to exogenous and endogenous factors during the
aging process. Note: ATM, Ataxia telangiectasia mutated; ATR, Ataxia telangiectasia mutated and
Rad3 related; BDNF, brain-derived neurotrophic factor; CDK2, Cyclin-dependent kinase 2; CDK4/6,
Cyclin-dependent kinase 4 and 6; ER stress, Endoplasmic reticulum stress; NGF, nerve growth
factor; Nrf2, nuclear factor-erythroid 2-related factor 2; p21 and p16, cyclin dependent kinase (CDK)
inhibitors; Rb, retinoblastoma protein; ROS, Reactive oxygen species; SA-β-gal, senescence-associated
β-galactosidase; SAHF, Senescence-associated heterochromatin foci; SASP, Senescence-associated
secretory phenotype; TAFs, telomere-associated foci.
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A daily intake of RJ can extend the lifespan of bees and other species, including ne-
matodes, crickets, or mice. This effect is attributed to proteins and lipids from royal jelly
and MRJPs. In Drosophila melanogaster, RJ extended longevity by promoting the epidermal
growth factor (EGF) receptor-mediated pathway [104]. Royalactin (MRJP1) also stimulated
EGF and epidermal growth factor receptor (EGFR) pathways in Caenorhabditis elegans [105].
Wang et al. [106] found that royal jelly and an enzyme-treated RJ (RJ/eRJ)-mediated lifespan
extension requires insulin/IGF-1 signaling and the activities of the DAF-16, SIR-2.1, HCF-1,
and FTT-2, a 14-3-3 proteins. These findings reveal that RJ/eRJ supplementation triggers a
sophisticated regulatory mechanism, mediated by the interplays of DAF-16, SIR-2.1, HCF-1,
and 14-3-3, to fine-tune DAF-16 activities and thereby promote prolongevity and stress
responses in C. elegans. DAF-16 is a key regulator of stress responses; the DAF-16 target
genes (sod-3, mtl-1, and F21F3.3) which promote C. elegans’ response to oxidative stress,
heavy metals, and heat shock. Thus, RJ and eRJ consumption increased the lifespan, health
span, and the tolerance of C. elegans to oxidative stress, ultraviolet irradiation, and heat
shock stress. Earlier studies reported that DAF-16/FOXO, SIR-2.1/SIRT1, FTT-2, HCF-1,
and 14-3-3 proteins are evolutionarily conserved from C. elegans to mammals, and that these
findings may have immediate implications in utilizing RJ/eRJ as aging-intervention means
to prolong one’s health span and combat age-related diseases in higher-order organisms,
including humans. In addition, 10-HDA can increase the lifespan of Caenorhabditis elegans
through dietary restriction and the targeting of rapamycin (TOR) signaling [107]. Moreover,
the long-term use of RJ in D-galactose-induced mice prevented age-related weight loss, im-
proved memory abilities, and delayed thymus atrophy. It also reduced muscle cell atrophy
and, consequently, increased the mobility and physical condition of mice [52,108–110]. In
humans, the intake of RJ can also delay aging and the development of some age-related
disorders, improve the quality of life during aging, and significantly delay age-related
motor dysfunctions [52,110]. In human cell cultures, lipid components of RJ inhibited the
aging process through the upregulation of EGF signaling and downregulation of insulin-
like growth factors (IGF) [5,109–111]. In mouse embryonic stem cells, it was shown that
royalactin can maintain pluripotency by activating a ground-state pluripotency-like gene
network [44]. Furthermore, the same authors discovered Regina, a mammalian structural
analog of royalactin that can promote ground-state pluripotency in mouse embryonic stem
cells, indicating the possibility of using royalactin as a regenerative therapy.

Salazar-Olivio and Paz-Gonzales [112] also have shown that RJ proteins can have an
effect in the postponement and prevention of ageing. In their study, RJ have promoted
proliferation in insect cell cultures. Likewise, Watanabe et al. [33] have demonstrated the
mitogenic effect of RJ on a human monocyte cell line (U-937 cells) and its ability to increase
the synthesis of DNA and albumins in liver cells [113]. It is believed that RJ contains growth
factors or hormones that stimulate cell growth. Taken together with the finding that certain
protein fractions of RJ increase the synthesis of new adhesion molecules, this confirms
the cosmetic efficacy of royal jelly [26,114]. Kawano et al. [114] demonstrated that RJ can
reduce the expression of miR-129-5p and can prevent the photoaging of skin. It is possible
that the effect of miR-129-5p a is not only involved in increasing the number of cells, but
can prevent skin aging through the regulation of its target genes. Many genes are predicted
as putative targets of miR-129-5p including calcium signaling-related molecules, such
as the calcium channel, voltage-dependent, γ subunit 2 (CACNG), calcium/calmodulin-
dependent protein kinase II inhibitor 1 (CAMK2N1), FK506-binding protein 2, 13 kDa
(FKBP2), and calmodulin 1 (phosphorylase kinase, delta) (CALM1).

The skin is the largest organ that covers the entire surface of the body. The main
function of the skin is to protect organism from environmental insults [115]. In order
to fulfil its function, the skin can initiate a defense process targeted at tissue repair and
pathogen removal [115]. However, an estrogen deficiency and decrease in collagen during
menopause and natural aging reduce skin elasticity and strength. RJ constituents, especially
10-HDA, can reduce cell aging and stimulate the production of procollagen type I and
transforming growth factor-1 (TGF-β1) [109,110,116–121]. Similarly, MRJP promotes cell
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proliferation, affects the telomere length, and reduces aging [109,111]. Furthermore, Koya-
Miyata et al. [119] have shown a beneficial effect of RJ on collagen production in skin
fibroblasts and an isolated active substance named the collagen production-promoting
factor. The pharmaceutically active ingredients of RJ in collagen production were 10H-2DA
and 10-HDA. These acids in the presence of ascorbic acid promote the production of TGF
that further increases collagen production. It still remains unknown if these acids influence
enzymes involved in collagen synthesis as well (prolyl hydroxylase and lysyl hydroxylase).

RJ is appreciated today as a protective agent against skin aging. Experiments per-
formed in ovariectomized rats have indicated its ability to increase collagen produc-
tion [117,120]. Following the administration of 1% RJ to female Sprague–Dawley rats
without estrogen, the skin level of the type I procollagen protein was returned almost to
normal values. Hence, according to the data provided, it seems that RJ could be an effective
dietary supplement against the natural aging process of postmenopausal skin, but further
clinical research is needed to confirm this [120].

Of note, collagen is a predominant fibrous protein of extracellular matrix and the
main protein in connective human tissue, making about 3–6% of total body proteins. The
functional properties of skin are largely dependent on the integrity of dermal collagen.
Alterations in the level of collagen settling are observed during wound healing, bone
development, and ageing. Hence, collagen metabolism control is important not only from
a cosmetic perspective, but also for therapeutic applications.

In a recent study, Khani-Eshratabadi et al. [121] have shown the potential anti-
apoptotic effects on RJ in different rat tissues (brain, liver, kidney, and lymphocytes)
by regulating the levels of Bax, Bcl-2, and telomerase enzymes. In rats treated with RJ,
there was a trend towards a telomerase increase, the significant effect on the reduction
of the Bax/Bcl-2 ratio, and the improved survival rate of the liver, kidney, and especially
brain cells at a dose of 300 mg/kg. A similar effect was obtained in a study conducted by
Jiang et al. [111]. The treatment of a human embryonic lung fibroblast cell line (HFL-I) with
different concentrations of MRJPS (0.1–0.3 mg/mL) had beneficial impacts on proliferation,
senescence, and the telomere length. The antisenescence effects of MRJPs were associ-
ated with the upregulation of SOD1 and downregulation of the mTOR, catenin beta like-1
(CTNNB1), and transcription factor 53 pathways, which altogether had a stimulatory effect
on DNA and protein synthesis. Likewise, in human lymphocytes exposed to the genotoxic
chemotherapeutic compound doxorubicin, the beneficial effects of RJ were associated with
the increased hTERT/BAX ratio, indicative of greater longevity [122].

Immunity is also affected by aging; aging reduces cell proliferation, the production of
new naive lymphocytes, and the production of cytokines in the defense process, especially
interleukin 2 (IL-2) [101,102]. Immunosenescence is a process associated with aging that
leads to the dysregulation of cells of innate and adaptive immunity and the reduced
ability of the immune system to respond to foreign antigens and maintain tolerance to
self-antigens. Immunosenescence is characterized by a reduced proliferation capacity,
telomere shortening, and increased resistance to the apoptosis of CD28+ T-lymphocytes
in general [101,102,123]. In the elderly, the repertoire of naive CD4+ and CD8+T cells
along with cytokine production is severely affected with alterations in memory B cells
and antibody production [101,102,123], which results in high susceptibility to infection,
cancer, and autoimmune diseases, and a reduced response to vaccinations. Bouamama
et al. (124) demonstrated some mechanisms that delay PBMCs’ cell senescence in vitro by
RJ through enhancing their cell proliferating ability, MDA, GSH, IL-2, IL-6, IL-4 cytokines,
and NO release. The immuno-enhancing potential and anti-immunosenescence effects of
royal jelly may play a primordial role in the health of the elderly to corroborate and combat
pathological aging by improving the immune functions, enhancing PBMCs’ proliferation
along with the cytokine release [123–125].

Inoue and co-authors [126] have shown that RJ can increase the lifespan of C3H/HeJ
mice by reducing oxidative damage. The theory of «free radicals and ageing» is widely
known; ROS production results in the overall damage of the cell [4,127,128] and its conse-
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quences include the modifications of cell proteins, lipids, and DNA. The results of many
studies indicate the important contribution of the increased oxidative DNA damage to
the ageing of the cell and organism. In fact, it is considered that DNA damage is the
cause of ageing and degenerative diseases related to ageing, including tumors, heart dis-
eases, and cardiovascular diseases (Figure 2). Mutations, a consequences of oxidative
damage, shorten one’s lifespan. In the aforementioned study on C3H/HeJ mice, dietary
supplementation with RJ increased mice survival by 50%. The authors found that the
mechanism of protection was not based on the free radical scavenging ability of RJ, but on
the suppression of oxidative DNA damage, perhaps through reduced chronic inflamma-
tion [103–105,126,129–131].

In addition, the accumulation of senescent cells in the tumor microenvironment can
drive tumorigenesis in a paracrine manner through the SASP. Hatson et al. [132] suggested
that senescent macrophages play an important role in the initiation and progression of
lung cancer, and may be a potential target in cancer prevention strategies. It seems that the
clearance of senescent macrophages can ameliorate tumorigenesis in KRAS-driven lung
cancer. It has been suggested that SASP can reinforce senescence-induced cell cycle arrest
by autocrine or paracrine mechanisms and can modulate the tissue microenvironment
by paracrine pathways. For example, 16INK4a-expressing macrophages express many
pro-tumorigenic SASP factors unique to a tumorigenic lung (i.e., Bmp2, CCL2, CCL7,
CCL8, CCL24, CXCL13, and IL-10) and may represent important mediators of paracrine
pro-tumorigenic effects. Chemokines CCL7, CCL24, and CXCL13, as well as IL-10 and
Bmp2, exert pro-tumorigenic effects in a variety of cancers, promoting the invasiveness,
metastasis, and stemness of cancer cells. Furthermore, the senescent cells may contribute to
the formation of an immunosuppressive tumor microenvironment (TME) (rich in Tregs and
low in CD4+ and CD8 + T cells), which can be switched toward an immunostimulatory
TME (low in Tregs and high CD4+ and CD8 + T cells) through the clearance of senescent
cells. On the other hand, macrophage depletion or a colony stimulating factor 1 receptor
(CSF1R) signaling blockade disturb the intratumoral vascular network and reduce food
and oxygen delivery to the tumor cells [98,132–134]. RJ compounds display their anticancer
effects through a number of mechanisms such as controlling reactive oxygen species (ROS)-
scavenging enzyme activities, suppressing the cell cycle, and promoting the apoptosis and
inhibition of the proliferation of cancer cells, as well as their antimetastasis, antiangiogenic,
etc., effects. The antioxidant, anti-inflammatory, anti-stress, immuno-enhancing potential,
and anti-immunosenesence effects of RJ as well as the modulation of cellular senescence by
Nrf2 activation can be a good preventive strategy in preventing the occurrence of cancer
and other degenerative diseases.

5.3. Royal Jelly and Its Effect on Brain Cells

The ongoing rise in the elderly, particularly in Western countries, is one of the major
worldwide problems today. The decline of cognitive abilities and increase in neuropsy-
chiatric disorders, such as Alzheimer disease (AD) and depression, are closely related
to aging. AD is a neurodegenerative disease characterized by intracellular aggregates of
neurofibrillary tangles (NFTs) made of hyperphosphorylated and truncated tau proteins,
and the extracellular deposition of amyloid beta (Aβ) peptides generated through the
proteolytic cleavage of the amyloid precursor protein (APP) [135,136]. The accumulation
of Aβ plaques activates microglial cells and the immune response, leading to increased
OS, elevated intracellular Ca2+ levels, and a local inflammatory reaction, contributing to
neurotoxicity. On the other hand, due to the selective loss of cholinergic neurons, acetyl-
choline (Ach), a neurotransmitter with a critical role in learning and memory, is depleted
in AD patients. Levels of brain-derived neurotrophic factor (BDNF) are also reduced in
patients with severe AD. BDNF is involved in learning and memory due to its important
role in neuronal plasticity. In addition, BDNF inhibits cytokine production through its
direct anti-inflammatory effect on microglial cells [137].
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According to papers [58,138–152], RJ has many beneficial effects on cognition and
AD pathology, including the improvement of memory, neuroprotection and regulation of
neurotrophins, regulation of neurotransmission, regulation of brain energy metabolism,
protection against oxidative stress and neuroinflammation, reduction of apoptosis, at-
tenuation of Aβ-induced neurotoxicity, and improvement of hormonal and metabolic
abnormalities associated with cognitive impairment (see Figure 3).
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Figure 3. The possible protective and therapeutic mechanisms of royal jelly and its components in
neuroprotection, cognitive performance, and suppression of neurodegeneration. Note: Aβ, amyloid
beta; ACh, acetylcholine; AChE, acetylcholinesterase; AMPK, AMP-activated protein kinase; ARE,
antioxidant responsive element; BACE1, beta-site APP cleaving enzyme 1; Bax, Bcl-2-associated X
protein; BChE, butyrylcholinesterase; Bcl-2, B-cell lymphoma-2; BDNF, brain-derived neurotrophic
factor; ChAT, choline acetyltransferase; CREB, cAMP-response element (CRE)-binding protein; ER β

and α, estrogen receptors β and α; ERK, extracellular signal-regulated kinase; ERK1/2, extracellular
signal-regulated kinase 1 or 2; eNOS, endothelial nitric oxide synthase; FOXO, forkhead box O
transcription factor; GABA, gamma-aminobutyric acid; IDE, insulin-degrading enzyme; JNK, c-jun
N-terminal kinase; LRP-1, low-density lipoprotein receptor-related protein; MAPK, mitogen-activated
protein kinase; mTOR, mammalian target of rapamycin; NEP, neprilysin; NF-κB, nuclear factor-kappa
B; NFT, neurofibrillary tangles; NGF, nerve growth factor; NLRP3, nucleotide-binding domain
and leucine-rich repeat-containing protein 3; Nrf2, nuclear factor-erythroid 2-related factor 2; OS,
oxidative stress; p38, p38 protein kinases; PI3K, phosphatidylinositol 3-kinase; PGC-1α, peroxisome
proliferator-activated receptor-γ coactivator 1-a; PPAR-γ, peroxisome proliferator-activated receptor;
RAGE, receptor for advanced glycation end-products; VEGF, vascular endothelial growth factor; ↑
upregulated; ↓ downregulated.

Many studies have highlighted the important role of neurotropic factors in the etiology
and/or development of AD and other age-related diseases, suggesting that the increased
synthesis of neuropeptide factors can be a promising avenue in the prevention of these
diseases. Hashimoto et al. [153] have found that RJ selectively stimulates the mRNA
expression of the glial cell line-derived neurotropic factor (GDNF) and neurofilament H, an
axonal marker, in the hippocampus of adult mice. The neuroprotective effects of GDNF
have been demonstrated in various conditions. Thus, the exogenous addition of GDNF
protects the nigrostriatal dopaminergic terminals from neurodegeneration and ameliorated
damage induced by cerebral ischemia and traumatic brain injury. These observations
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suggest that GDNF could be a promising approach in the protection and treatment of
neurological diseases. However, further studies are needed of other RJ-induced active
components with the effects on brain functions such as learning and memory. A better
understanding of the biological effects of RJ at the molecular level likely will contribute
towards more effective protection, as well as therapy for some neurological diseases, and
to the more efficient use of RJ in healthcare.

The beneficial effects of RJ on cognition and AD-related pathologies have been
demonstrated in various models, including copper- and cholesterol-fed rabbits [150], hip-
pocampal neurons exposed to streptozotocin [151] and trimethyltin [154], and double
transgenic APP/PS1 mice harboring mutations associated with early-onset AD (chimeric
mouse/human APP (Mo/HuAPP695swe) and human presenilin 1 lacking exon 9 (PS1-
dE9)) [145]. You et al. [145] argued that RJ may serve as a functional food for AD pathology.
They found that the administration of RJ at a dose of 300 mg/kg/d for 3 months improved
behavioral impairments and reduced the accumulation of Aβ in APP/PS1 mice. RJ also
alleviated JNK-mediated apoptosis by suppressing oxidative stress. The authors suggested
that RJ exerts protective effects on learning and memory by inhibiting or repairing AD-
related hippocampal and cortical lesions. Importantly, the hippocampal levels of cAMP,
p-PKA, p-CREB, and BDNF levels were significantly increased in RJ-treated mice, indicat-
ing the important effects of RJ on the cAMP/PKA/CREB/BDNF pathway in ameliorating
cognitive decline. RJ also improved spatial learning and memory abilities in normally aged
rats, as evidenced by the better performance in the Y-maze [139], Morris Water Maze test,
passive avoidance test [103,151,154], and open field test [108].

Oxidative stress increases the amount of amyloid precursor protein (APP) and then
further aggravates the AD pathology [145,155]. It is confirmed that oxidative stress is a ther-
apeutic target of RJ in AD [138]. Some component derived from RJ as 10-HDA may be used
to treat age-related neurodegenerative disorders; it stimulates neuronal differentiation from
progenitor cells (PC12) through mimicking the effect of brain-derived neurotrophic factor
(BDNF)] [156]. 10-had, in addition to stimulating neurogenesis via neural stem/progenitor
cells, easily crossed the blood–brain barrier (BBB) and exerted unique neuromodulatory
activity due to its smaller size [156]. In addition, it possesses neuroprotective effects against
glutamate- and hypoxia-induced neurotoxicity [157]. Furthermore, AMP N1-oxide, the
unique active nucleotide component present in RJ, has been shown to exhibit neurogenic
and neurotrophic activities. AMP N1-oxide stimulates neurite outgrowth and induces the
differentiation of PC12 cells into neurons through the activation of two signaling pathways:
MAPK/extracellular signal-regulated kinase 1 or 2 (ERK1/2) and the phosphatidylinositol
3-kinase/Akt pathway. AMP N1-oxide promotes neurite outgrowth activity via adenylate
cyclases coupled to adenosine A2A receptors crucial for neural development and the regula-
tion of synaptic plasticity. It seems that AMP N1-oxide and 10-HDA are active components
in RJ that reduce the deposition of Aβ by regulating the production, degradation, and
clearance process, and in this way, they mitigate cognitive deficits and Aβ accumulation in
the APP/PS1 mouse model [157].

A recent study by Aslan et al. [158] has shown that RJ (applied at a dose of 100 mg/kg
bw during 56 days) prevented fluoride-induced brain damage via anti-oxidative effects.
In addition, RJ reduced fluoride-induced increases in the expression of Bcl-2, NF-κB, and
COX-2, and normalized the levels of caspase-3, caspase-6, Bax, and Erk.

Chen et al. [159] showed that supplementation with MRJPs improves the cognitive
abilities of aged rats. MRJPs enhanced the metabolic activity of the brain by increasing the
levels of glucose and phosphoenolpyruvic acid. The metabolomic analysis of the urine of
MRJPs-fed rats did not show a significant difference compared to young rats. The main
changes induced by MRJP supplementation were related to an increased level of nicotinic
acid mononucleotide (NaMN), the precursor of NAD+, and xanthosine, which is important
for the nucleic acid metabolism and DNA repair in old rats. MRJP proteins also increased
the production of cysteic acid and other neuroprotective molecules in aged rats.
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As previously mentioned, Aβ is produced from the APP through the amyloidogenic
pathway. The first cleavage of APP is made by β-secretase (BACE1) which generates
soluble APP peptide-β (sAPPβ) and C-terminal fragment-β (CTFβ). CTFβ is further
cleaved by γ-secretase to yield hydrophobic Aβ polypeptides (predominantly Aβ40 and
Aβ42). In N2a/APP695 neuroblastoma cells, crude royal jelly peptides (RJPs), obtained
by the digestion of RJ proteins, reduced the production of Aβ40 and Aβ42 peptides by
downregulating BACE1. Thus, RJPs could have the potential for ameliorating AD-related
Aβ pathology [139].

Taken together, numerous studies have shown that RJ has an effect on various
pathophysiological mechanisms related to cognitive decline and AD. RJ acts through
neurotrophic, antioxidant, anti-inflammatory, antiapoptotic, and antiamyloidogenic mech-
anisms, delaying the onset of AD, slowing down its progression, and stimulating the
recovery process.

Ali and Kunugi [59] summarized the main mechanisms of the RJ action contributing
to the improvement of cognitive abilities and alleviation of Aβ pathology: (i) RJ reduces
the influx of Aβ through the BBB by inhibiting the receptor for advanced glycation end-
products (RAGE) which also acts as the receptor for Aβ, (ii) RJ prevents APP cleavage by
inhibiting BACE1, and (iii) RJ facilitates the clearance of Aβ. In addition, predominantly by
activating the AMPK signaling cascade, RJ stimulates autophagy and antioxidative defense,
and suppresses inflammation. RJ and its lipid components also bind to estrogen receptors
and increase the production of neurotrophic factors like NGF and BDNF and stimulate
ACh production, neurogenesis, and synaptic plasticity.

Hattori et al. [154,156] have shown the effect of RJ and 10H2DA on the neurogenesis
of neural progenitor/stem cells (NSCs) in vitro. NSCs have a self-regenerative ability and
potential to differentiate into neurons, astrocytes, and oligodendrocytes. RJ stimulated
the differentiation of all types of brain cells (neurons, astrocytes, and oligodendrocytes),
whereas 10H2DA stimulated the production of neurons but reduced the differentiation
of astrocytes. Hence, the RJ-induced activation of NSCs could be a relevant target for the
treatment of AD and other neurodegenerative conditions.

5.4. Royal Jelly and Diabetes

RJ contains compounds functionally and structurally similar to insulin [160]. Moreover,
as one of the most powerful therapeutic formulations with regenerative features, RJ may
regenerate damaged pancreatic cells and prevent the development of diabetes [60,161–165].
The regeneration of pancreatic cells and preservation of insulin levels are key factors in
lowering blood glucose [160–164]. In the Otsuka Long–Evans Tokushima Fatty (OLETF)
rat model of type 2 diabetes, the long-term usage of RJ was effective in the prevention
of insulin resistance [166]. Research by Zamami and colleagues also confirmed that RJ
can reduce the index of insulin resistance (HOMA-IR), although not the blood glucose in
rats [167]. The authors suggested that antioxidant peptides present in RJ are responsible
for insulin resistance [162,167–169]. Overall, the beneficial effects of RJ observed in an
animal model of diabetes include: (i) the improvement of the antioxidative properties of
plasma; (ii) the reduction of biochemical parameters (alanine transaminase (ALT), aspartate
aminotransferase (AST), and alkaline phosphatase (ALP)) and fasting blood glucose (FBG),
and (iii) the reversal of histopathological changes in rat reproductive tissue (the tubular
differentiation index, number of mononuclear immune cells, thickness of tunica albuginea,
diameter of seminiferous tubules, Johnsen score, spermiogenesis index, Sertoli cell index,
and meiotic index).

In healthy volunteers, RJ significantly reduced serum glucose levels 2 h after inges-
tion [170]. The same results are observed in diabetic patients [170,171]. In particular, RJ
intake (3 g per day) reduced serum glucose, increased serum apolipoprotein (Apo)A-I, and
modified the ApoB/ApoA-I ratio following 8 weeks of supplementation. Of note, ApoB
is significantly increased in patients with type 2 diabetes. However, increases in ApoA-I
are more important compared to decrease in ApoB regarding the risks for coronary heart
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disease in diabetic patients. Moreover, the ApoB/ApoA-I ratio is a better predictor of
cardiovascular disease compared to low- and high-density lipoprotein cholesterol (LDL-C
and HDL-C, respectively) [172]. Hence, it is likely that RJ contains biologically active
substances with insulin-like activity. Similarly, Pourmoradian et al. [173] demonstrated
that supplementation with RJ (1000 mg once a day during 8 weeks) decreases FBG and
serum glycosylated hemoglobin (HbA1c) levels and increases the insulin concentration in
patients with type 2 diabetes. They also observed the antioxidant effect of RJ evidenced
through the significant increase in SOD and GPx activities in erythrocytes and a decrease
in the MDA concentration. An increase in the total antioxidant capacity and a decrease
in insulin resistance after RJ supplementation in patients with type 2 diabetes was also
shown by Shidfar et al. [174]. They suggested that RJ can ameliorate insulin resistance
via an antioxidant effect and may be beneficial for diabetic patients. Diabetes, as well as
other pathophysiological conditions such as hypertension and atherosclerosis, is accompa-
nied with the impairment of peripheral circulation [168,175] and organ injury (e.g., heart,
kidney, and brain) due to decreased blood flow. On the other hand, it has been shown
that 10H2DA from RJ exerts vasodilatory activity, and consequently, antihypertensive
effects in an in vitro assay. Moreover, RJ exerted transient vasodilating effects on canine
femoral arteries, which may be relevant for the treatment of diabetic foot ulcers. However,
clinical trials did not show thensuperiority of 5% topical RJ compared to the placebo for the
treatment of diabetic foot ulcers [175]. Contrary to Siavash et al. [175], Yakoot et al. [176]
showed that the new patented topical ointment PEDYPHAR®, composed of natural RJ and
panthenol, in an innovative, enriched alkaline base, is an effective and safe cream for the
treatment of diabetic foot infections. Some of the possible mechanisms of positive actions of
RJ and its components are: (i) the powerful antibacterial activity of royalisin against Gram
+ bacteria including methicillin-resistant Staphylococcus aureus at very low concentrations;
(ii) the strong antimicrobial, neurogenic, and angiogenic activities of 10-HDA; (iii) the effect
of RJ on the differentiation of all types of nerve cells (neurons, astrocytes, and dendrocytes)
and an increase in mRNA expression of the potent glial cell line-derived neurotrophic
factor; (iv) the stimulation of neurogenesis with the active compound of RJ, AMP N1-oxide,
by stem cells through the activation of the signal transducer and activator of transcription
3; (v) the production of type I collagen and bone formation through action on osteoblasts;
and (vi) the expression of the vascular endothelial growth factor gene. Panthenol, on other
hand, enhanced the oxidative phosphorylation of pyruvate and fatty acid carnitine esters
and increased the activity of carnitine palmitoyltransferase. Nevertheless, RJ promoted
wound healing in an animal model of diabetes. In addition, it has been shown that RJ
induces vasorelaxation by increasing NO production [177]. In particular, it was found that
some RJ components act as muscarinic receptor agonist(s), most likely ACh, and induce
vasorelaxation by releasing NO from the vascular endothelium of healthy rats. The authors
concluded that the vasodilatory ability of RJ may increase the blood mass and blood flow,
without affecting systemic circulation. This further implies that RJ may be used to improve
the peripheral circulation in healthy individuals, but further studies are needed to clarify
the effects (if any) of RJ on the peripheral circulation in patients with severe endothelial
dysfunction, such as hypertension and atherosclerosis.

5.5. Positive Effect of RJ on Overweight and Obesity

Obesity is one of the major health problem worldwide. Moreover, it is associated
with increased cardiovascular risk factors such as dyslipidemia, glucose intolerance, and
hypertension [178]. A social context that encourages a sedentary lifestyle, easy, 24 h avail-
ability to high-energy food, and large portion sizes, are all components of the obesogenic
environment, which is a contributing factor to obesity [179].

According to Vajdi et al. [180] supplementation with RJ reduces body weight (BW) and
the body mass index (BMI) at the dosages <3000 mg/day. On the other hand, as mentioned
previously, numerous data show that dietary supplementation with RJ improves oxidative
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stress, inflammation, lipid metabolism, and insulin sensitivity [167–169], suggesting its
potential use in the prevention of obesity-related metabolic disorders.

In the study of Yoneshiro et al. [181], C57BL/6J mice were fed with four different
regimes for 17 weeks: a normal diet (ND), high-fat diet (HFD), HFD with 5% RJ, and HFD
with 5% honey bee larva powder (BL). In contrast to BL, RJ ameliorated HFD-induced
obesity, hyperglycemia, and hyperinsulinemia, as well as hepatic steatosis by stimulating
thermogenesis in brown adipose tissue (BAT). In particular, RJ reduced fat accumulation in
white adipose tissue (WAT), increased the thermogenic capacity of BAT, and normalized
glucose levels regardless of energy intake and physical activity. The increase in the BAT
thermogenic capacity was accompanied with the increased gene and protein expression
of mitochondrial uncoupling protein 1 (UCP1) and COX-IV, and increased mitochondrial
biogenesis. Hence, RJ may be a novel promising food ingredient to combat obesity and
metabolic disorders because it exerts its effects on fat accumulation and hepatic triglyc-
erides without modifying food intake. The authors hypothesized that the activation of
the transient receptor potential (TRP) channels’ sympathetic nervous system (SNS)-BAT
axis by hydroxydecenoic acid (HDEA) and hydroxydecanoic acid (HDAA) could be the
mechanism by which RJ reduces the accumulation of body fat and restores glucose home-
ostasis. In vitro, HDEA and HDAA stimulate cold-sensitive TRP channels [182]. Based on
the mechanism of action of capsinoids that activate TRP channels on sensory neurons in
the gastrointestinal tract, enhancing the firing of sympathetic nerves connecting to BAT
and thereby increasing thermogenesis [182], the authors speculated that the effects of 10-
hydroxy-Trans- 2-decenoic acid (10-HDAE) and 10-HDAA are mediated via TRP channels.
BL, which does not contain HDEA or HDAA, had no apparent effect on HFD-induced
changes in body weight, blood glucose, and insulin, suggesting that the effects of RJ on
BAT thermogenesis were indeed mediated by 10-HDAE and 10-HDAA. Similar results
were obtained in obese rats. RJ reduced adiposity, promoted the browning of WAT, and
activated BAT thermogenesis by upregulating UCP-1. The expression of the PR domain
containing 16 (PRDM16), a modulator of BAT development, was also increased, as well as
the expression of p38, bone morphogenetic protein 8B (BMP8B), and CREB1, which are also
important for WAT remodeling and BAT activation. The benefits of RJ might be attributed
to an increased oxygen metabolism, cellular respiration, and oxidative phosphorylation. In
addition, 10-HDA from RJ stimulated thermogenesis and energy expenditure by activating
TRPA1 (transient receptor potential Ankyrin 1) and TRPV1 (vanilloid1) channels [180].

In obese/diabetic KK-Ay mice, the effect of RJ supplementation on the enhanced lipol-
ysis and reduced body weight was associated with the increased expression of peroxisome
proliferator-activated-alpha (PPAR-α). RJ supplementation in mice on a high-fat diet also
reduced inflammation, increased levels of irisin, a myokine whose levels are increased in
obese individuals, and promoted the metabolic thermogenesis of BAT [180,181,183–186].

The hypocholesterolemic efficacy of RJ is yet another important factor when con-
sidering its potential use for overweight and obesity. The cholesterol-lowering effects of
RJ are mainly attributed to its proteins, particularly MRJP1 and MRJP2. MRJP1 binds
bile acids and increases cholesterol excretion by lowering the solubility of cholesterol in
the jejunum [187]. Furthermore, MRJP may interfere with the reabsorption of bile acid
in the ileum, which could ultimately increase the excretion of fecal steroids. Moreover,
RJ increased leptin levels in obese adults. Leptin is a hormone that inhibits hunger and
regulates energy balance.

Petelin and co-authors [188] have summarized the most significant positive effects
of RJ in overweight adults: RJ decreases the levels of cholesterol and C-reactive protein,
the inflammatory marker, and increases the levels of adiponectin, an anti-inflammatory
marker. Furthermore, RH strengthens the total antioxidant capacity of the serum and
increases the levels of bilirubin, an endogenous antioxidant bilirubin, and the levels of
leptin, which acts as a satiety signal [188]. In addition, 10-HDA inhibits adipogenesis
through the downregulation of key adipogenic transcription factors such as PPARγ, FABP4,
CEBPα, SREBP-1c, and Leptin. According to Pandeya and co-authors [189], RJ may be
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a potential drug in the treatment of obesity, given that the anti-adipogenic effect of 10-
HDA on 3 T3-L1 adipocytes occurs via two mechanisms: the inhibition of the cAMP/PKA
pathway and the inhibition of p-Akt- and MAPK-dependent insulin signaling pathways.

5.6. Effectiveness of RJ in Reducing Blood Pressure and Protection of Vascular System and Heart

Hypertension is one of the strongest risk factors for cardiovascular diseases in the
elderly population and a major risk factor for global disease burden. It may cause the
infarction of the myocardium, heart failure, and stroke. There is also a link between
hypertension and obesity, dyslipidemia, and insulin resistance, i.e., the metabolic syndrome.

The antihypertensive properties of RJ have been investigated by Tahir et al. [190]. They
reported the effects of trans-2-octenoic acid and 10-HDA in the control of blood pressure.
However, the hypotensive effect of unsaturated fatty acids could be questionable in vivo
due to the instability of these acids in the digestive system. Matsui et al. [191] have studied
the physiological functions of RJ in spontaneously hypertensive rats. Some peptides
from RJ, obtained by enzymatic hydrolysis in the digestive system, act as angiotensin
I-converting enzyme (ACE) inhibitors. In general, blood pressure is regulated by the
renin-angiotensin system which has an important physiological role in the circulatory
system and/or local organs. ACE inhibitor peptides, e.g., IY, VY, and IVY, obtained
from protease-treated RJ, are resistant to stomach and bowel proteases. These peptides
can control the excretion of other active compounds regulating blood pressure, such as
NO, endothelin, or prostaglandins. The antihypertensive effect of RJ peptides has been
demonstrated by Tokunaga et al. [192] in spontaneously hypertensive rats, indicating that
RJ can be appreciated as a functional food for regulating blood pressure in people with
hypertension. Moreover, the intake of RJ hydrolysates reduces a high cholesterol level
and increases hemoglobin values in humans, thus having a positive effect on organism
homeostasis [187,193–197]. Kashima et al. have identified MRJP1, MRJP2, and MRJP3
as bile acid-binding proteins from RJ [187]. Moreover, the positive effect of MRP1 on
hypercholesterolemia was accompanied with the inhibition of corticosterone synthesis.
The cholesterol-lowering effect of MRJP1 was due to its ability to interact with bile acids
and increase their excretion. MRJP1 also showed a tendency of increasing fecal cholesterol
excretion. In addition, it stimulated the hepatic cholesterol catabolism. Interestingly, MRJP1
exhibited better hypocholesterolemic activity than β-sitosterol in rats. Moreover, MRP1
reduced the absorption of cholesterol in Caco-2 cells which are used as a model of intestinal
absorption in humans. Hence, it has been suggested that MRJP1 decreases the cholesterol
micellar solubility. By suppressing the cholesterol micellar solubility, and due its high bile
acid-binding capacity, it is likely that MRJP1 inhibits cholesterol absorption in the jejunum
and the reabsorption of bile acids in the ileum, altogether lowering the serum cholesterol
level. Pan et al. [197] have shown that RJ may cause hypotension and vasodilation by
increasing NO production. They investigated the mechanisms underlying the hypotension
and vasorelaxation effects of RJ in spontaneously hypertensive rats (SHR) and the isolated
rabbit thoracic aorta rings model. In their study, RJ reduced systolic and diastolic blood
pressure with little effect on the heart rate, and increased NO levels. Furthermore, RJ
contains muscarinic receptor agonists, likely Ach or Ach-like substances, and induces
vasorelaxation by activating the NO/cGMP pathway and calcium channels. Hence, the
authors concluded that the oral administration of RJ reduces blood pressure due to the
RJ-induced effect of NO on arterial vasodilation. Accordingly, L-NAME (nonselective
eNOS inhibitor) and indomethacin (nonspecific COX inhibitor) attenuated this vasodilatory
effect, further indicating that some components of RJ act on the muscarinic receptor of
vascular endothelial cells and stimulate the release of NO and prostacyclin (PGI2) which
act as vasodilators by increasing the cGMP levels. Of note, it has been estimated that RJ
contains around 1000 µg/g of ACh [177]. The lack of effect of RJ on the heart rate was
explained by two opposite mechanisms that act. While ACh slows down the heart rate,
acting on the cardiac muscarinic receptor too, adrenaline speeds up the heart rate via the
cardiac beta1 receptor. In addition to ACh-like components, other components from RJ
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may have effects on blood pressure, including 10-HDA, 10-HDAA, sebacic acid, MRPJPs
such as MJP1, and ACE-inhibiting peptides [197].

The cholesterol-lowering effect of RJ has already been mentioned. High blood choles-
terol is a risk factor for heart and vascular diseases. These include atherosclerosis, high
blood pressure, and other vascular diseases, as well as heart attacks, angina pectoris, and
other heart diseases. It also increases the risk of stroke and diabetes. Therefore, it is of
great importance that RJ reduces the cholesterol levels in animals and atherosclerosis in
humans [193–195]. Furthermore, it regulated the lipid metabolism in rats and prevented
atherosclerosis in rabbits fed with cholesterol-rich food [197]. More importantly, the oral
use or injection of RJ reduced serum lipids and cholesterol in arteriosclerotic patients with
moderately high cholesterol levels. Vittek [195] reported the effect of RJ on the reduction of
total lipids (around 10%) in serum and the liver, but also on the lowering of the cholesterol
level (for 14%). RJ was used at a dose of 5–100 mg daily during at least 2 to 3 months.

The main lipids in plasma are cholesterol, triglycerides, and phospholipids. Lipopro-
teins, the macromolecular particles made of lipids and proteins, transport cholesterol and
tryglicerides through the body. Low-Density Lipoproteins (LDLs) are the main carriers of
cholesterol. Therefore, a high level of cholesterol in serum is usually related to abnormally
high levels of LDL cholesterol. High LDLs can result from their overproduction or due
to the inadequate removal of Very-Low-Density Lipoproteins (VLDLs), an LDL precur-
sor in the hepatic route. Whereas LDLs contain more cholesterol, VLDLs have a higher
percentage of triglycerides. There are several categories of VLDLs depending on their
size [198]. In plasma, large VLDL particles are eliminated or catabolized to small VLDLs
through the lipolysis of triglycerides by lipoprotein lipases attached to the endothelia.
Therefore, the VLDL metabolism is one of the regulatory factors of the LDL cholesterol
concentration in the blood. Furthermore, VLDLs increase LDLs which have atherogenic
properties. Guo et al. [194] have shown that the intake of RJ decreases the total levels of
cholesterol and LDLs by decreasing the levels of small VLDLs. Recently, it was suggested
that small VLDLs are a powerful independent predictor of atherosclerosis progression
and more directly involved in progression than LDLs, which are usually considered the
main atherogenic lipoproteins. In addition to the previously explained mechanism of the
hypocholesterolemic effect of MRJP1 through the interactions with bile acids and increased
excretion of fecal bile acids and fecal cholesterol [197], RJ and MRJPs exert a cholesterol-
lowering effect by affecting the cholesterol catabolism in the liver. Moreover, MRJPs may
induce the gene expression of the low-density lipoprotein receptor (LDLR) and decrease the
expression of the genes involved in cholesterol biosynthesis, such as squalene epoxidase
and the sterol regulatory element-binding protein [199–201]. RJ proteins including royalisin
and degradation products of MRJP1/MRJP3 may have therapeutic beneficial effects on
atherosclerosis owing to the reduction of plaque inflammation. These proteins can bind
to LDLs and Ox-LDLs and inhibit macrophage proliferation regardless of the presence or
absence of LDLs and Ox-LDLs in vitro. According to Sato et al. [199], royalisin and the
degradation products of MRJP1 and MRJP3 were bound with an approximately six-times
higher affinity to LDLs than to Ox-LDLs, and the authors suggest that further research on
RJ proteins may lead to the discovery of new anti-atherosclerotic drugs. It has been shown
that RJ can induce the upregulation of cholesterol 7-α-hydroxylase (CYP7A1), a key enzyme
for hepatic cholesterol degradation. Therefore, the regulation of CYP7A1 gene expression
could be an important strategy against hypercholesterolemia and atherosclerosis.

The daily intake of RJ may help to normalize HDL-C, LDL-C, and total cholesterol
(TC). In healthy volunteers, an intake of RJ (6 g/day during 4 weeks) decreased LDL-
C and TC without affecting HDL-C and TG levels. In another study, Lambrinoudaki
et al. [202] analyzed cardiovascular risk markers in postmenopausal women after three
months of RJ administration (150 mg daily). They observed prominent changes in lipid
parameters. HDL-C values were increased, whereas levels of LDL-C and total cholesterol
(TC) were reduced. According to recently performed meta-analyses related to studies with
a long-term follow-up, RJ reduces TC and LDL-C levels, but does not improve TG and

143



Int. J. Mol. Sci. 2024, 25, 6023

LDL-C values. The cholesterol-lowering effect of RJ could be mediated by its estrogenic
activity. The estrogenic action of RJ and 10-HDA have been shown in cultured cells and in
rats [28,203]. On the other hand, it is well known that estrogen and estrogen modulators
may reduce serum cholesterol levels in rats [28,127,203,204] However, purified MRJP1 also
showed a hypocholerostemic effect which was, therefore, independent of the estrogenic
effect of 10-HDA [187]. Altogether, these findings indicate the possibility of using RJ as an
anti-atherogenic functional food.

5.7. Estrogen Effect of Royal Jelly

Mishima et al. [28] have shown the weak estrogenic effect of RJ. In MCF-7 breast
cancer cells with estrogen receptors, RJ increased the proliferation rate. The effect was
counteracted with tamoxifen, a chemotherapy drug that acts as an antagonist of the estrogen
receptor. Furthermore, the subcutaneous injection of RJ restored the expression of the gene
for the vascular endothelial growth factor (VEGF) in ovariectomized mice. Estrogen has an
essential role in the bone metabolism, particularly in women. Accordingly, a lack of estrogen
is the main factor of bone loss and the development of osteoporosis in postmenopausal
women, whereas the dietary intake of phytoestrogens has been suggested as an option in
the prevention of osteoporosis [127,204,205]. For example, in osteoblastic MC3T3-E1 cells,
the soy isoflavones, genistein and daidzein, increased mineralization, likely through their
estrogenic properties [205]. RJ stimulated the proliferation of the same cells, as well as
the production of type I collagen. The long-term oral intake of RJ also increased the ash
content of the tibiae in female mice, indicating that it may stimulate bone formation by
acting on osteoblasts. Besides increasing the tibial weight, RJ also induced the expression
of genes participating in the formation of the extracellular matrix. The same effects have
been observed in a rat model, suggesting that RJ may be used as a dietary supplement in
osteoporosis prevention [87,206].

The daily use of RJ improved ovarian hormone secretion, follicle development, and
oocyte maturation, ameliorated the redox status in the oocytes, and activated the glucose
pathway in cumulus cells, leading to the improvement of the fertility parameters, at least
in rats. In ovariectomized rats, it has been shown that RJ competes with E2 for binding to
ERα and ERβ, but with a weaker affinity compared to phytoestrogens. However, despite
their weak affinity, RJ may restore VEGF expression.

According to Suzuki et al. [207], some lipid components from RJ (10-HDA, 10-HDAA,
10-HDAE, and 24-methylenecholesterol) inhibited the binding of 17β estradiol to ERβ, but
were without the effect of binding to ERα. Husein and Kridli [208] as well as Huseini and
Haddad [209] have confirmed the effect of RJ on the reproductive potential in sheep. RJ
combined with progesterone can increase the reproductive potential in sheep. Ovulation
was advanced, and follicular growth and estradiol secretion were increased. Similar data
were obtained in laying hens where RJ at doses of 100 or 200 mg/kg body weight attenuated
the negative effects of senescence, improved the morphology of the reproductive tract,
stimulated follicular growth and the rate of egg production, and improved the internal egg
quality parameters in elderly laying hens [210].

In addition, RJ has an important role in the regulation of the hormonal balance. It
increases the production of testosterone and estrogen. 10-HDA in particular may improve
the hormonal balance by enhancing the production of the ovulation hormones and by
preserving the follicular pool [211].

Luteinizing hormone (LH) and follicle-stimulating hormone (FSH) are gonadal hor-
mones important for reproduction and aging. They are regulated by estrogen and inhibin.
In young women, high estrogen levels maintain an increased level of FSH and a decreased
level of LH [121,211]. In menopause, the reduction in the follicle size results in abnormal
FSH secretion. RJ in the diet may improve these changes as the presence of 10-HDA in-
creases estrogen production and maintains low levels of FSH and LH in the serum. As
mentioned previously, 10-HDA also prevents follicular depletion and improves hormonal
regulation [211]. RJ (1 g/kg) can reduce premenstrual symptoms and improve quality of
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life in the menopause and postmenopause phase by relieving genito-urinary syndromes.
Furthermore, RJ can alleviate postmenopausal symptoms such as hot flushes, night sweats,
and other symptoms. In addition, menopause is characterized by estrogen depletion which
affects the autonomic nervous system, leading to the development of neurodegenerative
diseases like Alzheimer’s disease, mood disorders (e.g., anxiety, depression), headaches,
and low-back pain. Through its estrogenic activity, RJ significantly reduces these symptoms
without side effects.

It should be emphasized that the content of antioxidants in RJ may overcome free-
radicals-induced oxidative stress in women before getting pregnant. Good nutrition before
conception can reduce the risk of complications at the time of conception that could threaten
the health of the offspring. Stress that occurs in women during preconception may greatly
affect the health of the mother and cause menstrual disorders, polycystic ovary syndrome
(PCOS), and infertility. Oxidative stress in preconceived women can be treated with non-
pharmacological therapy, one of which is RJ. Up to 20% of women of reproductive age are
diagnosed with PCOS. PCOS is an endocrine disorder characterized by high androgens
and ovulatory dysfunction, which consequently leads to infertility and mental illness such
as anxiety and depression. Hamid et al. [212] investigated the effect of RJ, applied at doses
of 100 mg/kg, 200 mg/kg, and 400 mg/kg over a period of 4 weeks, on the hormonal
profile of PCOS animal models. The most effective dose of RJ was 200 mg/kg which
improved the regularity of the estrus cycle, histology and ovarian function, the level of
reproductive hormones (LH, testosteron, FSH, and estradiol), as well as the antioxidant
status of the ovaries (MDA, total antioxidant capacity (TAC), GPx). The authors suggested
that royalactin is responsible for the histological changes of the ovaries. Furthermore, data
showing the protective effect of RJ on the liver and kidneys through the reduction of lipid
peroxidation and increased the GSH content, as well as the presence of 10-HDA which has
an anti-inflammatory effect, indicating the potential of RJ in reducing oxidative stress. In
addition, the positive effect of RJ could be due to its effect on the accelerated growth and
development of follicles that secrete estradiol to stimulate the uterus, increasing the level of
LH and triggering ovulation [213]. MRJP1 from RJ, through its hypocholesterolemic activity,
may reduce the synthesis of corticosterone, which further may affect the energy regulation,
immune reactions, and stress response. Moreover, MRJPs increase the estrogenic activity
and antioxidant potential of the reproductive system, upregulate the gene expression of the
estrogen receptor beta (ER beta), and stimulate hormone secretion and ovary development
in female mice [214].

5.8. Effect of Royal Jelly on Spematogenesis

RJ improves fertility in both men and women. In men, it increases the quality of the
sperm, whereas in women, it increases the quality of the ovules. Previous studies have
shown that RJ increases the levels of male hormones, improves the sperm count, motility
and morphology, and reduces the damage of the reproductive tract induced by various
toxic stimuli. Shahzad et al. [215] showed that RJ (0.1–0.3%) protects spermatozoa during
freezing and increases their mobility. The increased motility of sperm after freezing may
be due to the high antioxidant capacity of RJ, as well as the presence of active biological
amino acids such as aspartic acid, cysteine, glycine, cysteine, tyrosine, leucine, lysine,
isoleucine, and valine. Thus, it is hypothesized that proline may protect cell membranes
from stressful conditions, while cysteine, a powerful antioxidant, may neutralize free
radicals and participate in glutathione synthesis during the freezing period [215]. RJ
showed potent antioxidant activity against Cd-induced oxidative damage in the testicular
tissue. Cd-induced testicular dysfunction was accompanied with increased LPO and
nitrate/nitrite levels and the reduced activity of cellular antioxidant and detoxifying
molecules, including GSH, GPx, glutathione reductase, SOD, CAT, and Nrf2. Moreover,
RJ supplementation downregulated the gene expression of the cytochrome P450 4A14
(CYP4A14) which stimulates the production of intracellular free radicals and catalyzes
lipid peroxidation. The antioxidative effect of RJ observed in Cd-induced oxidative stress
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was likely mediated through the upregulation of Nrf2. Nrf2 provides protection against
ROS via different mechanisms, including the increase in GSH synthesis, the upregulation
of antioxidant and detoxifying enzymes, and the degradation of superoxide and peroxide
radicals by GPx and SOD. In another study performed in male rabbits, RJ applied at a dose
of 150 mg/kg body weight showed positive effects on libido, glucose, blood testosterone,
plasma total proteins, fertility, and sperm production and quality [216]. The protective
effect of RJ on hormonal parameters has also been observed in aluminum chloride (AlCl3)-
induced toxicity. RJ attenuated the AlCl3-induced changes of gonadotropin levels (FSH,
LH) and testosterone, as well as levels of the thyroid-stimulating hormone (TSH), thyroxine
(T4), triiodothyronine (T3), and the T3/T4 ratio [217]. AlCl3 also resulted in oligospermia,
hypoplasia, constriction of the blood vessels, and exfoliation of tubules. These changes were
similarly attenuated by RJ. Finally, RJ was beneficial in adult rats that received hydrogen
peroxide (oxidative stress inducer). RJ improved the number of spermatozoa, percentage of
live spermatozoa, testosterone level, and levels of glutathione and malondialdehyde [218,
219]. RJ treatment at a dose of 100 mg/kg/day for 4 weeks protected the testicular structure
from the damaging effect of diabetic oxidative stress through its antioxidant effect, thus
preserving male fertility [218].

5.9. Royal Jelly and Osteoporosis

A few studies have investigated the effects of RJ on the bone metabolism and related
cellular functions. Bone loss has become a major problem in postmenopausal women with
significant morbidity and mortality. In both postmenopausal women and ovariectomized
rats, bone loss is a result of an ovarian hormone deficiency. The study of Kafadar et al. [220]
has shown that RJ and bee pollen reduce osteoporotic bone loss in an oophorectomized
rat model. The total body bone mineral density (BMD) was similar in all groups, whereas
BMD of the lumbar spine and proximal femur were higher in animals that received RJ or
bee pollen. The calcium and phosphate levels in bone tissue were also higher in RJ and
bee pollen groups, suggesting that both RJ and bee pollen could be beneficial in clinical
practice. Hatori et al. obtained similar results [221]. They studied the effects of royal
jelly protein (RJP) on the bone mineral density and strength in ovariectomized Sprague–
Dawley rats that received RJ for 8 weeks. RJP reduced the BMD decrease in the lumber
spine and proximal tibia and improved bone strength. These findings indicate that RJP is
an option for suppressing trabecular bone loss in ovariectomized rats and that RJP may
prevent bone abnormalities induced by a sex hormone deficiency. Tsuchiya et al. [206]
demonstrated that 10-HDA, a key RJ constituent, protects against bone loss by suppressing
osteoclastogenesis. In particular, the binding of 10-HDA to free fatty acid receptor 4
(FFAR4) inhibited the activation of the NF-κB pathway in osteoclasts (see Figure 4). This
further inhibited the induction of the nuclear factor of activated T cells c1 (NFATc1), a key
transcription factor for osteoclast differentiation [206]. The authors suggested that 10-HDA
inhibits osteoclast differentiation and function by suppressing the NF-κB signaling pathway
and its downstream molecules including NFATc1, CtsK, TRAP, V-ATPase D2, and MMP-9
through the FFAR4. Considering that FFAR4 is implicated in various pathological and
physiological processes, including inflammation, the secretion of glucagon-like peptide-
1, adipocyte differentiation, insulin sensitization, the regulation of appetite, and tumor
progression, FFAR4 represents a promising target not only for osteoporosis, but also for
the treatment of obesity-related metabolic disorders, such as cancer. It was also shown
that RJ reduces ovariectomy-induced bone loss by suppressing osteoclastogenesis through
the inhibition of RANKL (receptor activator of nuclear factor-kB (NF-κB) ligand)-induced
osteoclastogenesis [206]. On the contrary, Shimizu, et al. [222] suggested that the main
effect of RJ is not the prevention of bone loss, but the improvement of bone strength.
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Figure 4. The effects of royal jelly (RJ) and its components on bone mineral density and strength. The
key mechanisms of RJ action are based on increasing the antioxidant capacity, reducing oxidative
stress, and regulating the production of inflammatory mediators, estrogenic activity, and interaction
of 10-HDA with FFAR4 receptor. RJ and its components, such as 10-HDA, have an inhibitory
effect on osteoclast differentiation and function by suppressing the NF-κB signaling pathway and
its downstream molecules including NFATc1, CtsK, TRAP, V-ATPase D2, and MMP9, via FFAR4.
Moreover, the inhibitory effect of RJ on ROS reduces RANKL, TRAP, NF-B, and caspase-3 activities
in osteoclasts. RJ upregulates Runx2, Wnt, TGF-β, Osterix, Osteocalcin, and ALP by inhibiting
accumulation of ROS. This contributes to the increased bone formation/mineralization and decreased
bone resorption, resulting in increased bone mass, bone mineral density, and bone strength, and
decreased risk of bone fractures. Note: 10-HDA, 10-hydroxy-2-decenoic acid; BMD, bone mineral
density; CTX, C-terminal telopeptide; FFAR4, free fatty acid receptor 4; IL-1β, interleukin 1 beta;
LPS, lpopolysaccharide; RANK, receptor activator of nuclear factor-κB; RANKL, receptor activator
of NF-kB ligand; RUNX2, runt-related transcription factor 2; NFAT c1, nuclear factor of activated T
cell; MMP-9, matrix metalloproteinase 9; NF-κB, nuclear factor-kappa B; OPG, osteoprotegerin; Osx,
Osterix, transcription factor; TGF-β, transforming growth factor;TNF-α, tumor necrosis factor alpha.
↑ upregulated; ↓ downregulated.

Moreover, the weak estrogen-like activity of RJ has been shown in cultured os-
teoblasts [38,86]. As post-menopausal osteoporosis is mainly caused by the reduced pro-
duction of estrogen, it is likely that the estrogen-like activity of RJ may help in alleviating
post-menopausal osteoporosis [121,223–225]. Since RJ also contains the testosterone, it may
also be effective in men’s osteoporosis induced by a lack of androgen. Besides estrogen-
like activity, RJ stimulates the migration of dermal fibroblasts, increases the production
of collagen [29,66], and improves muscle mass, strength, and function. The underlying
mechanisms behind the effects on skeletal muscles likely include anti-inflammatory and
anti-oxidative properties, improved metabolic regulation, the activation of muscle stem
cells, increased blood supply, the suppressed expression of catabolic genes, and the stimu-
lation of peripheral neuronal regeneration [52,58,103,108,147]. Therefore, natural products
that do not show significant side effects, such as RJ, can be used as an alternative or adju-
vant therapy for the treatment of osteoporosis. Due to its estrogen-like effect, RJ may also
decrease the risk of osteoporotic fractures.
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5.10. Anticancer Effectiveness of Royal Jelly and Hematopoiesis Stimulation

The anticancer effect of RJ has been investigated in various models, such as 6C3HED
lymphosarcoma, TA3 mammary carcinoma, Ehrlich ascites carcinoma, leukemia in AKR
mice, sarcoma 180, Solid Ehrlich carcinoma, lymphatic L1210, and P388 leukemia [226–229].
The effect of RJ was observed in slow-growing tumors but not in fast-growing ones. The
anticancer activity was attributed to 10-HDA and saturated dicarboxylic acids (succinic,
glutaric, adipic, pimelic, suberic, azelaic, and sebacic acid). Oršolić et al. [228,229] have
shown that RJ reduces the number of tumor nodules only if administered together with
tumor cells. Furthermore, they showed that RJ has significant immunostimulatory prop-
erties [230]. Similarly, Kimura [231] demonstrated the inhibitory effect of RJ (at doses of
300 or 600 mg/kg) on tumor growth and/or metastasis in the liver or lungs. Although
the antitumor activity of RJ has been confirmed in many studies, its antimetastatic effect
may depend on the method of administration, and consequently, on the close contact of RJ,
especially 10-HDA, with tumor cells. Thus, in contrast to intravenous administration, the
intraperitoneal or subcutaneous application of RJ had no effect on the formation of lung
metastases [228]. In particular, RJ inhibited tumor-induced angiogenesis and/or stimulated
the immune response by enhancing the production of T lymphocytes involved in the
elimination of viruses and tumor cells [232]. In B16F1 melanoma cells, the antiproliferative
effect of RJ was achieved through the inhibition of microphthalmia-associated transcription
factor and tyrosinase-related protein 1 (TRP-1) and TRP-2, which ultimately suppresses
melanin production [233]. Accordingly, RJ reduced skin pigmentation in mice which
further indicates its potential for the production of skin care products [233]. In another
study, a derivative of 10-HDA, 4-hydroperoxy-2-decenoic acid ethyl ester (HPO-DAEE),
induced the apoptosis of A549 human lung cancer cells by activating the ROS-ERK-p38
and C/EBP homologous protein (CHOP) pathways [234,235]. Hence, the pro-apoptotic
effect of HPO-DAEE was, at least partially, dependent on signaling pathways related to
endoplasmic reticulum stress [235]. Moreover, 10-HDA has been recognized as an inhibitor
of MMPs. Under inflammatory conditions, these endopeptidases are activated by prote-
olytic cleavage. They degrade matrix and non-matrix proteins and promote angiogenesis,
the infiltration of cancer cells, and metastasis. The anticancer effects of RJ have also been
demonstrated on HeLa cells (cervical cancer in women), particularly for the protein frac-
tion RJP30 that induced 50% cytotoxicity [112], as well as in Lewis lung carcinoma and
colorectal adenocarcinoma cells [231,236] where the effect was attributed to 10-HDA. The
efficacy of 10-HDA was also reported in transplantable leukemia in AKR mice and various
ascitic tumor cell lines in mice. As mentioned in previous sections, 10-HDA acts as a potent
HDAC inhibitor and suppresses proliferation by inhibiting PI3K/Akt signaling [47,88]. The
lipophilic extract of RJ demonstrated the antiproliferative effects in human neuroblastoma
cells (SH-SY5Y) and human glioblastoma (U373) [237,238]. Treatment with a high dose of
RJ significantly increased the apoptotic cell population of both SH-SY5Y-human neurob-
lastoma and U373-human glioblastoma and arrested the cell cycle at the G0–G1 phase in
SH-SY5Y cells and at G2–M in U373 cells. Furthermore, 10-HDA and 4HPO-DAEE inhibited
the proliferation of leukemia cells THP-1 by inhibiting HDAC activity. In general, HDAC
inhibitors are strong anti-inflammatory drugs [68,239]. Accordingly, in human colon cancer
cells (WiDr cells), the production of pro-inflammatory cytokines IL-8, IL-1β, and TNF-α
was modulated by 10-HDA [68]. Levels of IL-8 were largely attenuated following treatment
with 3 mM 10-HDA, whereas levels of IL-1β and TNF-α were only slightly, although
significantly, decreased. On the other hand, RJ increased the amount of IL-1ra. Hence, it
seems that RJ may be effective in controlling chronic inflammation and carcinogenesis due
to its ability to inhibit NF-κB and the production of TNF-α, IL-1β, and IL-8. In addition, in
J5 cells (human hepatocellular carcinoma), RJ interfered with the activation of arylamine
carcinogens. RJ inhibited the N-acetylation of 2-aminofluorene (2-AF), i.e., it inhibited the
activity of N-acetyltransferases and the generation of 2-AF metabolites [240]. Of note, it has
been shown that N-acetyltransferases are involved in chemical carcinogenesis as higher
N-acetyltransferase activity increases sensitivity to the mutagenic effects of arylamines.
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Taken together, the pharmacological effects of 10-HDA are mainly mediated through the
anti-tumor activity, inhibition of angiogenesis, and immunomodulatory properties.

A study by Abu-Serie and Habashy [241] revealed the potent anticancer effect of
MRJP2 and its isoform X1. These proteins induced caspase-dependent apoptosis, the
reduced expression of Ki-67, a marker for proliferation, and the regulated expression of Bcl-
2 and p53 in HepG2 cells. In fact, MRJP2 increased the number of early and late apoptotic
cells more than doxorubicin. Therefore, the authors suggested that MRJP2 and X1 can be a
promising strategy against hepatic cancer [241].

The effects of RJ have also been studied in Ehrlich solid and ascites tumors (EST and
EAT) [242,243]. Albalawi et al. showed that the treatment of EST-suffering mice with RJ at
the doses of 200 and 400 mg/kg causes a significant reduction in the tumor volume and
inhibition rate, body weight, tumor markers such as the serum level of alpha-fetoprotein
(AFP), and carcinoembryonic antigen tumors (CAE). In addition to tumor markers (AFP
and CAE), a decrease in the serum level of the liver and kidneys, LPO and NO, TNF-α level,
as well as the expression level of Bcl-2 was observed in the RJ-treated group compared to
the control EST group. The level of antioxidant enzymes of GPx, CAT, and SOD and the
expression level of caspase-3 and Bax genes was significantly increased in RJ-treated groups.

Cells of EAT grow fast in most mice strains and disturb various hematopoietic and
immune parameters, causing the host’s death even in the presence of a small number
of cancer cells. EAT reduces the number of granulocyte–macrophage colonies in the
spleen and the induction of natural suppressor cells. Phagocytes, especially macrophages
and neutrophils, play an important role in host defense against tumor growth. One
of the main characteristics of these cells is their ability to migrate inside the inflamed
area. Animal model studies have shown that tumor cells can produce factors that impair
the inflammatory response, promoting tumor growth. More precisely, tumor cells can
stimulate the suppressor activity of the host macrophages. Macrophages have a dual role
in cancer, which is a result of their plasticity in response to environmental conditions.
Macrophages can kill tumor cells, mediate cellular cytotoxicity and antibody-dependent
phagocytosis, induce vascular damage and tumor necrosis, and activate innate or adaptive
tumor resistance mechanisms mediated by lymphoid cells. In contrast, tumor cells can
evade macrophage cytotoxicity and redirect macrophage activities to contribute to cancer
progression and metastasis. Besides the inappropriate accumulation of phagocytes in the
inflamed areas, other cellular functions are also disturbed in tumor carriers, including
the reaction of granulocyte–macrophage colonies on the colony activation factor. In that
regard, treatment with RJ (at doses 0.5, 1, and 1.5 g/kg) did not increase the number of
bone marrow cells and granulocyte–macrophage colonies in the spleen of the healthy
mice, whereas in EAT-bearing mice, the number of bone marrow cells and number of
cells in peripheral circulation were increased. The increased number of long-living stem
cells, as well as the number of granulocyte–macrophage colonies, have been observed
in cell cultures treated with RJ. Thus, RJ may enhance the host resistance against tumors
through stimulating macrophage function, antibody production, and immunocompetent
cell proliferation. RJ pre-treatment to EAT-bearing mice also increased the phagocytic
function of macrophages, the activity of T cells, and the activity of B cells. Furthermore, RJ
pretreatment effectively decreased the proliferation of EAT cells in the peritoneal fluid and
decreased the viability of EAT cells in vitro. The size of the solid Ehrlich tumor in the thigh
muscle of the mice was also significantly reduced [226].

It has been shown that RJ promotes macrophage recovery, their number, and activity.
Accordingly, the improved recovery of hematological parameters in EAT-bearing mice
was reflected in prolonged survival. In general, tumor associated macrophages (TAM)
stimulate tumor growth and inhibit the activity of NK cells and T lymphocytes [36,37,243].
This indicates that certain RJ components prevent the tumor-induced suppression of
macrophages and stimulate their immunomodulatory activity, consequently increasing
the control of tumor growth and spread. RJ has the ability to protect against macrophages
immunosuppression caused by tumor secreting substances. RJ inhibited the increase in
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prostaglandin (PGE2) by 30%, which inhibited the tumoricidal activity of macrophages.
PGE2 alters the immunological response including the mitogenesis of T lymphocytes,
cytokine production, and tumor cytotoxicity mediated by macrophages and NK cells.
Furthermore, RJ can inhibit the production of anti-inflammatory cytokines, such as TNF-α,
IL-6, and IL-1, without reducing the cytotoxic effect of macrophages stimulated with LPS
and/or LPS + IFN-γ [36]. Bincoletto et al. [243] argued that the RJ-induced reduction of
PGE2 in EAT-bearing mice is the main reason for their survival. RJ is capable of modifying
the biological response, reducing myelosuppression, and increasing the antitumor effect.
The results of our studies on rats confirm those claims [227–230]. In LPS + IFN-γ-stimulated
macrophages, RJ (2.5 mg/mL) reduced PGE2 synthesis by 63% in comparison to control
macrophages [36]. These results also indicate the possibility of the effective use of RJ as
a food supplement for increasing quality of life in patients with autoimmune diseases
such as rheumatoid arthritis and inflammatory bowel diseases. The inhibition of PGE2
is important as PGE2 is involved in the process of carcinogenesis. PGE2 promotes the
proliferation and invasion of tumor cells and inhibits the apoptotic process in various
types of cancers [244,245]. In addition, it regulates the proliferation of lymphocytes and
suppresses the tumoricidal activity of normal macrophages. On the contrary, RJ reverses
myelosuppression in mice with EAT, promotes the hematopoietic function of the spleen,
reduces PGE2 production, and prolongs the survival of mice. The inhibition of PGE2
synthesis reactivates the immune system response, stimulates the mitosis of T lymphocytes
and lymphokine production, and increases the tumor-killing activity of macrophages and
natural killer cells [229,243]. The stimulation of monocyte–macrophage cells was confirmed
in the research of Wang et al. [246] who used RJ to stimulate human monocytic cells (MNC).
After MNC stimulation, their filtered conditioning medium (MNC-CM) was used to treat
U937 cells. Four conditioned media inhibited U937 cell growth by 25.9–50.6%. CD11b
and CD14 expressions on the treated U937 cells were increased by 38.1–49.8% and 43.4–
52.0%, respectively. In this way, Wang et al. [246] confirmed that RJ stimulates human
mononuclear cells to secrete cytokines (IL-1β, TNF-α, and IFN-γ) and NO in MNC-CM,
which inhibit the growth of U937 cells and induce their differentiation, which can be a
natural and alternative pathway in the treatment of leukemia.

A 350 kDa glycoprotein (apisin) has been identified as an RJ component that stimulates
the proliferation of human monocytes. The protective effect of RJ on hematopoiesis has
also been observed in mice irradiated with X-rays [247–249]; RJ prevented the radiation-
induced damage of stem cells. The immunostimulatory properties of RJ combined with
propolis (product called “Apinhalin”) have been observed in granulocytopoiesis and
lymphopoiesis following irradiation with the dose of 3 Gy and/or 5 Gy. The regeneration
of cells was observed after only 10 days in comparison to the control group [250]. Moreover,
RJ stimulated the production of antibodies and the proliferation of immunocompetent
cells [230].

RJ also inhibited the bisphenol A-induced proliferation of human breast cancer cells
(MCF-7) [34]. Bisphenol A is an environmental estrogen widely used in the production of
polycarbonate plastics and polyepoxide. It is an endocrine disruptor that shows a weak
binding affinity for estrogen receptors. Consequently, it negatively affects human health,
especially in women [251]. In MCF-7 breast cancer cells, RJ prevented the stimulatory effect
of bisphenol A on cell proliferation. The authors suggested that RJ inhibited estradiol-
induced intracellular signaling events, not the binding of estradiol to the estrogen receptor.

In the renal cell carcinoma (RCC) model, it was shown that 10-HDA suppresses tumor
growth, invasion, and metastasis through its strong anti-inflammatory effect. 10-HDA
inhibited the secretion of TNF-α which promotes the proliferation of cancer cells and their
malignant transformation. More importantly, the reduced concentration of TNF-α and
TGF-β following RJ intake reduced the paraneoplastic syndrome in RCC patients [252].
Thus, the anti-cancer and anti-inflammatory action of 10-HDA was mediated through the
reduced production of pro-inflammatory cytokines (TNF-α, IL-1β, and IL-8). Another
fatty acid from RJ, 3,10-dihydroxydecanoic acid, stimulated the maturation of monocyte-
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derived dendritic cells and their Th1 polarizing capability, overall increasing the anti-cancer
response [253]. Furthermore, 10-HDA may reduce the tumor vascularization. In addition,
it has confirmed that RJ nanoparticles can alleviate the experimental model of breast cancer
through suppressing regulatory T cells and upregulating Th1 cells [254]. Furthermore, new
research from Xu and co-authors confirms that RJA exerts antitumor effects by affecting
the glycolytic pathway in Human hepatocellular carcinoma (HCC) through the lactate
modification pathway [255].

In a 4T1 breast cancer mice model, RJ also reduced the tumor weight, particularly
when applied as a prophylactic treatment. The anticancer effect was accompanied with
the increased SOD activity, total antioxidant capacity (T-AOC), and glutathione reductase
activity in the liver, kidneys, and serum [256].

5.11. RJ as Protective Agent against Pro-Oxidants’ Toxicity and Chemo- and Radiotherapy
Side Effects

Cytostatics have multiple effects on tumor cells: they prevent cell division, stop the
division of already-dividing cells, induce spontaneous cell death, and reduce the growth
of blood vessels that consequently decreases the delivery of food and oxygen into the
tumor tissue. As cytostatics are not selective, they also act on healthy cells, causing various
unwanted effects. All cytostatics cause side effects, some of which are common to all
cytostatics, and others specific to individual cytostatics.

The most important unwanted consequences or side effects of chemotherapy are:
bone marrow suppression (myelosuppression or myelotoxicity); weakness, nausea, and
vomiting; oral mucositis (inflammation of the mucous membranes in the mouth and throat),
stomatitis (inflammation of the membranes and tissues in the oral cavity and the entire
mucosa of the digestive tract), and esophagitis (inflammation of the mucous membrane of
the esophagus); diarrhea and dehydration; constipation; allergic reactions and anaphylaxis;
hair loss; extravasation (exit of cytostatics from the blood vessel into the surrounding tissue);
changes in the sense of taste; anemia due to the reduced number of erythrocytes, shortness
of breath, and chronic fatigue; bleeding and bruising as a result of thrombocytopenia;
phlebitis (inflammation and the formation of clots in superficial veins); increased infection
risk (due to the reduced number of leukocytes); febrile neutropenia (a result of a reduced
number of granulocytes); cardiac toxicity, nephrotoxicity, and bladder damage; pulmonary
toxicity; neurological toxicity; gonadal dysfunction; hepatotoxicity; induction of secondary
tumors; and tumor rapid disintegration (lysis) syndrome, among others [257]. The side
effects can be as detrimental as the cancer itself and may greatly reduce one’s quality of
life. Moreover, the addition of other drugs to ameliorate the side effects of the anticancer
therapy may trigger other health hazards. The polypharmacy may result in predictable and
unexpected drug–drug interactions, posing the additional risk to the patient’s health [258].

One of the main challenges in cancer therapy is to find effective drugs with minimal
adverse effects. In that regard, natural products may minimize the unwanted side effects.
They also may act synergistically with standard therapy, improve the efficacy of cytostatics,
and improve the quality of life of cancer patients [252,253,257–259]. Moreover, natural
products, such as RJ, are readily available, economical, and relatively safe.

Many beneficial effects of RJ in chemotherapy-induced toxicity have been reported.
RJ protected lymphocytes against doxorubicin-induced genotoxicity. It improved the an-
tioxidative response and increased the Nrf2/Bax and Bcl-2/Bax ratio [97,252,260–262].
Moreover, RJ inhibited the expression of caspase-3 and increased the expression of the
anti-apoptotic protein Bcl-2 in the liver and kidneys of the cisplatin-treated rats [263,264].
On the contrary, RJ downregulated the expression of Bax in rats treated with cyclophos-
phamide [265]. It is likely that the anti-apoptotic effect of RJ might be assigned to its
antioxidant capacity [260–266].

Previous studies have indicated that MRJPs contribute to the regulation of immune
functions by stimulating macrophages and by attenuating the production of inflammatory
mediators, at least in animal models [242]. Wang et al. [76] suggested that MRJPs promote
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immune functions in cyclophosphamide-induced mice by increasing the number of white
blood cells, the production of anti-inflammatory cytokines IL-4 and IL-6, and the prolif-
eration ability of T/B-lymphocytes in the spleen by modulating the composition of the
immune-associated intestinal flora. The protective effect of RJ against cyclophosphamide-
induced thrombocytopenia, as well as bone marrow, spleen, and testicular damages in rats,
was confirmed by Khazaei and coauthors [267]. RJ pretreatment normalized the number
of platelets, white and red blood cells, serum levels of platelet factor 4 (PF4), nitric oxide
(NO) and ferric-reducing antioxidant power (FRAP), levels of serum biochemical factors,
and histological structures of bone marrow, spleen, and testes [267]. Furthermore, RJ and
10-HDA reduced the weight loss in the body, thymus, and spleen of the cyclophosphamide-
induced mice, improved the thymus/spleen indexes, stimulated the pathways involved
in DNA/RNA/protein activities, restored the proliferative ability of cells in the thymus
and spleen, and promoted the activities of the T and B lymphocytes [268]. It seems that RJ
provides protection to many tissues and organs injured by chemotherapy, especially the
liver and kidneys, through its antioxidant, anti-inflammatory, and anti-apoptotic activities.

Furthermore, RJ can modulate oxidative stress and apoptosis in the liver and kidneys
of rats treated with cisplatin. Thus, prophylaxis with RJ significantly reduced the severity
of lipid peroxidation in the liver and kidneys. It is considered that the biologically ac-
tive, free amino acids such as aspartic acid, L-cysteine, cystine, tyrosine, glycine, lysine,
leucine, isoleucine, and valine mediate the antioxidative effects of RJ [269]. In addition,
the beneficial effect of RJ on the antioxidative status is visible through the increased GSH
content and increased activities of antioxidative enzymes GPx, glutathione–S–transferase
and SOD. In addition to the positive effects of RJ on chemotherapy-induced cellular dam-
age, RJ ameliorated the damage of liver cells induced by exposure to tetrachloromethane,
cadmium, and paracetamol and reduced the genotoxic and nephrotoxic effects of these
chemicals [95,270,271]. ROS produced during the toxic attack of these compounds resulted
in lipid peroxidation and DNA and protein oxidation. However, RJ inhibited lipid peroxi-
dation and preserved the structure of the biological membranes, membrane potential, and
permeability for various ions.

Different mechanisms of the action of RJ have been elucidated following treatment
with compounds such as cyclophosphamide, bleomycin, doxorubicin, 5-fluorouracil (5-FU),
thymoquinone, cisplatin, hydroxyurea, temozolomide, interferon alpha, and GE132 plus (a
nutraceutical supplement) [250,251,263,265,272]. Thus, RJ reduced genotoxicity and DNA
damage when used with cyclophosphamide. Following treatment with 5-FU, RJ reduced
the cell viability and IC50 of 5-FU in colorectal cancer cells [273,274]. It is also capable of
initiating apoptotic events in breast or liver and kidney cancer cells in animals treated with
thymoquinone or cisplatin, respectively [269,275]. When combined with GE132, interferon
alpha, or temozolomide, RJ increased the efficacy of these drugs, further exacerbating their
anti-proliferative action [276,277]. Numerous studies have demonstrated the synergistic
effect of RJ and chemotherapeutic drugs. When applied together, they increase the death
of tumor cells, strengthen the protection by immune cells, and protect cells exposed to
harmful drugs such as kidney and liver cells.

Radiotherapy is an important therapeutic modality in cancer therapy. The main objec-
tive of radiation treatment is to apply an effective dose of ionizing radiation to eliminate
cancer cells in a well-defined cancer volume, with minimal side effects to the surrounding
healthy tissue. However, the generation of free radical metabolites may lead to the injury of
normal tissue, limiting the effectiveness of the therapy. RJ has shown the anti-inflammatory,
DNA-protective, and anti-tumor effects in animal models. It may largely reduce the ad-
verse effects of reactive species and limit the cellular damage induced by reactive oxygen
and nitrogen species derived through radiotherapy or chemotherapy. In the adult male
Sprague–Dawley rats, exposure of the whole body to irradiation induced prominent liver
failure, characterized by a marked increase in serum AST, ALT, cholesterol, and triglyceride
levels, and with the increased production of MDA and reduced levels of GPx, CAT and
SOD in the lung and liver tissue. Pre- and post-treatment with RJ markedly decreased the
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oxidative stress parameters and ameliorated changes of biochemical parameters, increasing
the antioxidant activities [249,278]. The authors suggested that the protective effect of RJ
in irradiated animals may be due to the improved activity of endogenous antioxidants,
the free radical scavenging activity of RJ, and decreased lipid peroxidation. In addition,
the antioxidative, as well as the anti-inflammatory effects of RJ, may be achieved through
the increased expression of Nrf2 and decreased levels of NF-κB and pro-inflammatory
cytokines. The data of Sarhan et al. [279] have shown that the whole-body gamma exposure
of rats by fractionated doses (5 × 2 Gy) resulted in hyperlipidemia and increased serum
levels of TC, TG, and LDL-C, together with the significant decrease in HDL-C. The GSH
content and SOD activity were decreased, as well as MDA, creatinine kinase-MB (CK-MB),
and cardiac troponin I (cTnI). In addition, the histopathologic changes were observed in the
heart tissue. In rats supplemented with RJ (250 mg/kg/day), these changes were reduced.
Furthermore, RJ may improve the symptoms of oral mucositis and shorten the healing
time [280,281]. Rafat et al. [248] also demonstrated the radioprotective effect of RJ. RJ
prevented radiation-induced apoptosis in human peripheral blood leukocytes. The blood
samples were taken on days 0, 4, 7, and 14 from healthy male volunteers that received a
1000 mg RJ capsule per day for 14 consecutive days. Samples were then exposed to the
4 Gy X-ray. RJ modified the radiation-induced apoptosis of peripheral blood leukocytes,
likely through its antioxidant properties and free radical scavenging ability. RJ-mediated
protection against the mutagenic effect of Adriamycin and gamma radiation was investi-
gated by El-Fiky et al. [282]. The study showed that pretreatment with RJ reduces DNA
fragmentation at two days after gamma radiation at a level p < 0.01, reaching p < 0.001
at days 4, 7, and 14 after exposure. However, the effects of RJ were not significant in the
combined treatment (Adriamycin plus gamma radiation), except for the total number of
structural aberrations at day 2 (changes were decreased at p < 0.05). Fatmawati et al. [283]
reported the protective effect of RJ against UV radiation in Wistar rats exposed to 40 Watt
UV-B lamps for 2 h daily during two weeks. RJ was applied as a cream (at concentrations
of 2.5%, 5%, and 10%) and protected the skin from UV rays. RJ reduced inflammatory
processes and strengthened the antioxidant defense. The highest dose of RJ significantly
increased Nrf2 levels and decreased the expression of NF-κB and TNF-α.

The effects of RJ and 10-HDA on UVB-induced photoaging were tested by measuring
procollagen type I, TGF-β1, and MMP-1. In UVB-irradiated human skin fibroblasts treated
with RJ and 10-HDA, procollagen type I and TGF-β1 were increased, whereas changes in
MMP-1 were not observed. It was suggested that potentially RJ could be effective in skin
protection from UVB-induced photoaging through enhanced collagen production [117,284].

Apart from chemotherapy and radiation, previous studies reported the in vivo pro-
tective and antioxidative roles of RJ against CCl4, oxymetholone, paracetamol, celecoxib,
and fumonisin-induced liver and kidney injury, without identifying the responsible com-
ponents [270,285–291].

5.12. Antimicrobial Activity of Royal Jelly

Due to the huge problem of the rising resistance of microorganisms to known antibi-
otics, there is an urgent need for novel antibiotics with the advanced mechanisms of action
on which microorganisms cannot develop resistance. In this decade, molds and bacteria
have been investigated as the source of new antibiotics. Insects only recently became
interesting to scientists as fat tissue and other insect cells produce numerous antimicro-
bial peptides that can be found in their hemolymph. Antimicrobial peptides (AMPs) are
also present in RJ [48,63,68,292–300]. In addition to antibacterial activity, these peptides
show antiviral, antitumoral, immunoregulatory, and hepatoprotective effects as well. The
cationic AMPs interact with the negatively charged membranes of various microorganisms
and change their membrane electrochemical potential, which ultimately ends in bacterial
death due to the disturbance of membrane integrity. Some examples of AMPs are royalisin,
jelleines, and aspimin which are present in RJ in small amounts [293]. Peptides present
in insects impact bacteria through several mechanisms: (i) creating peptide monomers
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that join and form big transmembraneous channels in the bacterial wall, and (ii) creating
peptides that act as detergents and destroy the bacterial cell wall. Based on the spectrum of
activity, the AMPs can be grouped into three categories: (i) peptides that are effective only
against bacteria and not towards normal cells of mammals and fungi (selective peptides),
(ii) peptides that are effective against bacteria, but also against normal mammalian cells and
potentially fungi, and (iii) peptides that are effective exclusively against fungi [294]. The
key AMPs found in RJ are defensins, the cysteine-rich (cationic) peptides, such as royalisin.
Royalisin is an amphipathic peptide that makes up to 6.5% of the total protein content in RJ.
The primary structure of royalisin is composed of 51 amino acids, of which six cysteines
form three disulfide bonds [68,295]. These bonds are important for the high stability of
royalisin at a low pH and high temperature. The molecular weight of the protein is 5.5 kDa.
In addition to royalisin, 10-HDA contributes to the antibacterial activity of RJ [68]. 10-HDA
showed prominent bactericidal activity towards animal- and human-specific pathogens, in-
cluding several strains of Staphylococcus (S. aureus, S. alactolyticus, S. intermedius B, S. xylosus,
and S. cholearasuis), Vibrio parahaemolyticus, and hemolytic Escherichia coli [68]. The antibac-
terial activity of royalisin and 10-HDA have been reported in both Gram-positive and
Gram-negative species of bacteria [48,63,68,292–295]. These two antibacterial components
are important for bees themselves.

Using reverse-phase HPLC 4, Fontana et al. [296] have isolated Jelleine-I-IV, yet an-
other antibacterial peptide from RJ. Jelleine-I-III were effective against yeast, Gram-positive,
and Gram-negative bacterial species while Jelleine-IV did not show antibacterial activity.
The primary structure of jelleines do not show similarity with other antimicrobial peptides
produced by honeybees such as hymenoptaecin, abaecin, apidaecin, and royalisin. Han
et al. [297] have studied the antibacterial activities of Jelleine-II and artificially phosphory-
lated Jelleine-II in one threonine residue against Paenibacillus larvae, Staphylococcus aureus,
Bacilus subtilis, Pseudomonas aeruginosa, and Escherichia coli. The native form of the Jelleine-II
showed antibacterial properties, whereas the activity of the phosphorylated form was
markedly decreased. It was concluded that phosphorylation adds the negative charge into
the peptide, decreasing the antibacterial function. The hydrophobic residues present in
jelleines and royalisin are crucial for the observed antimicrobial properties as they modify
the functions of bacterial membranes. On the contrary, the halogenation of jellines increased
the binding affinity to the bacterial wall and improved the antimicrobial and antibiofilm
activity 1- to 8-fold. The proteolytic stability was also improved by 10- to 100-fold. The
halogenation of chlorine-, bromine-, and iodine-jelleine-I was more effective than fluorine-
jelleine-I [292,298,299]. The antibacterial activity of halogenated derivatives of jelleine-1
(applied at 1 µM to 256 µM) was confirmed against Staphylococcus aureus, Bacilus subtilis,
Staphylococcus epidermidis, Escherichia coli, Pseudomonas aeruginosa, Klebsiella influenza, and
Cronobacter sakazakii at 105 to 106 CFU/mL. The apolipophorin III-like protein from RJ also
contributes to its antimicrobial activity. The apolipophorin III-like protein is a lipid-binding
protein that binds to the components of the bacterial cell wall. The antibacterial effect of
the glucose oxidase present in RJ also needs to be emphasized. This enzyme catalyzes the
oxidation of glucose into hydrogen peroxide which shows antimicrobial activity.

In addition to AMPs, the antimicrobial properties of RJ could be assigned to royalactin
(MRJP1). MRJPs demonstrate strong antimicrobial and bactericidal activities even against
the most drug-resistant bacterial strains such as methicillin-resistant Staphylococcus au-
reus, Pseudomonas aeruginosa, and Klebsiella pneumoniae, vancomycin-resistant Enterococci,
as well as extended-spectrum β-lactamase-producing Proteus mirabilis and Escherichia
coli [48,63,296,300]. Besides being antibacterial, MRJP1 also has antifungal and immuno-
stimulatory properties. Due to the negatively charged surface, even at a neutral pH, the
oligomer form of MRJP1 (280–420 kDa), called apalbumin, has better storage stability and
resistance to heat than the monomeric form. The antibacterial activity of MRJP2 was also
reported. The effect on Paenibacillus larvae was likely due to the presence of the peptides
apidaecin and hymenoptaecin [48,295]. MRJP1 and MRJP2 have a different pattern of
glycosylation [295,300,301]. At least for Paenibacillus larvae, the glycosylation may affect the
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antimicrobial activity of MRJP2 [295]. In yet another study, glps, the glycoprotein fraction
isolated from honey, was capable of permeabilizing and agglutinating the bacterial mem-
brane. Mass spectroscopy revealed that glps resembles the MRJP1 precursor-harboring
jelleins 1, 2, and 4. The authors suggested that high-mannose N-glycans mediate the
lectin-like effect of MRJP1, while jelleins contribute to membrane permeabilization [301].
Interestingly, exosome-like extracellular vesicles (EVs) have been found in honey. These
vesicles contain MRJP1, defensin-1, and jellein-3 and show antibacterial and antibiofilm
activity against oral streptococci which indicates their potential in the prevention of dental
caries [302,303]. In closure, the MRJPs demonstrate powerful antimicrobial and bactericidal
activities, even against the highly resistant strains such as MRSA, Pseudomonas aeruginosa,
Klebsiella pneumoniae, vancomycin-resistant Enterococci, as well as Proteus mirabilis and
Escherichia coli that produce extended-spectrum beta lactamase [63,300].

The phenolic components of RJ are also important for its antimicrobial activity via var-
ious mechanisms. The main components of RJ that contribute to antioxidant and antimicro-
bial activity are flavanones (naringenin, naringin, hesperetin, isosacuranetin, and pinocem-
brin), flavones (chrysin, luteolin glucoside, acacetin, apigenin, and its glycoside), flavonol
(quercetin, kaempherol, galangin, fisetin, and isorhamnetin), and isoflavones [62,63]. Phe-
nolic components may cross the microbial cellular membranes and impair membrane
fluidity. Interactions with membrane enzymes and proteins may result in the flow of
protons in the opposite direction and disturb cellular activities such as energy production,
membrane transport, and other metabolic regulatory functions. Phenolic compounds also
inhibit the synthesis of DNA and RNA and protein translation, and may suppress microbial
virulence factors [304,305]. They can also degrade the cell wall and cytoplasmic mem-
branes, induce the leakage of the cellular content, and change fatty acid and phospholipid
constituents. Furthermore, they act synergistically with antibiotics, thus increasing their
effectiveness and reducing the dose. Besides showing their antibacterial effect, phenolic
components also inhibit the growth of protozoa, food-related pathogens, and fungi. The
antifungal properties of RJ have been shown against Aspergillus fumigants, Aspergillus niger,
Candida albicans, and Syncephalastrum racemosum [304]. Finally, high concentrations of RJ
are effective against Pseudomonas Aeruginosa which may be important when using RJ in the
wound healing process [304].

Furthermore, RJ can inhibit the growth of Trypanosoma cruzi, a parasitic protozoan. Its
activity has been confirmed for another parasite, dysenteric amoeba. It effects flu viruses as
well. Multiple small doses of royal jelly increase resistance to stress in laboratory animals
while high doses are lethal. Antibacterial and bactericidal properties have been proven
against the species Bacillus alvei, Streptococcus haem, Staphylococcus aureus, Proteus vulgaris,
Micrococus, and Listeria monocytogene [101,292–300,306].

It is interesting that RJ was used as an adjuvant for the HIV-1 multi-epitope vaccine
candidate. It was supposed that the components of RJ act as immunopotentiators and pro-
mote the Th1 immune response. RJ applied alone stimulates cellular and humoral immune
responses, but shows synergistic effects when combined with alum, thus improving the
immunologic parameters such as the production of total antibodies and IgM, IgG1, IgG2a,
and IgG2b isotypes. As an adjuvant, RJ stimulated lymphocyte proliferation and the release
of IFN-γ which further activated TCD8+ and TCD4+ lymphocytes in the fight against viral
infections. The induction of the Th1 response is crucial for combating viral infections such
as HIV-1. 10-HDA was the main component of RJ for the production of the Th1 cytokine
pattern in human monocyte-derived dendritic cells. It seems that T cells stimulated with RJ
may stimulate B lymphocytes to produce antibodies. RJ can induce the production of all
isotypes of antibodies, i.e., the poly-isotypic humoral immune response, indicating a better
biological response [307]. In addition to RJ, purified MRJPs of Apis mellifera also showed
powerful antiviral activity against HCV, HIV, and SARS-CoV-2 [305–311]. The antiviral
effects of MRJP2 and its isoform X1 have been studied by the computational tools and 3D
structure of the SARS-CoV-2 proteins (from the Protein Data Bank) which includes papain-
like protease (non-structural protein nsp3), 3CL protease (nsp5), the nsp5-inhibitor complex,
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and RNA replicase (nsp9). The RNA-dependent RNA polymerase (nsp12)-cofactor (nsp7-
nsp8) complex and the methyltransferase (nsp16)-cofactor (nsp10) complex were also
involved. MRJP2 and MRJP2 X1 exerted inhibitory effects on SARS-CoV-2 non-structural
proteins (main and papain proteases, RNA-dependent RNA polymerase, RNA replicase,
and methyltransferase). The obtained results suggest that functional food proteins could
be effective in the prevention of the SARS-CoV-2 cell-attachment. The antiviral action
was assigned to their sialidase activity and ability to interact with the binding sites of the
angiotensin converting enzyme-2 (ACE2) on the viral spike. The docking studies indicated
that the inhibitory activity of MRJP2 and MRJP2 isoform X1 was based on their ability to
bind to the active sites or the cofactor-binding site on the viral non-structural protein nsp3,
nsp5, nsp9, nsp12, and nsp16. Therefore, the RJ proteins could be effective in the preven-
tion of the severe complications of the disease in the lungs, such as hypoxia, and in the
prevention of inflammation and thrombosis. In conclusion, RJ proteins have an important
role both in the prevention of viral replication and in the prevention of life-threatening
complications [308].

5.13. Wound-Healing Activity of Royal Jelly

Wound healing is a programmed biological process involving inflammation and
cell proliferation, differentiation, and migration, as well as numerous intracellular and
extracellular components, like inflammatory mediators (cytokines and chemokines), growth
factors, and ATP, among others [312]. In the process of wound healing, the proliferation
and differentiation of fibroblasts are critical for the formation of the granulation tissue and
connection of wound edges. The proliferation and migration of keratinocytes from the
wound enables re-epithelialization, protecting the wound from infection and desiccation.
Macrophages are also important for wound healing by dampening inflammation. They
produce various regulators that promote an inflammatory response and remove bacteria
and necrotic tissue through the phagocytic activity [36,313–317].

In general, it has been shown that RJ and its components promote wound healing at
both animal and cellular levels [318–326]. Some components of RJ show anti-inflammatory
effects (SA, 10-HDA, and 10-HDAA), some components promote proliferation and migra-
tion (MRJPs, especially MRJP2, MRJP3, and MRJP7), whereas some components stimulate
regenerative activities (royalactin, royalisin, and 10-HDA) [313–325].

In streptozotocin-induced diabetic rats, the wound-healing activity of RJ was at-
tributed to its royalisin-mediated antimicrobial effects, the anti-inflammatory action, and
the ability to reduce exudation and collagen formation in granulation tissue [313,314].
Kohno et al. [36] suggested that the anti-inflammatory actions of RJ on the inhibition of the
proinflammatory cytokine are released by activated macrophages as well as the scavenging
activity. In streptozotocin-induced diabetic rats, RJ also shortened the time required for
the recovery of desquamated skin lesions [313,314]. El-Gayar et al. [314] have shown the
wound healing effect of RJ in a rat model of an MRSA skin infection. In another study,
Lin et al. [315] have tested the wound healing efficacy of different RJ samples in excisional
full-thickness wounds. The most potent was Castanea mollissima Bl RJ. This type of RJ accel-
erated wound repair by promoting the proliferative and migratory abilities of keratinocytes
by 50.9% and 14.9%, respectively. Furthermore, Castanea mollissima Bl RJ inhibited the
production of nitric oxide by 46.2%, and promoted cell growth by increasing the levels of
TGF-β by 44.7%. On the contrary, for Brassica napus L., RJ ameliorated inflammation by
reducing the secretion of TNF-α by 21.3%. Hence, in complicated wound models, such as
MRSA skin infections, diabetic foot ulcers, and infected cutaneous wounds, RJ could be
considered as an option for wound care. Further research should explore in more details
the range of applications of a particular type of RJ in chronic wounds, and identify specific
components of RJ that promote wound healing.

Patients undergoing radiotherapy and chemoradiotherapy for the treatment of head
and neck cancers are often faced with oral mucositis, usually accompanied with the ul-
cerations of the oral mucosa. Oral mucositis develops in 15–40% of patients treated with
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standard chemotherapy, and in all patients receiving radiation therapy as part of the head
and neck cancer treatment, oral mucositis occurs at some degree. These patients also may
experience pain, dysphonia, and dysphagia. Tissues with the most prominent mitotic
activity, such as oral mucosa, are rapidly affected by radiation. A quick response is also
characteristic for chemotherapeutics such as cisplatin, S-1, nedaplatin, and docetaxel. The
level of normal tissue damage following chemoradiotherapy depends on the dose, frac-
tionation schedule, and volume of the treated tissue. A beneficial effect of RJ in reducing
chemoradiotherapy-induced oral mucositis in head and neck cancer patients and animal
models was also observed [326–331]. For example, the application of RJ films (10% and 30%)
accelerated recovery from a 5-FU-induced injury by showing the free radical-scavenging
activity and by reducing the myeloperoxidase activity and production of pro-inflammatory
cytokines in hamsters [327,329,330]. Erdem and Güngörmüş [280] performed studies in
patients undergoing radiotherapy and chemotherapy. They reported a significantly shorter
mean time for the resolution of oral mucositis in the RJ group. These data suggest that
RJ possesses a healing effect against the chemotherapy- and radiotherapy-induced oral
mucositis that is largely mediated by the anti-inflammatory and anti-oxidative activities of
RJ [328,331].

Chen et al. [332] have found that MRJPs from RJ could induce the proliferation of
human cells and could replace the fetal bovine serum in culture media. The growth-
promoting activity was confirmed in many cell lines, including human embryonic lung
fibroblasts (HFL-I) [111], human monocytes (U-937 and HB4C5) [21], human lymphoid
cells (U-937, THP-1, U-M, HB4C5, and HF10B4) [33,246,332], human keratinocytes [26],
human microvascular endothelial cells (HMEC-1) [115], the primary culture of rat hepatic
cells [26,27], rat small intestine epithelial cells [74], murine fibroblasts (NIH-3T3) [29], stem
cells [30], monocyte/macrophage-like cells RAW 264.7 [324] and monkey kidney epithelial
cells [31], and Tn-5B1-4 insect cells [112].

The treatment of the human embryonic lung fibroblast cell line (HFL-I) with the MRJP
mixture was confirmed to promote proliferation and reduce senescence [111]. Moreover,
cells that were grown in MRJPs-containing medium had longer telomeres compared to cells
grown in media without MRJPs. The molecular mechanisms underlying the anti-senescence
effect of MRJPs were associated with the upregulation of SOD1 and the downregulation
of mTOR, catenin beta like-1 (CTNNB), and TP53 at the gene level [111]. A similar effect
was observed for recombinant MRJPs 1–7 which increased the viability of NIH-3T3 cells
(murine fibroblasts) by protecting them against oxidative stress-induced apoptosis [29].
It is interesting that oligomeric MRJP1 stimulated the proliferation of human monocytes
(U-937 and HB4C5 cell lines), whereas the monomeric form (royalactin) failed to stimulate
the proliferation of these cells. Oligomeric MRJP1 also stimulated the growth of Jurkat
and IEC-6 cells, while monomeric MRJP1 promoted the proliferation of human lymphoid
cell lines, such as U-937, THP-1, U-M, HB4C5, and HF10B4 [31,332]. Furthermore, the
monomeric MRJP1 may act as a pluripotency factor and activate the pluripotent gene
regulatory network that enables the self-renewal of mouse embryonic stem cells [44].
MRJP2, MRJP3, and MRJP7 have the potential to promote wound healing by inducing the
proliferation and migration of human epidermal keratinocytes [26]. The carboxyl-terminal
penta-peptide repeats (TPRs) of MRJP3 stimulated the growth and wound healing activity
of THP-1 and monkey kidney epithelial cells (Vero) [31].

5.14. Antiallergic Effect of Royal Jelly

An antiallergic effect of RJ has been confirmed in the mice model [37]. The antiallergic
activity of RJ was attributed to MRJP3 which inhibited the production of IL-4 in mice
splenocytes immunized with ovalbumin. MRJP3 not only inhibited IL-4, the key factor in
immunoglobulin class switching to IgE in B cells, but also inhibited the production of IL-2
and IFN-γ by T cells and inhibited the proliferation of T cells. The potent immunoregula-
tory effect of MRJP3 regarding the inhibition of IgE and IgG1 production in immunized
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mice could be of clinical significance in designing MRJP3-based peptides with antiallergic
properties.

In contrast to MRJP3, MRJP1 and MRJP2 can cause allergic reactions. They interacted
with immunoglobulin E (IgE) of sera from patients exhibiting an RJ allergy [31,37]. IgE-
binding was dependent on the glycosylation degree of MRJP1 and MRJP2.

Oka et al. [333] suggested that the suppression of an allergic reaction by RJ is related
to the maintenance of macrophage function and the increased Th1/Th2 response. They
have found that RJ maintains the GSH levels, increases the production of IL-12 p40 mRNA
and NO expression, and reduces the production of E2 prostaglandin in the macrophage
cells of mice immunized with 2, 4-dinitrophenylated keyhole limpet hemocyanin (DNP-
KLH). Therefore, they concluded that RJ suppresses the production of allergen-specific
IgE antibodies and histamine release, restores the macrophage function, and improves the
Th1/Th2 cell response. The GSH levels may affect the response of the Th cells. The GSH
increase in macrophages is a key factor for increasing the IL-12 levels and streamlining the
Th1 response, which further favors a decrease in prostaglandin E2. It has been shown that
prostaglandin E2 increases the suppression Th1 response and increases IgE production. In
addition, it has been reported that increased NO levels suppress the degranulation of mast
cells. Taken together, these findings indicate that RJ can protect from allergies or alleviate
the symptoms of allergy.

RJ also reduced the development of skin lesions similar to atopic dermatitis in NC/Nga
mice treated with picryl chloride [334]. The oral administration of RJ decreased the total
skin weight, reduced the hypertrophy and hyperkeratosis of the epidermis, and inhibited
the infiltration of inflammatory cells. The main mechanism of these effects was based on the
reduced production of trinitrophenyl-conjugated keyhole limpet hemocyanin (TNP-KLH)
TNP-specific IFN-γ and enhanced iNOS expression [334]. In another study, the oral intake
of RJ reduced the number of splenic autoreactive B cells, serum IL-10 levels, and anti
ssDNA, dsDNA, and erythrocyte autoantibodies in systemic lupus erythematosus (SLE)-
prone New Zealand Black × New Zealand White F1 mice [335]. The positive effect of RJ on
SLE was also confirmed in children taking 2 g of RJ for 3 months. The improvement of the
disease severity was evident through the increased number of CD4+ and CD8+ regulatory T
cells and a reduced number of apoptotic CD4+ T cells [336]. A potential immunoregulatory
effect of RJ against Graves’ disease was also demonstrated. Lymphocytes obtained from the
patients with Graves’ disease were incubated with RJ. This treatment reduced the level of
TNF-α and increased the levels of IFN-γ, and shifted the Th1/Th2 cytokine ratios towards
Th1 dominance [337].

Guendouz et al. [338] have demonstrated that RJ may help in the prevention of
systemic and anaphylactic responses in a murine model of a cow’s milk allergy. RJ was
applied at doses of 0.5, 1, and 1.5 g/kg during seven days and significantly inhibited the
production of serum IgG (31.15–43.78%) and IgE (64.28–66.6%) against β-lactoglobulin
and reduced the plasma histamine level after the β-lactoglobulin challenge (66.62–67.36%).
In addition, RJ reduced intestinal dysfunction by abolishing the sensitization-induced
secretory response (70.73–72.23%). It also prevented tissue damage and increased the
length of jejunal villi by 44.32–59.01%. These effects may be related to its inhibitory effects
on the degranulation of mast cells [338].

It is also interesting to note that protease-treated RJ can promote an antigen-specific
mucosal IgA response by enhancing the uptake of antigens by M cells, increasing the
efficacy of the immune response of the intestinal mucosa [339].

5.15. Allergic Reactions as Side Effects of RJ Application

RJ is broadly used as a dietary supplement and for cosmetic purposes, and is generally
considered as relatively safe. However, various proteins present in RJ can cause side effects
such as allergic reactions. A mild-to-severe allergic reactions may include skin rashes,
eczema, contact dermatitis, allergic rhinitis, conjunctivitis, minor gastrointestinal problems,
hemorrhagic colitis, acute asthma, bronchospasm, anaphylactic shock, and in some cases,
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even death [340]. Considering the possibility of unwanted effects, the consumption of RJ
is not recommended for expectant mothers, lactating women, and individuals prone to
allergic reactions. Allergic reactions may occur after the first intake of RJ, suggesting the
cross-reactivity with other allergens, especially mite and arthropod allergens. According
to Hata et al. [340], for those with a history of allergic diseases, such as atopic dermatitis,
asthma, and allergic rhinitis, caution is needed when consuming RJ products because of
the potential cross-reactivity. In patients with atopic dermatitis who had never consumed
RJ, RJ-binding IgE antibodies have been found. The cross-reactivity with RJ has been
demonstrated for the European and American house dust mite, snow crab, edible crab,
German cockroach, and honeybee venom. Most RJ proteins (app. 90%) are members
of the MRJPs, and MRJP1, MRJP2, and MRJP3 are identified as allergens [340–343]. Li
et al. [344] suggested that MRJP3 is the main cause of anaphylaxis and cross-reactivity
with honeycomb, and that patients with an allergic reaction to RJ should avoid other bee
products.

6. Scientific Claims about Effectiveness of RJ to Human Health According to
PASSCLAIM Classification

The main objectives of the PASSCLAIM project (Process for the Assessment of Scientific
Support for Claims on Foods) were to define the group of widely applicable criteria for
the scientific explanation of health claims about the effectiveness of food. These criteria
are considered powerful indicators for the assessment of the quality of data that support
claims on health benefits of foods. According to EU Regulation No 1924/2006, different
health claims about the benefits of RJ can be derived. According to the PASSCLAIM project
classification of the International Life Science Institute (ILSI), the claims are grouped into
the following themed areas:

(1) Diet and cardiovascular diseases,
(2) Bone health and osteoporosis,
(3) Physical strength and fitness,
(4) The regulation of body mass, insulin sensitivity, and risk of diabetes,
(5) Diet and cancer,
(6) Mental health and effectiveness,
(7) Bowel health, digestion, and immunity.

The health claims of RJ are supported for categories of diet and cardiovascular diseases,
physical strength and fitness, diet and cancer, and mental health and effectiveness. In
particular, a preventive intake of RJ at doses of 100 to 200 mg daily may enhance the
health of the cardiovascular system by decreasing blood fats and cholesterol, the main
cardiovascular risk factors [345]. RJ should be taken for 30 days and followed by 2-to-
3-week break. After a break, it is recommended to restart with lower doses. Regarding
physical strength, the intake of RJ may increase physical strength, fitness, and work ability,
especially in the elderly (anti-age effect). Taking RJ also may decrease one’s risk of cancer
and enhance their mental status and physical effectiveness [177,191,197,346,347]. Again,
these effects are particularly important in the elderly. Some of the above-mentioned effects
are shown in Tables 3 and 4.

Table 3. Overview of biological and pharmacological effects of royal jelly shown in cell cultures and
animal models.

Effect References

Antibacterial, antiviral, antiparasitic effect
(model—microrganisms)

Antibacterial [48,294,300–302]
Antifungal (fungicidal) [3,7,48,57,295,304]
Antiviral [293,305–311]
Activity against different parasites of family Trypanosomidae [306]
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Table 3. Cont.

Effect References

Bio-stimulatory effect and anti-ageing effect
(model cell culture and laboratory animals)

Estrogenic and gonadotropic effects confirmed on cells and in rats [28,86,207]
Increase in growth and animal weight [52,108–110,291,345]
Anticancer effects, increases immune cells’ activity and stress resistance [36,37,226–230,232,243,246,254]
Increases reproduction capacity in rats and sheep [121,209,211–214]
In vitro increases oxygen consumption in tissues, antihypoxic effect [180,191,250]
Against male rabbits’ infertility, increases sexual effectiveness in rats and hamsters [55,59,212]
Prolongs lifespan in rats and hamsters [39,104–107,129]

Immunomodulating effects: anticancer, antiallergic, and anti-inflammatory
(model—laboratory animals and humans)

Immunostimulant activity, increase in number of leukocytes [68,77,125,230,246,268]
Anticancer effects [34–40,42,44,49,50]
Prevents autoimmunity in mice [335–337]
Anti-inflammatory effects [7,13,36,68–70,127,137,262,271,304,334]

Heart and circulatory system effects
(model—laboratory animals and humans)

Decreases increased blood pressure, hypotensive effect, vasodilatation [53–56,58,59,177,187,190,191,193–197]
Antiatherosclerotic effect: decreases cholesterol and triglyceride concentration in
blood, increases HDL, decreases fibrinogen in plasma and thrombosis [27,28,127,143,150,172–174,187,203,308]

Cardio-protective effect, prevents myocarditis [58,77–80,92,93,100–103,172,173,178,202,345]
Increases thyroxin levels, albumin/globulin ratio in blood, and decreases serum
proteins after oral application in rats [75,76,113]

Effects on central and vegetative nervous system
(model—laboratory animals)

Effects on central nervous activity—protection and activation [28,29]
Increases brain cell differentiation [154,156,157]
Improves memory and learning through upregulation of neurotrophic factor
synthesis such as that of GDNF and other neurotrophins [137,139,156,157,176]

Acetyl-choline-like effects on bowels and smooth muscles nerves [137,154,156,176,177,197]
Calming effects (rat) [112,157]

Antioxidative, hepatoprotective and radio protective effects
(model—laboratory animals)

Antioxidative effect [52,58,62,64,67,83,103,108,127,147]
Liver protection [81–83,92,100,240,263,269,290]
Reducing stress and teratogen effects, lung edema, and liver or kidney damage
after mycotoxine intake in rats [67,98–102,107]

Stimulates DNA synthesis in hepatocytes and protects cells from apoptosis and
mitogen effect, prolongs cell proliferation, and increases albumin production [26,113]

Radiation protective effect in animal experiments [247,249,250,278–283]

Other effects
(model—laboratory animals and humans)

Prevents osteoporosis and promotes bone formation [87,127,204–220]
Skin protection: promotes collagen build-up [114,117–120,131,304,318,325,334]
Hyperglycemic effect, prevents insulin resistance, antidiabetic effect [166,167,169,174,184]
Decreases experimental colitis in rats [61,62]
Antiallergic activity, decreases development of atopic dermatitis as skin lesions in
rats [334,340]
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Table 4. Medical effects of royal jelly in humans.

Usage References

Pediatrics:

Pre-term babies or inadequate food intake: improves overall condition, increase in
weight, appetite, red blood cells, and hemoglobin [6,112]

Geriatrics:

Increase in overall well-being and recuperation from fatigue and menopausal problems [90,121,202,211,223,224]
Against stenocardia and after heart attack; arteriosclerosis and atherosclerosis;
hypertension [187,188,190,195,197,202–204]

Against respiratory system diseases, asthma [333,338,339]
Against diseases of the eye, e.g., blepharitis, conjunctivitis and retina burns, circulatory
disorders in the eye [97,126,161]

Bio-stimulating effect, increases physical endurance and work ability and increases
resistance to hypoxia [52,124,125,152]

Increase memory, neuro-vegetative activation [137,138,141,145,147,154,157]
Anti diabetes 1 [162–168,173,174]
Anticancer effects [77,89]
Prevention of stomach and duodenum ulcer, stomach problems [175–177]
Promote skin regeneration and skin lesion healing [114,117,131,304,318,334]
Prevent degenerative processes and rheumatism [85,88]
Prevent warts, acne, ulcers, seborea, neurodermatitis [280,284,334]
Prevent kidney dysfunction [264,265,269,288]

7. Need for Standardization of Important Biologically Active Compounds and
Determination of Validity and Quality of Products with RJ

RJ has been used for a long time. The first recommendation for its use in human
therapy dates from 1922 in France. Since then, RJ has become the subject of numerous
studies. In many European and world countries, the medicinal use of RJ is monitored by the
relevant ministries of health and regulatory bodies. In an effort to ensure the safe usage of
RJ as a medicinal product, it is important to guarantee the presence of specific compounds
important for its health benefits and to ensure quality production. Hence, the chemical
composition and quality of RJ should be analyzed continuously. The basic nutritional
requirements of RJ that must be ensured include water (min 62.0%–max 68.5%), lipids
(min 2%–max 8%), 10-HDA (min 1.4%), proteins (min 11%–max 18%), total carbohydrates
(min 7%–max 18%), and individual carbohydrates [fructose (2.3–7.6%), glucose, (2.9–8.1%),
sucrose (<0.1–2.1%), maltose, and maltotriose (0.0–1.0%)] [7].

Various factors may affect the production and chemical composition of RJ, including
the post-grafting period, harvest time, diet of the bee colonies, and seasonal
variations [20,348]. Regarding the yield and nutritional composition, the optimal time
to harvest RJ is after 72 h of grafting. On the contrary, the minimum yield is observed after
24 h. The lowest moisture and the highest content of crude proteins, ash, fructose, and
glucose were obtained 72 h after harvesting. However, RJ collected after 24 h contained
the highest lipid concentration. The content of 10-HDA in RJ also varies. It is dependent
on the season of harvesting. In one study, the amount of 10-HDA was monitored from
April to August. The highest concentration of 10-HDA was measured in June (1.84%),
whereas the lowest amount was found in April (1.03%) [349]. Furthermore, a change of
acidity was observed over time. These findings indicate the complexity of the RJ content.
Accordingly, a comprehensive understanding is needed to produce RJ as a medical product
with a defined chemical composition [350]. Furthermore, it is hard to gather data obtained
in different studies due to the lack of homogeneity of the original materials with different
sampling methods and production conditions. Additional sources of variability are various
experimental conditions as well as the diversity of the analytical methods applied. Of
note, it has been reported that pesticides may affect the quality and quantity of RJ. Milone
et al. [351] observed differences in the metabolome, proteome, and phytosterol profile of RJ
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produced by colonies exposed to the multi-pesticide pollen. Some of the essential nutrients,
such as 24-methylenecholesterol, MRJPs, and 10-HDA, were significantly reduced. Addi-
tionally, the quantity of RJ provided per queen was lower in colonies exposed to pesticides.
According to the United States Environmental Protection Agency (USEPA) risk assessment
guidelines, exposure to pesticides is app. 100 times lower in RJ compared to pollen and
nectar (USEPA, 2014).

Milone et al. [351] also observed a reduction in the average RJ per cell between control
and pesticide-exposed colonies (283 mg vs. 198 mg, respectively), but the difference was
not statistically significant. The complete knowledge of the RJ components is essential for
defining the standard composition and assessment of the quality of marketed products con-
taining RJ [349–353]. Some countries, like Switzerland, Bulgaria, Brazil, and Uruguay, have
defined national standards for RJ. Also, the difference between fresh RJ and lyophilized
samples needs to be clearly stated. In general, the lyophilized RJ contains <5% water,
27–41% proteins, 22–31% carbohydrates, and 15–30% fat [353–355]. The analytical data
indicate that the exposure to the temperature of 4 ◦C does not change its composition.
In addition, the storage of frozen RJ prevents the decomposition of biologically active
proteins. Hence, RJ needs to be frozen immediately after collection to preserve the bioactive
compounds [352]. Some important differences in RJ composition are shown in Table 1.

The main nutritional value of dietary proteins, as well as RJ, is determined by the
amino acid composition. Therefore, monitoring changes in the amino acid composition
can be an effective method of assessing the quality of RJ. One of the most powerful tools
for analyzing amino acid composition in RJ is ultra-performance liquid chromatography
(UPLC). By using UPLC, it was determined that the average levels of free amino acids
(FAAs) and total amino acids (TAA) in fresh RJ were 9.21 and 111.27 mg/g, respectively.
The most abundant FAAs in RJ are proline, glutamine, lysine, and glutamic acid, whereas
the most common TAAs are asparagine, glutamine, leucine, and lysine. Although the
concentrations of the majority of the FAAs and TAAs did not change significantly during
the storage, the amount of total methionine and free glutamine decreased over time.
Hence, the authors suggested that the levels of total methionine and free glutamine may
be considered as a marker of RJ quality. In another study, the concentrations of proline
and lysine increased during the first three months, and then decreased after 6–10 months,
indicating proteolytic activity over time.

Besides proteins, 10-HDA and 10-HDAA are specific components of RJ [5–7,13,14,353,356].
HDA is considered as the best marker of RJ quality. Moreover, it may be used as an
indicator of forgery. Based on the standards of the International Organization for Stan-
dardization (ISO), the total amount of 10-HDA should be more than 1.4% to meet the
quality control parameters (ISO, 2016). However, the composition of RJ and amounts of
10-HDA may vary widely. In two RJ samples of different origins (France and Thailand)
stored at room temperature for one year, a reduction of 0.4% and 0.6% of 10-HDA was
observed. In addition, 10-HDA is difficult to use as a measure of freshness as its values
differ in fresh RJ. In general, the RJ of a European origin contains lower levels of 10-HDA.
Hence, it is considered that the total concentration of fatty acids is a better indicator of
freshness than 10-HDA itself [353,356]. Although the specification of RJ products requires
the content of 10-HDA, which is chemically stable and unique to RJ, a potential limitation
of using 10-HDA is that its levels in RJ decline during the production process. Further-
more, there is a possibility of manipulation by adding RJ rich in 10-HDA. On the contrary,
amounts of apisin are fairly constant among different RJ samples. Therefore, it is likely
that apisin could be used as an indicator for the evaluation of RJ quality. MRJP1, the main
constituent of apisin, plays an essential role not only in the assessment of RJ quality, but
also in the determination of RJ freshness [349–353]. However, properties of MRJP1 are
dependent on storage conditions. Storage above 4 ◦C induces the degradation of MRJP1
due to its lytic activity. Furthermore, Mureşan and Buttstedt [357] investigated the sta-
bility of MRJPs in different pH environments and found a direct correlation between the
pH levels and protein stability. In addition, carbohydrates from RJ, including trehalose,
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maltose, erlose, melibiose, ribose, gentiobiose, isomaltose, raffinose, and melezitose, are
important for bee products’ authenticity. The carbohydrate analysis also may help in the
detection of forged RJ [353,354,358,359]. The ISO recommendation for the determination of
the carbohydrate constituent is liquid chromatographic analysis (the reference method),
titration method gas chromatographic analysis, and the Hydrophilic Interaction Liquid
Chromatography–tandem Mass Spectrometry (HILIC-MS/MS) method [13,358–360]. Fur-
thermore, the authenticity of RJ production can be determined by measuring the ratio of
stable C and N isotopes. Geographical authenticity can be determined by pollen analy-
sis [348,350]. In particular, the 87Sr/86Sr ratio indicates the geographic origin [361,362].
The levels of ADP, ATP, and AMP are used as indicators of the freshness of RJ as their levels
are high in fresh samples. Taken together, the key parameters in the estimation of RJ quality
are organoleptic, physical, and chemical properties and its composition as follows: (i) the
water content in fresh and frozen samples of RJ; (ii) the concentration of total proteins and
free amino acids; (iii) the concentration of carbohydrates; (iv) the concentration of lipids;
total fatty acids and free acids; (v) 10-HDA; (vi) minerals; (vii) acidity; (viii) sediment
analysis; (ix) furosine; and (xj) potential contamination. In addition, the freshness of RJ
or its products may be estimated by measuring the activity of glucose oxidase, furosine,
or superoxide dismutase [353–356]. Therefore, RJ and RJ-containing products need to be
prepared according to detailed sanitary and hygienic protocols and monitored by trained
experts to maintain the beneficial effects.

8. Closing Remarks

The biological characteristics of RJ, serving as the base for its potential use, are the
following: its biostimulatory effect—the ability to increase tissue respiration, oxidative
phosphorylation, exchange of matter, energy and fitness, increased resistance to stress and
illnesses, the maintenance and strengthening of the hair, skin, and nails, the regeneration
of cells and tissues, decrease in cholesterol levels, positive effect on the vascular system,
stabilization of blood pressure, increase in memory (acetyl choline neurotransmitter), stim-
ulation of the immune system, increased appetite, digestion regulation, hormonal balance
maintenance, ease of menstrual symptoms, help with impotence and frigidity, fatigue and
tiredness relief, positive effect on arthritis, anemia, muscle dystrophy, and neurodegen-
erative diseases, and pro-regenerative, anti-inflammatory, antiviral, and antibiotic effects
(Tables 3 and 4).

It is interesting that exosome-like extracellular vesicles (EVs) found in honey from Apis
mellifera contain MRJP1, defensin-1, and jellein-3 as intravesicular cargo, which indicates
that honey-derived EVs could represent innovative approaches for preventing dental caries.
RJ also contains a considerable number of extracellular vesicles (EVs). The molecular
analysis of RJEV confirmed the presence of exosomal markers such as CD63 and syntenin,
and cargo molecules MRJP1, defensin-1, and jellein-3. RJEV can modulate the differenti-
ation and secretome of mesenchymal stem cells (MSCs), as well as reduce LPS-induced
inflammation in macrophages by blocking the MAPK pathway. The most interesting for
wound healing is the secretory profile of MSCs, which secrete various proteins, especially
increasing the level of IGF, HGF, and VEGF, but not FGF acting on pro-angiogenic and
promigratory effects in wound healing, while having minor effects on scars and fibrosis.
Overall, RJEV exhibits a significant antibacterial effect and promotes wound healing by
modulating underlying cellular responses. The antibacterial and antifungal activities of
MRJPs and jelleines are achieved through the interactions of positively charged amino acids
with the hydrophobic residues in bacterial cell membranes. Furthermore, it is important
to highlight that RJ and its proteins prevent the replication of the SARS-CoV-2 virus and
severe complications of the disease. It is possible that isolating EVs from raw RJ will reduce
the high complexity of RJ components, enable standardization and quality control, and
thus bring the application of natural nano-therapy closer to the clinic.

Regarding potential side effects, RJ can cause contact dermatitis and anaphylaxis in
some people due to the presence of many proteins. The usage of RJ is limited in diseases
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such as bronchial asthma exacerbations (RJ is astringent and can lead to bronchiectasis),
Addison disease, adrenal gland diseases, and tumors in the acute phase. The estrogenic and
proliferative activities of RJ have been shown in MCF-7. However, the procarcinogenic and
estrogenic effects of RJ on other tumors have not been confirmed. On the other hand, RJ is
effective against anti-cancer agent-induced toxicities, such as mucositis, fibrosis, cardiotoxi-
city, intestinal damage, and renal and hepatic dysfunction. In addition, the modulatory
effect of RJ on various biological activities, including cell survival, inflammation, and
oxidative stress, is closely associated with its effects (Tables 3 and 4). An overview of the
molecular and cellular mechanisms of RJ is shown in Table 5, while the doses of RJ used in
some clinical trials are shown in Table 6.

Based on the above-mentioned characteristics of RJ and its effect on human health
and quality of life, appropriate methods should be used for the standardization of RJ and
RJ-containing products, especially regarding biologically active compounds, to ensure
maximal effectiveness for human health. Knowledge about the main biological compounds
and their seasonal and geographical variability, variability over time, proper ways of
storage, as well as the determination of the safe therapeutic dose, are important factors in
the prevention and protection from disease. Finally, knowledge about the medicinal effects
of RJ will enable its wider use and will promote RJ production.
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Potentiation of Anti-Angiogenic Effect of Cisplatin and Resveratrol in Mice Bearing Solid Form of Ehrlich Ascites Tumour. Int. J.
Mol. Sci. 2023, 24, 11073. [CrossRef] [PubMed]

260. Abandansari, R.M.; Parsian, H.; Kazerouni, F.; Porbagher, R.; Zabihi, E.; Rahimipour, A. Effect of Simultaneous Treatment with
Royal Jelly and Doxorubicin on the Survival of the Prostate Cancer Cell Line (PC3): An In Vitro Study. Int. J. Cancer Manag. 2018,
11, e13780. [CrossRef]

261. Safaei Pourzamani, M.; Oryan, S.; Yaghmaei, P.; Jalili, C.; Ghanbari, A. Royal jelly alleviates side effects of Doxorubicin on male
reproductive system: A mouse model simulated human chemotherapy cycles. Res. J. Pharmacogn. 2022, 9, 77–87. [CrossRef]

262. Mohamed, H.K.; Mobasher, M.A.; Ebiya, R.A.; Hassen, M.T.; Hagag, H.M.; El-Sayed, R.; Abdel-Ghany, S.; Said, M.M.; Awad, N.S.
Anti-Inflammatory, Anti-Apoptotic, and Antioxidant Roles of Honey, Royal Jelly, and Propolis in Suppressing Nephrotoxicity
Induced by Doxorubicin in Male Albino Rats. Antioxidants 2022, 11, 1029. [CrossRef] [PubMed]

263. Bhalchandra, W.; Alqadhi, Y.A. Administration of Honey and Royal Jelly Ameliorate Cisplatin Induced Changes in Liver and
Kidney Function in Rat. Biomed. Pharmacol. J. 2018, 11, 2191–2199. [CrossRef]

264. Osama, H.; Abdullah, A.; Gamal, B.; Emad, D.; Sayed, D.; Hussein, E.; Mahfouz, E.; Tharwat, J.; Sayed, S.; Medhat, S.; et al. Effect
of Honey and Royal Jelly against Cisplatin-Induced Nephrotoxicity in Patients with Cancer. J. Am. Coll. Nutr. 2017, 36, 342–346.
[CrossRef]

265. Abdel-Hafez, S.M.N.; Rifaai, R.A.; Abdelzaher, W.Y. Possible protective effect of royal jelly against cyclophosphamide induced
prostatic damage in male albino rats; a biochemical, histological and immuno-histo-chemical study. Biomed. Pharmacother. 2017,
90, 15–23. [CrossRef]

266. Albalawi, A.E.; Althobaiti, N.A.; Alrdahe, S.S.; Alhasani, R.H.; Alaryani, F.S.; BinMowyna, M.N. Anti-Tumor Effects of Queen Bee
Acid (10-Hydroxy-2-Decenoic Acid) Alone and in Combination with Cyclophosphamide and Its Cellular Mechanisms against
Ehrlich Solid Tumor in Mice. Molecules 2021, 26, 7021. [CrossRef]

267. Khazaei, F.; Ghanbari, E.; Khazaei, M. Protective Effect of Royal Jelly against Cyclophosphamide-Induced Thrombocytopenia and
Spleen and Bone Marrow Damages in Rats. Cell J. 2020, 22, 302–309. [CrossRef] [PubMed]

268. Fan, P.; Han, B.; Hu, H.; Wei, Q.; Zhang, X.; Meng, L.; Nie, J.; Tang, X.; Tian, X.; Zhang, L.; et al. Proteome of thymus and spleen
reveals that 10-hydroxydec-2-enoic acid could enhance immunity in mice. Expert Opin. Ther. Targets 2020, 24, 267–279. [CrossRef]
[PubMed]

269. Karadeniz, A.; Simsek, N.; Karakus, E.; Yildirim, S.; Kara, A.; Can, I.; Kisa, F.; Emre, H.; Turkeli, M. Royal jelly modulates
oxidative stress and apoptosis in liver and kidneys of rats treated with cisplatin. Oxid. Med. Cell. Longev. 2011, 2011, 981793.
[CrossRef] [PubMed]

270. Hamza, R.Z.; Al-Eisa, R.A.; El-Shenawy, N.S. Possible Ameliorative Effects of the Royal Jelly on Hepatotoxicity and Oxidative
Stress Induced by Molybdenum Nanoparticles and/or Cadmium Chloride in Male Rats. Biology 2022, 11, 450. [CrossRef]
[PubMed]

271. Tohamy, H.G.; El-Neweshy, M.S.; Soliman, M.M.; Sayed, S.; Shukry, M.; Ghamry, H.I.; Abd-Ellatieff, H. Protective potential of
royal jelly against hydroxyurea -induced hepatic injury in rats via antioxidant, anti-inflammatory, and anti-apoptosis properties.
PLoS ONE 2022, 17, e0265261. [CrossRef] [PubMed]

272. Zargar, H.R.; Hemmati, A.A.; Ghafourian, M.; Arzi, A.; Rezaie, A.; Javad-Moosavi, S.A. Long-term treatment with royal jelly
improves bleomycin-induced pulmonary fibrosis in rats. Can. J. Physiol. Pharmacol. 2017, 95, 23–31. [CrossRef] [PubMed]

273. Moskwa, J.; Naliwajko, S.K.; Dobiecka, D.; Socha, K. Bee Products and Colorectal Cancer—Active Components and Mechanism
of Action. Nutrients 2023, 15, 1614. [CrossRef] [PubMed]

274. Kurdi, L.; Alhusayni, F. Cytotoxicity effect of 5-fluorouracil and bee products on the HTC-116 human colon cancer cell line. Life
Sci. J. 2019, 16, 56–61. [CrossRef]

275. Moubarak, M.M.; Chanouha, N.; Abou Ibrahim, N.; Khalife, H.; Gali-Muhtasib, H. Thymoquinone anticancer activity is enhanced
when combined with royal jelly in human breast cancer. World J. Clin. Oncol. 2021, 12, 342–354. [CrossRef]
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Abstract: According to the World Health Organization (WHO), breast cancer (BC) is the deadliest
and the most common type of cancer worldwide in women. Several factors associated with BC exert
their effects by modulating the state of stress. They can induce genetic mutations or alterations in
cell growth, encouraging neoplastic development and the production of reactive oxygen species
(ROS). ROS are able to activate many signal transduction pathways, producing an inflammatory
environment that leads to the suppression of programmed cell death and the promotion of tumor
proliferation, angiogenesis, and metastasis; these effects promote the development and progression of
malignant neoplasms. However, cells have both non-enzymatic and enzymatic antioxidant systems
that protect them by neutralizing the harmful effects of ROS. In this sense, antioxidant enzymes such
as superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase (GPx), glutathione reductase
(GR), thioredoxin reductase (TrxR), and peroxiredoxin (Prx) protect the body from diseases caused
by oxidative damage. In this review, we will discuss mechanisms through which some enzymatic
antioxidants inhibit or promote carcinogenesis, as well as the new therapeutic proposals developed
to complement traditional treatments.

Keywords: antioxidant; breast cancer; superoxide dismutase; catalase; glutathione peroxidase;
glutathione reductase; thioredoxin reductase; peroxiredoxin

1. Introduction

Cancer is one of the leading causes of death worldwide and is a crucial factor reducing
life expectancy. In 2022, 19.96 million new cases and almost 10 million deaths caused by
cancer were recorded [1]. Currently, the World Health Organization (WHO) recognizes
breast cancer (BC) as the most common type of cancer on a global scale [2]. In 2022,
according to the United Nations, BC was reported as the cancer with the highest incidence,
with 2.29 million new cases, representing 11.5% of all cancer diagnoses worldwide [3,4].

In Latin America, BC is the most common and the deadliest cancer in women as well.
In 2022, the recorded incidence was 114,900 diagnoses, coupled with a mortality rate of
13.2 per 100,000 inhabitants [3]. The high mortality in this region could be attributed to
several factors, such as late-stage diagnosis, lack of access to specialized cancer hospitals,
and limited health insurance coverage for high-cost medications [4].

In Mexico, during 2020, malignant tumors accounted for the death of 97,323 people.
Among them, 8% were attributed to BC, causing the death of 7821 women and 58 men.
The highest rate of female deaths caused by BC is recorded in the 60-year-old and older
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age group (49,08 per 100,000 women in this age group) [5]. BC is a multifactorial disease
and depending on its etiology, it can be classified as sporadic or hereditary. Sporadic BC
represents around 90% of cases, while hereditary BC corresponds to 10–15% of malignant
breast tumors.

Several factors associated with BC exert their effects through the modulation of the
oxidative stress state in cells [6,7]. This stress can cause genetic mutations or alterations
in cell growth, favoring neoplastic development and generating reactive oxygen species
(ROS) from endogenous sources (intracellular elements such as peroxisomes, mitochondria,
cytochrome P450, and extracellular elements such as inflammatory cells) and exogenous
sources (xenobiotics, metals, pathogens, drugs, and radiation) [8–10]. The generated ROS
can activate many signal transduction pathways factors such as vascular endothelial growth
factor (VEGF), hypoxia-inducible factor 1 alpha subunit (HIF1α), nuclear factor erythroid
2 (Nrf2), activator protein 1 (AP-1) and nuclear factor kappa light chain gene enhancer
in activated B cells (NF-kB). These factors transcribe cell growth regulatory genes [11,12]
and they can also trigger the activation of kinases such as mitogen-activated protein
kinase (MAPK), extracellular-regulated kinase (Erk), c-jun NH-2 terminal kinase (JNK),
and p38 MAPK, which are involved in cell migration and invasion [13]. These signaling
cascades generate an inflammatory environment that leads to different events such as the
suppression of programmed cell death, tumor proliferation, angiogenesis, and metastasis;
all of these favor the development and progression of malignant neoplasms [14].

On the other hand, chemical carcinogens have been shown to abrogate cellular antioxi-
dant systems and/or DNA repair systems [15]. Oxidative stress arises due to an imbalance
between the production and the elimination of ROS and performs a fundamental role in the
pathogenesis of various disorders and pathophysiological processes such as BC [6,16,17].

In this regard, it is known that the increment of the oxidative stress markers and
the decrement of the antioxidant defense system are considered factors that correlate
with the appearance and progression of BC [18]. The DNA of BC cells contains many
base modifications and shows oxidation products, such as 8-hydroxydeoxyguanosine
(8-OHdG), an element that appears to play a significant role in the progression of this
disease [19]. Elevated levels of urinary 8-OHdG have been detected in women with BC,
and this value becomes more significant in the late stage of cancer, a fact that suggests
that ROS might play a role in early carcinogenesis [20]. ROS also appear to participate in
the architecture distortion of the mammary epithelium, inducing fibroblast proliferation,
epithelial hyperplasia, cellular atypia, and BC [21].

The function of both non-enzymatic and enzymatic antioxidant systems is to protect
cells from oxidative stress and neutralize the damaging effects of ROS [11]. According to
this, antioxidant enzymes such as superoxide dismutase (SOD), catalase (CAT), glutathione
peroxidase (GPx), glutathione reductase (GR), thioredoxin reductase (TrxR), and peroxire-
doxin (Prx) protect the body from diseases caused by oxidative damage. In this review, we
will discuss various mechanisms through which some enzymatic antioxidants can either
inhibit or promote carcinogenesis, as well as the new therapeutic proposals developed to
complement traditional treatments.

2. Oxidative Stress

During cellular metabolism, many short- and long-lived ROS are generated: superox-
ide (O2

·−), hydroxyl radical (OH·), and hydrogen peroxide (H2O2). Depending on their
concentration, location, and intracellular conditions, ROS can cause toxicity or act as signal-
ing molecules [22]. This ROS dual role is supported by growing evidence that has shown
they act within cells, either as second messengers in intracellular signaling cascades or by
inducing and maintaining the oncogenic phenotype of cancer cells. On the other hand,
ROS can also play a role in cellular senescence and apoptosis, functioning as antitumor
species [23,24]. In cancer cells, ROS production is elevated due to an increased metabolic
rate and relative hypoxia, resulting in the induction of genetic mutations and changes in
transcriptional processes and ultimately, in the development of cancer [25]. Furthermore,
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cancer cells adapt to elevated ROS levels by activating antioxidant pathways, resulting in
increased ROS scavenging [26].

3. Antioxidant Systems

The cellular levels of ROS are controlled by two well-established mechanisms: (i) non-
enzymatic antioxidant systems, such as glutathione, thioredoxin, and vitamins like C and
E; and (ii) enzymatic antioxidant systems (Figure 1). This battery of enzymes, involved in
the control of ROS, includes SOD, CAT, GPx, GR, TrxR, and Prx [27,28].
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Figure 1. The antioxidant enzymatic system is made up of six enzymes: superoxide dismutase (SOD),
catalase (CAT), glutathione peroxidase (GPx), glutathione reductase (GR), thioredoxin reductase
(TrxR), and peroxiredoxin (Prx). SOD eliminates the 2 O2

·−, generating two H2O2 molecules and
CAT destroys them, producing H2O and O2. GPx, GR, TrxR, and Prx remove H2O2 by regulating the
redox conditions of glutathione, thioredoxin, and NADPH.

3.1. Non-Enzymatic Antioxidant Systems

Non-enzymatic antioxidant barriers are a set of compounds that are obtained from
the diet [29] and they work together with antioxidant enzymes [27]. These are also known
as scavenger antioxidants since they counteract the beginning of the oxidation chain
and interrupt its propagation reactions, thus neutralizing ROS by donating electrons to
them [30,31]. Some non-enzymatic antioxidants are glutathione; thioredoxin; lipoic acid;
bilirubin; ubiquinones; flavonoids; vitamins A, C, and E; and carotenoids [27,29]. The
minerals selenium, copper, zinc and magnesium are part of the molecular structure of some
of the antioxidant enzymes [32].

3.2. Enzymatic Antioxidant Systems
3.2.1. Superoxide Dismutase (SOD)

The function of SOD is to convert O2
·− anions into H2O2 and oxygen (O2), while

other enzymes, such as peroxidases and CAT, convert H2O2 into water [33]. SODs are
the first line of defense against ROS-mediated injuries. The SOD family includes copper
and zinc-dependent SOD (Cu/ZnSOD or SOD1), manganese-dependent SOD (MnSOD or
SOD2), iron-dependent SOD, and extracellular superoxide dismutase (FeSOD or SOD3 or
EcSOD) [34], and all of these play a crucial role in the removal of O2

·− [22]. SODs are in-
volved in the regulation of oxidative stress, lipid metabolism, inflammation, and oxidation
in cells. Furthermore, they can prevent lipid peroxidation, oxidation of low-density lipopro-
teins in macrophages, formation of lipid droplets, and adhesion of inflammatory cells to
endothelial monolayers [35]. Additionally, it has been reported that there is a significant
decrease in the activity of Cu/ZnSOD and MnSOD in cancer cells (Table 1) [35–37].
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3.2.2. Catalase (CAT)

CATs are enzymes that break down H2O2 into O2 and H2O [90]. They have a key role
in the defense of cells against oxidative stress and their overexpression modulates the H2O2
levels and inflammation processes [91]. Catalase expression is altered in cancer cells, a fact
that plays an important dichotomous role [40]. These enzymes are classified into three
types: typical, peroxidases, and with manganese. The first two types of enzymes contain a
heme group, while the third type contains a non-heme manganese group. Typical CATs are
commonly isolated from aerobic organisms, including animals, plants, fungi, and bacteria.
CAT-peroxidases have been isolated from fungi, eubacteria, and archaea, while non-heme
CATs have been found exclusively in bacteria [92]. Human CAT belongs to the group of
typical CATs [90] (Table 1).

In BC, blood samples have shown an increase of ROS production, a decreased CAT
activity, as well as a low concentration of reduced glutathione (GSH). Those results support
the hypothesis of oxidative stress in carcinogenesis [43]. In some studies, it has been
observed that mammography density in benign tissue is influenced by markers of oxidative
stress and the menopausal status of the patient [93]. Furthermore, CAT activity decreases
with the progression of the pathology according to the Breast Imaging Reporting and Data
System (BIRADS). Randecovic et al. in 2013 showed how the levels of CAT change in tumor
tissue from patients with BC with respect to mammographic studies. Patients with BIRADS
5 had significantly lower levels of CAT activity compared to patients with BIRADS 4c, 4b,
or 4a mammography. So, patients with BIRADS 4c had significantly lower CAT activity
compared to patients with BIRADS 4a or 4b on mammography. Therefore, they concluded
that the CAT activity in the BC decreased significantly with the increase in the BIRADS
category [94]. This work is in agreement with other studies published for BC, which show
a decrease in CAT activity associated with an aggressive phenotype [95].

Moreover, in acute myeloid leukemia it has been observed that cells from patients who
remain in complete remission for longer periods have higher levels of CAT than patients
who exhibit resistance to treatment; this suggests that the acquisition of cellular resistance
to drugs is associated with higher levels of ROS [96]. In MCF-7 cancer cells (human ade-
nocarcinoma cells), the overexpression of CAT affects their proliferation and migration,
leading to a less aggressive phenotype and an altered response to chemotherapy, since
they are more sensitive to paclitaxel, etoposide, and arsenic trioxide and more resistant
to redox-based drugs [97]. Ruqayah et al. in 2020 showed decreased CAT activity and
glutathione concentration levels in women patients with BC and they concluded that the
biochemical changes in CAT and GSH levels can be viewed as biomarkers for the early
detection of recurrent disease as well as for tracking the patients’ response to therapy dur-
ing follow-up [98]. Zinczuk et al. found that the activity of SOD was significantly higher
whereas the activity of CAT, GPx and GR was considerably lower in colorectal cancer (CRC)
patients compared to the control group (p < 0.0001). They concluded that redox biomarkers
can be potential diagnostic indicators of CRC advancement [99]. In addition, Glorieux
et al. showed that CAT overexpression in mammary cancer cells leads to a less aggressive
phenotype and an altered response to chemotherapy. The proliferation and migration
capacities of MCF-7 cells were impaired by the overexpression of CAT as compared to
parental cells. Regarding their sensitivity to anticancer treatments, they observed that cells
overexpressing CAT were more sensitive to paclitaxel, etoposide and arsenic trioxide. How-
ever, no effect was observed in the cytotoxic response to ionizing radiation, 5-fluorouracil,
cisplatin or doxorubicin. Finally, they observed that CAT overexpression protects cancer
cells against the pro-oxidant combination of ascorbate and menadione, suggesting that
changes in the expression of antioxidant enzymes could be a mechanism of resistance of
cancer cells toward redox-based chemotherapeutic drugs [97].

These findings show that CAT can be a biomarker for the early detection, prognosis,
and treatment of BC and cancer in general.
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3.2.3. Glutathione Peroxidase (GPx)

The main defense systems against the damage caused by H2O2 and lipid hydroper-
oxides are glutathione, thioredoxin, and CAT [100]. GPxs are a group of enzymes that
use glutathione as a donor of reduced equivalents [101,102]. They convert H2O2 into H2O
by oxidizing the glutathione (GSSG), which returns to its reduced form (GSH) through
the action of the NADPH-dependent GR enzyme [102]. These enzymes are characterized
by having selenium–cysteine in their active site and can reduce organic and inorganic
hydroperoxides [100]. So far, based on their structural similarities, eight GPxs have been
identified in mammalian cells [55,103,104] and their expression levels are altered in BC
(Table 1).

GPx1 has been implicated in the development and prevention of numerous cardio-
vascular diseases and cancer [55,104]. In the case of cancer, it is known that in cell culture
both GPx1 and GPx2 can prevent oxidative DNA mutations and counteract the production
of proinflammatory mediators derived from cyclooxygenase (COX)/lipoxygenase (LOX),
such as prostaglandins and leukotrienes. This capacity allows the prevention of carcinogen-
esis at least in the initial phase [105]. GPx4 regulates ferroptosis, which is an iron-mediated
cell death mechanism. This pathway has been studied in several in vitro models and is
under investigation as a potential therapeutic target for many types of cancer, including
breast, ovarian, liver, and prostate cancer [59].

3.2.4. Glutathione Reductase (GR)

GR is responsible for maintaining adequate concentrations of glutathione by convert-
ing GSSG into GSH; for that reason, its activity is relevant to maintaining the redox state of
cells [106]. It has been determined that the levels of “activity and/or expression” of GR are
increased in cancer cells, especially breast, lung, colorectal, and prostate cancer, thus affect-
ing the concentration of GSSG in the cell and responses to treatment [106–108]. In addition,
it has been found that in cell lines A-431, MCF-7, NCI-H226, and OVCAR-3, an increase
in GR activity has been associated with resistance to radiotherapy treatments [108,109].
On the other hand, GR inhibition leads to an accumulation of GSSG, making cells more
susceptible to ROS damage [110].

The use of coordinated therapies to inhibit BC growth has been proposed, such as
chemotherapies and the use of inhibitors that affect the activity of antioxidant enzymes,
such as GR [111]. An example of this is the inhibition of GR and TrxR enzymes, producing
a decrease in GSH and Trx levels in BC (Table 1). This can be considered an effective
strategy to combat tumor cells by disrupting their ability to eliminate ROS and cope with
oxidative damage [112]. Studies that have observed the inhibition of cells indicate that
their antitumor activity could be attributed to the inhibition of GR and TrxR activities [113].

3.2.5. Thioredoxin Reductase (TrxR)

TrxR catalyzes the NADPH-dependent reduction of Trx [114,115]. By preserving
protein thiols in a reduced state, Trx and TrxR help maintain a reduced cellular environment
and keep transcription factors active [116]. These enzymes are a family of selenium-
containing pyridine nucleotide-disulfide oxidoreductases [117]. There are three isoforms
of TrxR (Table 1): TrxR1 located in the cytosol, TrxR2 located in the mitochondria, and
TrxR3 or thioredoxin glutathione reductase, which is located mainly in the testes, where it
participates in the maturation of the sperm [89,118].

TrxR1 is an oxidoreductase that has an active site with a dithiol disulfide, which
in turn reduces oxidized cysteine residues in cellular proteins. This cytosolic enzyme is
overexpressed in many types of human cancers, including BC, which is the reason for
its usage as a biomarker [118,119]. Regarding TrxR2, it has been suggested that it has a
protective role in cells during exogenous attacks such as radiation and certain anticancer
drugs. It has been suggested that along with Prx, it regulates the release of cytochrome c,
protecting cells from cancerous apoptotic processes [120].
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3.2.6. Peroxiredoxin (Prx)

Prxs are a family of peroxidases that are divided into six groups (Prx I–VI), and all of
them can reduce H2O2 through Trx or other oxidative substrates [67]. They play a role as
H2O2 sensors in cell signaling and differentiation systems, apoptosis, and redox homeosta-
sis [73,121]. Human Prxs are expressed in different subcellular compartments [82] and the
specific function of each isoform is related to their oligomeric and redox states [122]. Those
oligomeric states could be influenced by ionic strength, pH, or protein concentration [123].
Moreover, they can be inhibited by tyrosine or threonine phosphorylation, and also by
hyperoxidation [82]. These enzymes are also known as redox relays, yet they can transfer
disulfide groups through proteins for redox signaling [124].

Prxs are overexpressed in many cancer tissues, suggesting that their proliferative
effect could be related to the development or progression of the disease [67]. Mammalian
tumors show high levels of Prx expression, indicating that antioxidant defenses provide a
survival advantage for tumor development (Table 1). Consequently, Prx inhibitors are being
explored as therapeutic agents in different cancer models and this enzyme is proposed
as a potential biomarker in cancer due to the overexpression profiles found in malignant
mammalian cells associated with survival [125].

4. Dichotomy of Some Antioxidant Enzymes

There is a “dichotomy” regarding the role of some antioxidant enzymes in cancer [126,127].
An example of this phenomenon is observed in the case of CAT, where a decrease in the
activity of this enzyme is observed in BC; however, its activity has been positively correlated
with advanced invasive and metastatic phenotypes in vivo in BC [94,127]. This enzyme
is also frequently found to be decreased in acute myeloid leukemia (AML) and colorectal,
pancreatic, and prostate cancers [40].

On the other hand, there is sufficient evidence from experimental and clinical studies
regarding high levels and activity of SOD in tumor tissues [128]. In the most recent study
on SOD dichotomy, researchers evaluated the levels of Mn-SOD, CuZn-SOD, and other
antioxidant enzymes such as CAT and GPx in both tumors and adjacent non-tumor tissue
from colorectal cancer patients. That study found that tumors exhibited higher levels
of Mn-SOD. Notably, this enzyme’s level increased in stages II and III in comparison to
stage I and the precancerous stage [129]. Moreover, some researchers claim that SOD2
undergoes a functional shift, transitioning from a tumor initiation suppressor to an actual
tumor promoter, contributing to the progression toward more malignant phenotypes once
the disease is established [130]. These observations are further supported by highlighting
the importance of aerobic glycolysis in the survival of tumor cells [130]. Increased Mn-
SOD suppresses mitochondrial oxidative phosphorylation and leads to the activation of
MAPK where glucose is metabolized through glycolysis [128]. The change in the glycolytic
phenotype of malignant cells is considered an adaptative advantage that reduces their
dependence on mitochondrial respiration and allows them to proliferate and invade normal
peritumoral tissue [131].

In humans, most Prxs show an increase in their expression levels during BC devel-
opment [67,73]. Altered expression levels of CAT and Prx2 enzymes have been identified
in nipple secretions [132], as well as the Prx2 and Prx6 in the serum of BC patients [133].
Furthermore, the detection of elevated levels of Prx1 in biopsies is associated with a better
prognosis in estrogen receptor-positive BC [134]. Although its mechanism to protect cancer
cells remains unclear, Prx is also known for participating in signaling pathways such as cell
proliferation and death [121].

The functions of GPx change depending on the type of cancer and the type of study.
GPx1 can reduce tumor growth, indicating its inhibitory effect on tumorigenesis [135].
GPx1 expression is decreased in BC [136], while in colorectal cancer, GPx2 expression
is increased [137]. Conversely, in prostate intraepithelial neoplasia, its expression is de-
creased [138], which suggests that GPx2 shows diverse and complex functions in tumori-
genesis. Furthermore, GPx3 is considered a tumor suppressing protein [139], and its
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expression is decreased in patients with Barrett’s esophagus [140], endometrial adeno-
carcinoma [141], and breast and prostate cancers [142]. GPx4 is also considered a tumor
suppressor [135,139]. On the other hand, GPx7 has potential tumor suppressive effects
in gastric and esophageal adenocarcinoma [143]. The roles of GPx5, GPx6, and GPx8 in
tumorigenesis are still unclear [54].

Despite the large amount of information found in the literature on GR and TrxR,
insufficient data have been found to support their possible dichotomous role in cancer.

5. Ferroptosis

In the treatment of BC, resistance to apoptosis has been observed. Consequently,
new procedures or therapies aimed at inhibiting its progression have been sought [59].
In this sense, ferroptosis, a type of cell death that is characterized by an excess of lipid
peroxidation induced by ROS, might represent an effective treatment against aggressive
tumors resistant to traditional drugs [54,59,144]. In BC, the modulators associated with
ferroptosis are glutathione, GPx4, Prxs, iron, Nrf2, SOD, lipoxygenase, and coenzyme Q
(Figure 2) [145].
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Figure 2. Relationship between antioxidant enzymes and ferroptosis. GPx4, Prx6, and GR act as
negative regulators of iron-mediated death. GPx4 and Prx6 use GSH as a reducer and by inhibiting
them it is possible to activate ferroptosis. Similarly, the concentration of these selenoproteins can be
reduced by inhibition of selenophosphate synthetase 2 (SEPHS2), which is necessary for cancer cells
to detoxify the selenide that enters through SLC7A11 and is useful in its biosynthesis. Furthermore,
the GSH content can also decrease due to the activation of SOD and the modulation of the cystine-
glutamate antiporter (SLC7A11) by TrdxDC12. Also, the inhibition of CAT causes the accumulation
of Fe2+, favoring the Fenton reaction and, in turn, ferroptosis.

In the case of GPx4, it has been shown that its inactivation results in an effective
eradication of cancer cells by inducing cell death through ferroptosis [59,146]. As a result
of this discovery, several pharmacological therapies have been developed to activate
ferroptotic cell death by targeting GPx4. These therapies act on the biosynthesis, activity, or
degradation of this enzyme [147–149].
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Regarding CAT, it has been observed that thiosemicarbazone (BT-Br), a benzalde-
hyde derivative and an effective inhibitor of this enzyme, increases ROS levels in DU145
castration-resistant prostate cancer (CRPC) cells. BT-Br can induce endoplasmic reticulum
stress and subsequent autophagy in these cells, causing the degradation of ferritin heavy
peptide 1 (FTH1) and the accumulation of Fe2+. Consequently, these effects promote the
Fenton reaction and •OH is produced, inducing ferroptosis in DU145 cells and eventually
reducing CRPC tumors. Overall, CAT inhibition has the potential to be a novel strategy
to induce ferroptosis of cancer cells through the dual regulation of ROS levels and iron
ions [150].

Moreover, GR is inversely related to ferroptosis because when it is overexpressed
in cancer cells it regulates GSH homeostasis, rendering the cells insensitive to this pro-
cess [151]. Concerning Prxs, Prx6 has been described as a negative regulator of cell death
via ferroptosis, and it is suggested that through its Ca2+-independent phospholipase A2
inhibitory activity it eliminates the fatty acid hydroperoxide (LOOH), which protects cells
against iron death. Therefore, its deletion results in a potential target for cancer therapy by
inducing ferroptosis [152].

Regarding the role of the Trx/TrxR system in the regeneration of GSH, which protects
against ferroptosis, TrxR should participate along with GPx4 in antiferroptotic activity.
However, this is not the case, as the loss of TrxR1 protects pancreatic cancer cells from
ferroptosis by inhibiting GPx4. The authors found that the loss of TrxR generates an increase
in GPx4 protein levels by increasing the cellular pool of selenocysteine. Selenocysteine is
an amino acid found in low intracellular concentrations, yet it is essential for the structure
and function of both polypeptides. Hence, the disappearance of one induces the biogenesis
of the second [153]. Certain drugs have been created to interfere in the redox homeostasis
through the inhibition of TrxR and by inducing the death process through ferroptosis,
which allows tumor cells to be sensitized to radiotherapy treatments [154].

However, despite how promising the induction of ferroptosis seems to be in the
treatment of BC, further tests and a thorough examination of its safety and adverse effects
in vivo must be carried out since preliminary studies have not reached clinical trials in
human cancer therapy. Furthermore, it is necessary to consider that inhibiting CAT, GPx4,
Prxs, TrxR, and other antioxidant enzymes can cause adverse reactions in other organs and
tissues, which hinders their widespread application in human cancer. For these reasons, the
development of inhibitors and more effective and specific targeting methods are needed to
achieve optimal effects in the selective elimination of resistant human cancers, as well as
the reduction of the potential adverse effects associated with ferroptosis.

6. Nanotechnology Applied to the Clinic

Nanotechnology has emerged as a valuable tool that can be used to address the prob-
lem of cancer. Compared to conventional medicine, nanoparticles (NPs) offer advantages
such as biocompatibility and affinity, lower immunogenicity [155], higher half-time life of
attached drugs in blood circulation, specific accumulation in cancer tissues for a longer and
more accurate effect [156], metastasis prevention [157], cell cycle arrest [158], and metabolic
stress due to the low glycolysis level. Additionally, leveraging these characteristics, NPs
can function as imaging agents for tumor monitoring and as a way to remodel the mi-
croenvironment with minimal to no toxic side effects on the patients [159]. Figure 3 and
Table 2 show some of the compounds that have been employed in the treatment of BC
using nanotechnology and antioxidant enzymes.
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Within the NPs, nanozymes (artificial enzymes) have been developed to combine
the characteristics of nanomaterials and enzymes. Natural enzymes often entail high
production costs, susceptibility to denaturation and inactivation, and low yields, which
make their application in different procedures difficult. However, nanozymes have high
catalytic activities and share properties with nanomaterials, which could improve natu-
ral enzyme deficiencies. Nanozymes have been developed for CAT, SOD, oxidase, and
peroxidase [182].

On the other hand, many drugs used in BC treatment increase the ROS levels to induce
cell damage but the cytoprotective effect of antioxidant enzymes allows the cells to adapt
to the new conditions and then survive. In this case, the metal particles coupled in NPs
can directly inhibit antioxidant enzymes, and the carried chemical compounds’ action is
effectively enhanced [179].

For example, the use of manganese dioxide (MnO2) and gold–platinum (Au-Pt) NPs
helps to modify the tumor immunosuppressor microenvironment because they act as
generators of radioactive nano-oxygen (nanobubbles composed of gas such as oxygen),
improving the infiltration of cytotoxic T cells, affecting the cancer cells’ metabolism and
reducing their proliferation by downregulating the expression of hypoxia-inducible factor
1α (HIF-1α) and C-MYC [183], and consequently, tumor progression [184,185].

In addition to this, the use of LaFeO3 perovskite nanocrystals–enzymes, which present
enzyme-mimicking activities, including oxidase, peroxidase, GPx, and CAT activities,
reverse the hypoxic microenvironment and the depletion of endogenous glutathione and
promote the continuous production of ROS and the process of pyroptosis, presenting an
alternative in the treatment of BC [186].

Moreover, nanozymes can be coupled to carbon nanotubules; for instance, a peroxidase
activity nanozyme comprising a 1D ferriporphyrin covalent organic framework coated on a
carbon nanotube (COF-CNT) with a conductor hydrogel can be injected into tumor tissues
to generate ROS. Its use in the treatment of 4T1 BC, in mice, demonstrated that carcinoma
was significantly suppressed [187].

It is known that NPs diminish the adverse effects of common cancer therapies [188]
but their self-side effects are not well-documented yet and some of them can cause toxicity
via cellular function disruption and initiate cell degradation through autophagy (e.g.,
gold, titanium dioxide or zinc oxide particles) [156]. Therefore, NPs must fulfill specific
characteristics for clinical usage: 1. They need to be made of biocompatible and nontoxic
elements, 2. their size should be small (10–200 nm), 3. more than 50% of the chemical
compound is required to be encapsulated within the particle, 4. NPs should be stable in
the physiological environment to prevent sequestration or agglomeration in undesirable
sites, 5. they must have a reasonable circulation time, 6. they should target specifically the
selected tissue or cell type, 7. the release of the attached compounds needs to be biological
or extrinsically controlled, and finally, 8. the clearance of the particle needs to be ensured
to prevent cumulative or long-term effects [188]. The developed NPs do not meet most
and certainly not all of these characteristics, but with the required studies (absorption,
metabolism, excretion, etc.) their application would improve the future of BC treatments.

The use of various types of NPs (liposomes, polymeric compounds, micelles, den-
drimers, carbon nanotubes, etc.) has achieved significant advances in BC treatment due to
their advantages compared to conventional therapies, such as reduced pharmaceutical toxi-
city and overcoming the chemoresistance of chemotherapy [189]. However, there are still
several problems that remain to be addressed, so it is necessary to develop safer and more
efficient BC treatments based on nanotechnology combined with the classical biochemical
and immunological tools that have shown good results.

Many drugs used in the treatment of BC increase ROS levels to induce cellular damage,
but the cytoprotective effect of antioxidant enzymes allows cells to adapt to the new
conditions and then survive. In this case, metal particles coupled in NPs can directly inhibit
antioxidant enzymes, and the action of the transported chemical compounds is effectively
enhanced [179].
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BC can be classified into three main groups based on their molecular and histological
differences: BC expressing hormone receptors [estrogen receptor (ER+) or progesterone
receptor (PR+)], BC expressing human epidermal receptor 2 (HER2+), and triple negative
breast cancer (TNBC) (ER−, PR−, HER2−) [190,191]. In addition, TNBC is divided into six
categories: basal-like 1 (BL-1), basal-like 2 (BL-2), immunomodulatory (IM), mesenchymal
(M), mesenchymal stem cell-like (MSL), and luminal androgen receptor (LAR) [190], which
makes the treatment protocol more complex. Therapy must be based on the molecular and
histological characteristics of the type of BC.

Different investigations have been conducted to determine the efficiency of NPs on
different types of cancer; among them, the incorporation of hormonal agents into NPs
coated with polyethylene glycol to enter BC cells are working [192]. Furthermore, Gao et al.
incorporated the TYKERB, lapatinib, into lipid NPs to improve their blood circulation time
and bioavailability [193,194]. Other studies have indicated that BC cells could easily take up
lipid NPs, thereby reducing tumor growth in mice. One of the key limitations of the clinical
use of RNA is its rapid intravascular degradation. According to the findings of Wang
et al. [194] in this regard, RNA loading onto lipid NPs caused an increase in intracellular
siRNA uptake by MDA-MB-468 TNBC cells in vitro. In photothermal ablation (PTA), NPs
(especially metallic NPs such as gold and silver) could produce heat at temperatures above
50 ◦C in BC tissues by absorbing and transforming energy from near-infrared waves, which
results in the disruption of the cancerous tumors through necrosis.

Finally, the continuous development of NPs technology allows them to act on different
types of BC. This generates greater efficiency in the death of cancer cells, which considerably
reduces the toxic effects of traditional treatments (e.g., chemotherapy). In addition, the
pharmacological effect becomes more effective and long-lasting, so healthy tissues are
not affected. Hence, future research in this regard is expected to be directed toward the
use of specific NPs at human clinical levels with minimal damage to surrounding healthy
cells [156].

7. Conclusions

BC has a very high incidence worldwide, particularly in Latin America. Public health
systems in this part of the world are seriously lagging in terms of prevention, a timely
diagnosis and adequate guidance for patients with BC. This delay increases the mortality
rate due to the poor availability of medications, long waiting lists for screening and clinical
diagnosis, a low number of centers specialized in cancer care, a lack of trained personnel,
centralization of health services, social inequality, and a deficiency of campaigns that
encourage self-examination, among others. For these reasons, it is necessary to improve
public health policies to strengthen research, development and the implementation of
new oncological treatments, complementary to existing ones, to benefit a greater number
of patients. Furthermore, it is necessary to implement new therapeutic targets, using
antioxidant enzymes and biotechnological strategies such as ferroptosis and NPs, which
will allow patients to be offered a more efficient treatment with fewer side effects, providing
a better quality of life.
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Abstract: Photodynamic therapy (PDT) is a selective tumor treatment that consists of a photosensitive
compound—a photosensitizer (PS), oxygen, and visible light. Although each component has no
cytotoxic properties, their simultaneous use initiates photodynamic reactions (PDRs) and sequentially
generates reactive oxygen species (ROS) and/or free radicals as cytotoxic mediators, leading to
PDT-induced cell death. Nevertheless, tumor cells develop various cytoprotective mechanisms
against PDT, particularly the adaptive mechanism of antioxidant status. This review integrates an
in-depth analysis of the cytoprotective mechanism of detoxifying ROS enzymes that interfere with
PDT-induced cell death, including superoxide dismutase (SOD), catalase, glutathione redox cycle,
and heme oxygenase-1 (HO-1). Furthermore, this review includes the use of antioxidant enzymes
inhibitors as a strategy in order to diminish the antioxidant activities of tumor cells and to improve
the effectiveness of PDT. Conclusively, PDT is an effective tumor treatment of which its effectiveness
can be improved when combined with a specific antioxidant inhibitor.

Keywords: photodynamic therapy; superoxide dismutase; catalase; glutathione redox cycle; heme
oxygenase-1; antioxidant inhibitors; cancer

1. Introduction

Photodynamic therapy (PDT) is a selective tumor treatment that has been approved
by the United States Food and Drug Administration (FDA) since the late 1990s [1–3]. PDT
generates cytotoxic reactive oxygen species (ROS), including singlet oxygen (1O2), hydroxyl
radicals (HO•), and superoxide anions (O2

•–), in the presence of oxygen, through various
types of photodynamic reactions (PDRs). In order to initiate a PDR, a photosensitizer (PS)
needs to be activated by visible light of a specific wavelength. The light excites the electron
of the PS in the ground state into an excited singlet state. Then, the excited PS can return
to its ground state, producing photon emission (fluorescence), or convert to a triplet state
through intersystem crossing. Eventually, the excited triplet state PS transfers its electrons
to the formation of free radical species (e.g., hydroxyl radicals and superoxide anions) and
oxidizes the subcellular substrates as type I PDR electron transfer. In the meantime, the
excited triplet state PS can transfer energy to oxygen molecules for the formation of singlet
oxygen and can cause cell death via type II PDR energy transfer. It is important to note that
both type I and II PDRs are oxygen-dependent reactions that can proceed simultaneously
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depending on PS properties and the cellular oxygen level [4–6]. Recently, PDRs have been
additionally classified into types III and IV based on the direct activation of the PS. After
activation, types III and IV PDRs can immediately exert cytotoxicity and require neither
additional reactions nor oxygen molecules [7–10].

The anticancer effects of PDT-induced therapy are classified into three mechanisms
depending on the properties of the PS, light dosage, and tumor environment, as follows:
(1) irreversible direct cell killing—the cytotoxic ROS directly injures organelles of cancer
cells, which results in the induction of several cell death pathways, including conventional
(apoptosis, autophagy, and necrosis) and “non-conventional” pathways, such as ferroptosis,
mitotic catastrophe, paraptosis, pyroptosis, parthanatos, necroptosis, and immunogenic
cell death (ICD); (2) vasculature damage—the PS, localized in the endothelial cells, destroys
blood vessel walls, resulting in blood supply interruption; and (3) inflammation and
immune responses—PDT can trigger inflammatory and immune responses by recruiting
inflammatory mediators, e.g., cytokines, leukotrienes, and tumor necrosis factors [5,11–16].
PDT surpasses conventional chemotherapy in various aspects, especially in specificity
and efficacy. The enhanced permeability and retention (EPR) effect, resulting from the
leaky tumor vasculature, combined with the overexpression of low-density lipoprotein
receptors, enables the passive delivery of the PS to tumor sites [17]. As a result of PS
exposure to visible light of a specific wavelength, precise radiation is delivered to the
tumor niche. This, in turn, triggers a PDR, producing cancer cell-specific ROS. Moreover,
PDT often shows minimal cross-resistance with chemoresistance, radioresistance, or other
PSs [18]. Combining PDT with other therapeutic modalities, such as surgery, chemotherapy,
radiotherapy, and immunotherapy, can synergistically improve treatment outcomes [19–
22].

Although the first PS was clinically introduced in 1978, many aspects of PDT still need
refinement, especially regarding the hypoxic conditions in the tumor environment and
the specific wavelength required for the excitation of the PS [2,23]. Despite PDT having
many advantages, some factors limit its widespread use in clinical practice. First and
foremost, in the classical understanding of PDT, oxygen is necessary for the cytotoxic effect
to occur during PDT. Tumor hypoxia is not only considered the cause of cell resistance
against chemo- or radiotherapy but also lowers the effectiveness of PDT, whether in vitro,
pre-clinical, or clinical. Hypoxia is a well-known tumor feature and many regions of the
tumor show deficient oxygen levels (less than 5 mmHg partial pressure of oxygen (pO2);
5 mmHg corresponds to approximately 0.7% O2 in the gas phase or 7 µM in solution) [24].
The effectiveness of PDT, especially that which is mainly mediated by oxygen-dependent
type II PDRs, is eventually diminished due to a lower ROS production in the hypoxic
environment of tumor cells [20]. Moreover, the wavelength of visible light must be specific
to the PS to initiate the PDR. Nonetheless, the optical window to penetrate the tissue in
PDT has been limited to only between 600 and 800 nm (red to deep red). More than 800
nm of light does not provide enough energy to activate the PS and produce ROS. At the
same time, up to 600 nm light could be absorbed by water, leading to the minimization
of the penetration of irradiation through the tissue, causing ineffectiveness against deep
tumor sites. The light of a wavelength between 700 and 800 nm can penetrate deep
into the tissue, approximately 1 cm, whereas 600 nm is limited to only 0.5 cm [25]. The
absorption spectra of significant chromophores in tissues, i.e., cytochromes, melanin,
water, deoxyhemoglobin, and oxyhemoglobin, were reported by Plaetzer’s group [26].
It is important to note that hemoglobin and oxyhemoglobin exhibit similar absorption
wavelengths to some photosynthesizers used in PDT. Certain studies suggest that PDT
may elevate the production of methemoglobin and deoxygenated hemoglobin, particularly
under the conditions of hemolysis [27–30]. Consequently, there is no ideal visible light for all
PDT indications. To select the optimal wavelength, one should consider the characteristics
of the PS, such as its fluorescence excitation and action spectra, dosimetry factors like
light dosage, exposure time, delivery mode, fluence rate, and disease attributes, including
accessibility, location, size, and tissue specificity [19,31–34].
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Another issue affecting PDT’s efficacy is the compensatory pathways activated in can-
cer cells in response to treatment. Cancer cells deploy different cytoprotective mechanisms,
including the control of (1) antioxidant molecules levels, (2) enzymes in ROS detoxification,
and (3) expression of specific genes encoding proteins in response to PDT [35]. Typically,
cells balance between cellular oxidants and antioxidants under physiological conditions
through redox homeostasis, which the ROS control at sub-micromolar levels. Paradoxically,
cancer cells produce elevated ROS levels as an adaptive mechanism, sustaining a consis-
tently pro-oxidative state that promotes tumor initiation and progression [36]. However, if
ROS levels are extremely high, they can lead to tumor cell death. Therefore, this adaptive
mechanism develops antioxidant systems against excessive ROS and becomes redox re-
setting, contributing resistance to various ROS-mediated tumor therapies, including PDT
(Figure 1) [37,38].

Figure 1. Relationship between reactive oxygen species (ROS) level and cancer cell progression.
Modified from Liu et al., Gorrini et al., and Nakamura et al. [38–40]. Created with Biorender.com.

To date, targeting redox proteins has been proposed as a potential strategy to enhance
the therapeutic efficacy of various anticancer modalities, such as chemotherapy, radiother-
apy, and PDT. However, it should be emphasized that antioxidant therapeutic strategies
in cancer are quite complex, as they may involve both the supplementation of and the
reduction in antioxidant activity in cancer cells. The beneficial effects of antioxidants are
linked to their ability to mitigate the side effects of excessive free radical formation during
anticancer treatments. Additionally, free radicals/ROS play crucial roles in tumorigenesis
and cancer development. However, in the context of ROS-mediated therapy, decreasing
antioxidant activity is particularly interesting, and certain selected agents or naturally oc-
curring compounds have also been tested. In this review, we provide an in-depth analysis
of the cytoprotective mechanisms of detoxifying ROS enzymes, generally considered as
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antioxidant enzymes that interfere with PDT-induced cell death. This paper will focus
on three main antioxidant enzymes, as follows: superoxide dismutase, catalase, and the
glutathione redox cycle. The relationships between these enzymes are depicted in Figure 2.
Moreover, in this review, we also focused on heme oxygenase, since several reports showed
the promising results for combining its inhibitor with PDT.
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thioredoxin reductase [41].

2. Antioxidant Enzymes Responsible for ROS-Mediated Treatment Resistance
2.1. Superoxide Dismutase (SOD)

Superoxide dismutases are the central antioxidant enzymes in the oxidoreductase
group of the ROS defense system responsible for the dismutation of a rapidly reactive ROS,
the superoxide anion (Figure 2) [42]. The superoxide anion is generated by various intracel-
lular sources, including the mitochondrial electron transport chain (ETC), NADPH oxidase
(NOX), nitric oxide synthase (NOS), lipoxygenase, xanthine oxidase (XO), cyclooxygenase
(COX), cytosolic xanthine oxidase, cytochrome P450 mono-oxygenases, and mitochondrial
enzymes (Mits) [40,43]. Under the pathological conditions of cardiovascular diseases, the
superoxide anion causes oxidative stress and redox imbalance toward ROS/reactive nitro-
gen species (RNS)-related pathways. The simplest way is the protonation of the superoxide
anion to a hydroperoxyl radical (HO2

•), a strong oxidant that can further trigger lipid
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peroxidation [44–46]. An antioxidant, nitric oxide (NO), rapidly reacts with the superoxide
anion, producing the strong oxidant, peroxynitrite (ONOO−), disrupting both endothelial
and mitochondrial functions, leading to atherosclerosis, diabetes, hypercholesterolemia,
hypertension, and aging [47,48]. The superoxide anion facilitates the generation of the
highly toxic hydroxyl radical via reducing ferric iron (Fe3+) to ferrous iron (Fe2+) via the
Haber–Weiss reaction, before reacting with H2O2 and turning back to Fe3+ via the Fenton
reaction [46,49]. SODs are responsible for removing ROS via the catalysis of the superoxide
anion to H2O2 involved with catalases, thioredoxin-peroxiredoxin, and glutathione. The
scavenging mechanism of SODs has been called the “ping-pong” mechanism as it relates to
both the reduction and the oxidation of catalytic metals, such as copper (Cu) or manganese
(Mn) at the active site of the enzyme [42,50].

There are three distinct isoforms of SODs in mammals (Table 1). SOD1 (copper- and
zinc-containing SOD) is localized in intracellular cytoplasmic compartments, including
the cytoplasm, mitochondrial intermembrane space, lysosomes, peroxisomes, and nucleus.
It regulates NOX2 activity, increasing endosome superoxide anions. Then, it catalyzes
the dismutation of superoxide anions at the endosomal surface and produces localized
hydrogen peroxide (H2O2), leading to the activation of the transcriptional factor NF-kB
(nuclear factor kappa-light-chain-enhancer of activated B cells) [51]. However, SOD1 in the
nucleus is essential for protecting against the oxidative DNA damage caused by H2O2. It
acts as a transcriptional factor that regulates the expression of oxidative response genes,
resulting in oxidative stress resistance [52]. SOD2 (manganese-containing SOD), specifically
localized in the mitochondria matrix, generates H2O2 signaling inside the mitochondria,
regulating blood vessel formation, cell differentiation, and pulmonary hypertension de-
velopment [42,53]. SOD3 (copper- and zinc-containing SOD) is localized in the vascular
extracellular space, extracellular matrix, cell surface, plasma, and extracellular fluids (i.e.,
lungs, blood vessels, kidneys, uterus, and heart). It plays a vital role in maintaining the
redox homeostasis of the tissues from oxidative and inflammatory damage. It is also well
known to possess anti-angiogenic, anti-inflammatory, antichemotactic, antiproliferative,
and immunomodulatory properties [42,54–56].

In unhealthy cells, SODs impair the apoptosis induction of tumor cells by interrupting
the hypochlorous acid (HOCl) and NO/peroxynitrite signaling pathways. Tumor cells
require a high production rate of extracellular superoxide anions and H2O2 to maintain
their development and progression [57–59]. On the other hand, H2O2 is a primary substrate
for HOCl generation in the pathway of apoptosis-mediated PDT, namely HOCl signaling
(Figure 3). HOCl is a potent oxidizing agent and, under physiological conditions, is mainly
generated by the interaction between H2O2 and the chloride anion (Cl−), catalyzed by
peroxidases (PODs), such as myeloperoxidase (MPO) or the peroxidase domain of dual oxi-
dase (DUOX) [60,61]. After interaction with extracellular superoxide anions in tumor cells,
HOCl yields an apoptosis-induced hydroxyl radical, which results in selective anti-tumor
activity. Hence, the anti-tumor activity of HOCl signaling correlates with the hydroxyl
radical level, which depends on the superoxide anion and HOCl levels in tumor cells.
Hydroxyl radicals can reach the cell membrane and trigger lipid peroxidation, specifically
in the membrane of tumor cells. Then, apoptosis is activated in the mitochondrial pathway
relating to caspase-9 and -3 activity [62–66]. Furthermore, HOCl modulates immune re-
sponse through an accumulation of neutrophils and the induction of tumor necrotic factor
α (TNFα) production in peripheral blood mononuclear cells, contributing to inflammatory
responses [67,68].

Another trail of apoptosis-mediated PDT is the NO/peroxynitrite signaling pathway
(Figure 3). NO plays a vital role in both metabolic and cardiovascular balance, boasting
properties that promote vasodilation, combat inflammation, and prevent thrombosis, as
well as acting as an antioxidant [69]. Yet, when NO swiftly interacts with superoxide anions,
it results in the formation of a potent oxidant known as peroxynitrite. This formidable
oxidant has the capacity to modify a range of molecules. Among its targets are the heme
of soluble guanylate cyclase, various lipids, and the endothelial NOS cofactor BH4. Such
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interactions can result in mitochondrial dysfunction, escalated ROS production, and lipid
peroxidation [42]. Furthermore, peroxynitrite can be protonated to peroxynitrous acid
(ONOOH) before decomposing to nitrogen dioxide (NO2) and the apoptosis-inducing
hydroxyl radical. This protonation can specifically occur in the membrane of tumor cells,
due to the acidic conditions in the presence of the proton pump of tumor cells. The in-depth
mechanisms of HOCl and NO/peroxynitrite signaling have been thoroughly explained by
Bauer and co-workers [70,71].
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All isoforms of SODs are responsible for scavenging extracellular superoxide anions
and converting them into H2O2. Next, H2O2 can be converted to H2O by catalase, per-
oxiredoxins (Prxs), or glutathione peroxidases (GPxs). Thus, they interfere with HOCl
signaling by lowering the extracellular superoxide anion levels, leading to diminishing
hydroxyl radical production and HOCl-mediated apoptosis induction (Figure 4) [71]. Like-
wise, NO/peroxynitrite signaling has been intercepted by SODs by preserving NO within
the endothelium and preventing its interaction with superoxide anions, leading to a de-
crease in peroxynitrite formation. These mechanisms imply the evolution of free radical
resistance within ROS/NOS apoptotic signaling pathways in tumor cells associated with
SODs [42,72]. Bauer et al. reported that HOCl-mediated apoptosis induction was entirely
inhibited by SOD2 treatment in gastric carcinoma MKN-45 cells [62]. They also confirmed
that extracellular superoxide anion concentration in tumor cells could be increased by SOD
inhibition. Likewise, pretreatment with a neutralizing antibody against SOD increased
the cell sensitivity to HOCl-mediated apoptosis by increasing the HOCl concentration in
a model of murine melanoma B16F10 cells. It suggested that SOD inhibition increased
both the production of available superoxide anions and HOCl signaling [62]. Liu and
co-workers discovered that the elevated protein level of SOD2 was associated with lymph
node metastasis in a tongue squamous cell carcinoma (TSCC) model [73,74]. Among three
TSCC cell lines, UM1 possessed the highest migration and invasion abilities correlated with
the highest SOD2 protein level and activity. In addition, the H2O2 production and prolifer-
ation rate of UM1 cells were significantly higher than UM2 cells, another TSCC cell line
with lower migration and invasion abilities. On the contrary, the aggressiveness of TSCC
was reduced after knockdown of the expression of the SOD2 gene. UM1 transfected with
SOD2 shRNA showed lower migration and invasion abilities, H2O2 production, and cell
proliferation rate. Therefore, the migration and invasion abilities of TSCC were dependent
on the production of H2O2 that was regulated by SOD2 [75].
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Figure 4. Cytoprotective mechanism of superoxide dismutase (SOD) through hypochlorous acid
(HOCl) and nitric oxide (NO)/peroxynitrite signaling in tumor cells.

Various evidence indicates the impact of SODs on the effectiveness of PDT. An im-
mortalized T lymphocyte cell line, Jurkat, characterized by an enhanced SOD2 activity due
to transfection with a gene encoding wild-type SOD2, showed a significant decrease in
the generation of superoxide, activation of caspase-3, and apoptosis-induced cell death
after PDT treatment, silicon phthalocyanine Pc 4, when compared with cells transfected
with the control vector [76]. In contrast to the cell expressing wild-type SOD2, the Jurkat
cells expressing mutated SOD2 were characterized by enhanced apoptosis-induced cell
death after Pc 4 treatment, due to an increased generation of superoxide, activation of
caspase-3, and apoptosis-induced cell death. These results were subsequently confirmed
by comparing the mouse embryonic fibroblasts (MEFs) derived from SOD2-knockdown
(Sod2 −/−) and wild-type (Sod2+/+) mice. Pc 4-based PDT, apoptosis-induced cell death
was enhanced in Sod2 −/− MEFs through the induction of caspase-3-like activity, nuclear
apoptotic changes, and ceramide accumulation compared with Sod2+/+ MEFs [76]. The
intravenous administration of SOD2 following PDT treatment meaningfully reduced the
curative effect of Photofrin-based PDT in SCCVII (squamous carcinoma cells) and RIF-1
and FsaR (fibrosarcoma cells) implanted in syngeneic C3H/HeN and BALB/c mice, respec-
tively [77]. These results indicated that SOD could attenuate the cytotoxic effects of the
superoxide radical generated by PDT, which promotes oxidative stress at the endothelium
and NO/peroxynitrite-mediated apoptosis [77].

Soares’ group showed that SOD2 activity affected the cytotoxicity of PDT differently,
depending on the main cytotoxic mediators of PDT [78]. Human lung adenocarcinoma
A549 cells that exhibited lower SOD2 and catalase activities after PDT treatment were more
sensitive to the cytotoxic superoxide anions and singlet oxygen produced by redaporfin-
based PDT than mouse colon adenocarcinoma CT26 cells, but were resistant against the
singlet oxygen produced after temoporfin-based PDT. In contrast to A549 cells, CT26 cells,
which exhibited a higher activity of SOD2 and catalase after PDT treatment, were more
resistant to superoxide radicals and singlet oxygen from redaporfin-based PDT, but were
sensitive to the singlet oxygen from temoporfin-based PDT [78]. Consequently, SOD2
is one of the key enzymes in protecting tumor cells against cytotoxic superoxide anions
mediated by PDT. Nonetheless, the SOD1 role against PDT was not prominent. Golab et al.
showed that the addition of a cell-permeable SOD mimetic, MnTBAP, and the transient
transgenic expression of SOD2 into urinary bladder cancer T24 cells significantly decreased
cell susceptibility to the cytotoxicity of Photofrin-based PDT, compared with the control
cells. On the other hand, T24 cells transfected only with the SOD1 expression plasmid did
not show a modified cytotoxic effect from PDT [79]. In contrast, after knockdown of the
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SOD1 gene by siRNA in human cervical HeLa and oral squamous cell carcinoma Cal27 cells,
an increase in singlet oxygen levels was obtained, which enhanced the cytotoxicity of zinc
phthalocyanine-based PDT loaded into orthogonal upconversion nanoparticles (UCNPs).
Furthermore, SOD1, siRNA-containing UCNPs significantly reduced tumor growth in
Balb/c nude mice xenografted with Cal27 tumors, compared with the control [80].

2.2. Catalase

Catalase is considered a crucial antioxidant enzyme in physiological conditions due
to its catalyzing of the dismutation of H2O2 in a two-step reaction (Table 1). The first step
is the oxidation of catalase, as follows: free catalase (ferricatalase; CAT-Fe3+) is oxidized
by H2O2 into an intermediate, compound I (CAT-Fe4+O), and produces a water molecule
(Figure 2). The second step is the reduction of compound I; compound I is reduced back
to free catalase by another molecule of H2O2, producing one molecule each of water and
oxygen. In total, catalase breaks down two molecules of H2O2 into two molecules of water
and one molecule of oxygen [81,82]. Catalase is distributed throughout the body, particu-
larly in the liver, kidneys, and erythrocytes. It sequentially protects healthy cells against
ROS-mediated oxidative damage and tumor metastasis [83–85]. The importance of catalase
has been demonstrated in numerous studies. For instance, catalase overexpression in mice
mitochondria and heart extended their life span and reduced ischemia/reperfusion injury,
respectively [86,87]. The administration of catalase conjugated with polyethylene glycol
significantly inhibited hydrogen peroxide-induced lipid peroxidation in mice [88]. The
gene mutation of catalase is related to diabetes, hypertension, vitiligo, or Alzheimer’s dis-
ease [89,90]. Moreover, hereditary catalase deficiency, acatalasemia, and hypocatalasemia,
which were characterized by less than 10% and 50% of regular catalase activity, respec-
tively, caused oral gangrene ulceration in Japanese or hypertension patients [91–93]. It is
important to note that the role and activity of catalase undergoes enormous changes during
tumor development [94,95].

To avoid the apoptosis-induced effects from HOCl and NO/peroxynitrite signaling,
tumor cells establish cytoprotective systems consisting of membrane-associated catalase
as a chief enzyme. Catalase abrogates HOCl and NO/peroxynitrite signaling through
the dismutation of H2O2, the oxidation of NO, and the decomposition of peroxynitrite,
respectively (Figure 5) [96–99]. This results in a decrease in HOCl and the hydroxyl
radical production generated by HOCl and NO/peroxynitrite signaling, leading to atten-
uated apoptosis-inducing signaling in tumor cells. Interestingly, although extracellular
singlet oxygen generated by PDT can inactivate a few catalase molecules of the cancer cell
membrane and cause apoptosis, catalase still interrupts apoptosis-inducing signaling and
diminishes PDT-induced cell death [100]. On the other hand, the inactivation of catalase
may potentiate PDT-induced cell death, generating extracellular singlet oxygen. H2O2
dismutation, NO oxidation, and peroxynitrite decomposition no longer occur without
catalase activity, leading to the formation of hydroperoxide radicals that can react with
superoxide anions and generate singlet oxygen [101]. These reactions are specific in cancer
cells due to a complex interaction between H2O2 and peroxynitrite [70].

Although the level of catalase expression varies among different types of cancer, the
depletion of catalase expression or the inhibition of its enzymatic activity reduces tumor re-
sistance to oxidative damage due to ROS-mediated therapies, including PDT [102,103]. One
of the mechanisms exhibited by ROS-resistant glioma cells is the production of antioxidant
enzymes, particularly catalase. Smith and co-workers reported that rat glioma-derived
cell lines (C6, 36B10, RG2, and RT2), and human glioma cell lines (SNB19, U251, and
A172) which overexpressed catalase protein showed elevated catalase enzymatic activ-
ity [104]. Knockdown of the Cat gene in 36B10 rat glioma cells significantly increased
intracellular and extracellular ROS production, improving sensitivity against radiation
(137Cs γ-irradiator) and H2O2 treatment [104]. Moreover, a study by Kang et al. elucidated
that the synergistic action of the tumor suppressor p53 and the pro-apoptotic protein,
p53-inducible gene 3 (PIG3), led to a diminution of catalase activity during UV-induced
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apoptosis. The resulting increase in ROS production enhanced the apoptotic cell death of
HCT116, a human colon carcinoma cell line [105]. A study by Zhao and co-workers indi-
cated that among three tested human tumor cell lines, a human hepatoma cell line, HepG2
cells, showed the highest antioxidant activity regulated primarily by catalase [106]. Whilst
the glutathione redox cycle mainly controlled the other two cell lines, i.e., human cervical
HeLa and lung adenocarcinoma A549 cells. The cytotoxicity of an ROS-dependent apop-
tosis inducer, artesunate, was affected by neither a γ-glutamylcysteine synthetase (GCS)
inhibitor, L-buthionine-sulfoximine (BSO), nor glutathione (GSH) treatment in HepG2 cells.
Whereas, a catalase inhibitor, 3-aminotriazole (3-AT), and catalase silencing meaningfully
promoted sensitivity to H2O2- and artesunate-induced cytotoxicity. It was concluded
that a strong resistance against ROS in HepG2 cells was dominated by catalase activity,
while A549 and Hela cells exhibited a weak resistance against ROS due to a low catalase
activity [106].

Figure 5. Cytoprotective mechanism of catalase through hypochlorous acid (HOCl) and nitric oxide
(NO)/peroxynitrite signaling in tumor cells.

Klingelhoeffer and co-workers demonstrated that among 13 human cell lines, BT-
20, a breast carcinoma, possessed the highest catalase protein level and activity, which
led to cytotoxic resistance against the powerful pro-oxidant, H2O2, produced by ascorbic
acid [103]. Notably, catalase-silenced BT-20 cells indicated a significant reduction in catalase
protein level and its activity, which increased cell susceptibility against the ascorbic acid-
mediated cytotoxic effect via elevating cell death and caspase-3/7 activity [103]. Glorieux
et al. showed that human breast cancer cells, MCF-7, were sensitive to the combination
of pro-oxidant drugs (ascorbate/menadione). Nevertheless, the elevation of the catalase
protein level via treatment with 5-aza-2′-deoxycytidine, a DNA methyltransferase (DNMT)
inhibitor, significantly developed a cell resistance phenomenon [102]. A decrease in catalase
activity via treatment with 3-AT, a catalase inhibitor, meaningfully improved MCF-7 cell
sensitivity to the combination of pro-oxidant drugs. Notably, the catalase overexpression in
MCF-7 cells did not result in cell resistance against conventional chemotherapies such as
cisplatin, 5-fluorouracil, doxorubicin, or paclitaxel. It suggested that altering antioxidant
enzyme expression, including catalase, might cause a resistance mechanism only towards
redox-based chemotherapeutic agents in tumor cells [107]. Among 32 patients suffering
from mesothelioma, 24 (75%) cases indicated catalase expression in tumor cells. Addition-
ally, a human mesothelioma cell line, M38K, showed a high catalase protein level and the
catalase inhibition by 3-AT improved cells’ sensitivity to epirubicin [108]. In the case of PDT,
the exogenous addition of catalase potentially reduced the LD50 of hematoporphyrin-based
PDT by 60% in Ehrlich ascites carcinoma (EAC) cells, suggesting that an increase in catalase
can promote cell resistance against PDT-induced cytotoxicity [109].

2.3. Glutathione Redox Cycle

Not only is catalase responsible for removing H2O2, but is also responsible for the
removal of nicotinamide adenine dinucleotide phosphate (NADPH)-dependent antioxi-
dants; glutathione (GSH; L-γ-glutamyl-L-cysteinyl-glycine) and thioredoxin-peroxiredoxin
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redox systems facilitate elimination of H2O2 (Figure 2) [110,111]. GSH is an intracellu-
lar antioxidant molecule that plays a crucial role in maintaining redox status, xenobiotic
metabolism, and regulation of gene expression and programmed cell death (Table 1).
Two ATP-dependent enzymes regulate the synthesis of GSH, as follows: (1) glutamate–
cysteine ligase (GCL) or γ-glutamylcysteine synthetase (GCS) that facilitates the formation
of γ-glutamyl cysteine using glutamic acid and cysteine, and (2) GSH synthase (GS) that
catalyzes the addition of glycine to the dipeptide (Figure 6). The γ-glutamyl bond makes
glutathione more resistant to degradation by cellular proteases, which typically cleave
α-peptide bonds. Additionally, the presence of the γ-glutamyl bond has implications for
transporting glutathione and its precursor amino acids across cell membranes. Specific
transporters in cell membranes recognize the γ-glutamyl moiety and facilitate the uptake of
glutathione [112]. Under oxidizing conditions, GSH shows antioxidant activity via acting
as a reducing agent or electron donor to reduce H2O2, lipid hydroperoxides (LOOHs),
and peroxynitrite, before being converted to oxidized glutathione or glutathione disulfide
(GSSG) by glutathione peroxidase (GPx), resulting in a decrease in the GSH/GSSG ratio.
GSSG can be converted back to GSH using NADPH, catalyzed by glutathione reductase
(GR) [113–115].

Figure 6. The glutathione synthesis pathway and its function as an antioxidant and detoxifying agent.
Abbreviations: GCL, γ-glutamylcysteine synthetase; GS, glutathione synthetase; GR, glutathione
reductase; GPx, glutathione peroxidase; GST, glutathione S-transferase; NADPH, nicotinamide
adenine dinucleotide phosphate; X, xenobiotic.

Furthermore, glutathione S-transferase (GST), which is considered a xenobiotic-conjugating
enzyme in phase II metabolism, can further maintain the cellular redox state and defense against
cytotoxic ROS through a wide range of molecular mechanisms, such as the Jun N-terminal
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kinase, apoptosis signaling kinase 1, 4-hydroxy-2-transnonenal, and mitogen-activated
protein kinase pathway [116–121].

The glutathione redox cycle is a crucial cytoprotective mechanism against cytotoxic
ROS in tumor cells. Zhao et al. showed that the glutathione redox cycle potentially
affected ROS-mediated anticancer therapies, H2O2, and artesunate-induced apoptosis in
HeLa and A549 cells [106]. Treatment with a GCS inhibitor, buthionine sulfoximine (BSO)
eliminated the cell resistance to H2O2 and enhanced the H2O2-induced cytotoxicity in
HeLa and A549 cells, which were regulated by GPx and catalase activity. Moreover, the
pretreatment of the cells with GSH abolished the cytotoxicity of artesunate. It is important
to note that artesunate cytotoxicity was not affected by BSO or GSH treatment in HepG2
cells, which was mainly controlled by catalase [106]. The glutathione redox cycle plays
an essential role in ROS cytotoxicity generated by PDT. Lee et al. showed a crucial role of
GSH in the sensitivity of chlorin e6 (Ce6)-based PDT in two human cholangiocarcinoma
cell lines, HuCC-T1 and SNU1196 [122]. SNU1196 cells possessed higher GSH basal
levels, catalytic subunit GSC expression, and GPx and GR activity compared with HuCC-
T1 cells. Thus, HuCC-T1 cells were more sensitive to Ce6-based PDT, exhibiting three
and two times higher apoptotic and necrotic cell deaths, respectively, than SNU1196
cells. The addition of exogenous GSH to HuCC-T1 cells reduced the ROS generation
and cytotoxicity of Ce6-based PDT. At the same time, a GPx inhibitor, mercaptosuccinic
acid (MSA), displayed opposite effects in SNU1196 cells [122]. After the addition of
an exogenous GSH, GSH monoethyl ester significantly abrogated ROS induction and
apoptosis mediated by hypericin-based PDT in human colorectal cancer HCT8 and HCT116
cells [123]. Wang and co-workers reported that GPx protected MCF-7 cells against lipid
peroxidation, leading to cell resistance against singlet oxygen-induced oxidative damage
due to Photofrin-based PDT. GPx-overexpressed MCF-7 cells indicated a lower level of
a lipid peroxidation marker, LOOH, suggesting that GPx could repair lipid peroxidation.
GPx minimized membrane damage and singlet oxygen-induced apoptosis, increasing cell
survival after PDT treatment [124]. Likewise, Dabrowski et al. reported that GST facilitated
the resistance to PDT. The human kidney fibroblast K293 cell line was transfected with a
plasmid-encoding green fluorescent protein and GSTP1-1 (pIRES-GFP-GSTP) to increase
the expression of GSTP1-1. The GSTP1-1-overexpressed K293 cells showed resistance
against PDT by reducing the hypericin-based PDT cytotoxicity [117]. Furthermore, in
2004, Lu and Atkins reported that the production of ROS induced by hypericin can be
attenuated by the ligandin of GST [125]. Interestingly, hydrogen sulfide (H2S) has been
observed to diminish the activity of PDT-based therapy via ROS/RNS scavenging [126].
The cytotoxicity of 5-ALA was dramatically reduced following exposure to H2S in the
murine adenocarcinoma LM2 cell line. The outcomes were associated with an elevation of
GSH levels and catalase activity, with a reduction in singlet oxygen level [127].

2.4. Heme Oxygenase-1 (HO-1)

Heme oxygenase (HO) is known as an enzyme that metabolizes pro-oxidant heme into
the antioxidant biliverdin (which is converted to bilirubin), iron (Fe2+), and carbon monox-
ide (CO) (Table 1) [128–130]. The heme catabolism pathway is presented in Figure 7. There
are three isoforms of HO, HO-1, HO-2, and HO-3, encoded by separate genes [131–133].
Genes encode heme oxygenase-1 (Hmox1) and heme oxygenase-2 (Hmox2) that are located
on chromosome 22 and 16, respectively [134–136]. HO-1 protein (32.8 kDa) is highly ex-
pressed in spleen, liver, bone marrow, and senescent red blood cells [134,137,138], while
HO-2 protein (36 kDa) is expressed in brain, testis, and endothelial and smooth muscle
cells from cerebral vessels [139–141]. HO-3 is thought to be a pseudogene derived from
HO-2 transcripts and its function remains unknown [133].

HO-1 is known to have essential functions in heme catabolism. Moreover, it has
anti-inflammatory, anti-apoptotic, and cytoprotective effects [142–146]. Its upregulation
has been observed in response to various stressors, including oxidative stress, which may
be induced by PDT [142–146]. HO-1 expression is also regulated by several transcription
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factors, such as Nrf2 (nuclear factor erythroid 2-related factor 2), AP-1 (activator protein-1),
Bach1, and HIF (hypoxia-inducible factor) [143,144,147,148].
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The degradation products of heme are essential biologically active compounds (Figure 7).
Carbon monoxide (CO) is a toxic gas that can be deadly in high concentrations [149]. However,
some studies have shown that low levels of CO generate cell-protective effects. Moreover, CO
has anti-inflammatory and anti-apoptotic effects, which can protect cells from the damage
caused by oxidative stress [150–153]. Biliverdin is a green pigment produced from the
breakdown of heme via OH-1. Biliverdin is then converted into bilirubin via the enzyme
biliverdin reductase. Biliverdin and bilirubin are powerful antioxidants that can scavenge
peroxyl radicals and prevent lipid peroxidation. Bilirubin demonstrates scavenging abilities
against superoxide, peroxyl radicals, and peroxynitrite [154–158].

The role of HO-1 in PDT resistance has been investigated in studies conducted on
various cancer cell lines. Cytotoxicity analysis confirmed that HO-1 exhibits a cytopro-
tective effect on the cells attacked by ROS-based therapy, including PDT [142–145]. It
was demonstrated that HO-1 protects tumor cells against PDT-mediated cytotoxicity by
alleviating oxidative stress and promoting cell survival [142]. Furthermore, the induction
of HO-1 in rat malignant meningioma cells subjected to talaporfin sodium-mediated PDT
was explored, emphasizing the upregulation of HO-1 as a cellular response to oxidative
stress induced by PDT [143,144]. Also, these findings were extended by highlighting the
influence of HO-1 on the outcome of 5-aminolevulinic acid (5-ALA)-mediated PDT in

233



Int. J. Mol. Sci. 2024, 25, 3164

melanoma cells [145]. Collectively, these investigations underscore the significance of HO-1
as a key player in the cellular defense against PDT-induced oxidative stress, providing
valuable insights into the mechanisms underlying the cytoprotective effects observed in
cells exposed to photodynamic treatment.

In addition, PDT induces the expression of Hmox1 [142–144,146], which may contribute
to the acquisition of resistance to PDT by cancer cells [143,144]. Several studies also suggest
that inhibiting HO-1 activity or expression can sensitize cancer cells to PDT and enhance
the therapeutic outcome of this treatment. Several studies have explored the use of HO-1
inhibitors to increase the effectiveness of PDT [142,145,159,160]. Cheng et al. reported that
a natural antioxidant, alpha-lipoic acid (ALA), can increase cell resistance against oxidative
stress. ALA administration significantly increased the expression and activity of HO-1
in rat aortic smooth muscle A10 cells, further reducing cytotoxicity after H2O2 treatment.
Interestingly, the cytotoxicity of H2O2 can be reversed by treatment with an HO-1 inhibitor,
Zn(II) protoporphyrin IX (ZnPPIX) [161]. In the study of the role of mitogen-activated
protein kinase (p38MAPK) and phosphatidylinositol 3-kinase (PI3K) pathways in HO-1
induction, it was found that the application of p38MAPK and PI3K inhibitors, PD169316 and
LY294002, respectively, significantly reduced HO-1 expression [146]. Inhibitor application
enhanced the cytotoxicity of hypericin-based PDT in human urinary bladder carcinoma
T24 cells. In addition, the transfection of T24 cells with an HO-1 siRNA significantly
promoted apoptosis and increased the caspase-3 level after hypericin-based PDT treatment.
It indicates that a reduction in HO-1 expression can enhance susceptibility to apoptosis-
mediated PDT [146].

Activity of HO-1 in PDT can be reduced by using pharmacological agents, namely
well-known and characterized metalloporphyrins (MPs) [159,162–165]. Metalloporphyrins
are porphyrins in which the porphyrin macrocycle is chelated to a metal cation, acting as a
tetradentate ligand [162]. MPs do not have oxygen-binding capacity and they are not subject
to oxidative degradation. MPs also exhibit significantly greater binding affinity to HO
isoforms compared to heme [163]. There are several studies which have confirmed that MPs
cause a decrease in HO-1 activity. Nowis et al. showed that ZnPPIX increased the cytotoxic
effect of PDT in colon and ovarian carcinoma cells [142]. Also ZnPPIX-mediated HO-1
inhibition increased the sensitivity of nasopharyngeal carcinoma cells to radiotherapy [164].
There are also studies showing that another MP, SnPPIX, enhanced the effect of PDT on
melanoma tumors and reduced the growth of Kaposi sarcoma in vivo [159,165].

Overall, these findings suggest that HO-1 plays a critical role in PDT resistance and
targeting this enzyme could be a promising approach to improve the efficacy of PDT in
cancer treatment. However, further research is needed to determine the optimal strategy
for targeting HO-1 in combination with PDT.
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3. The Inhibitors of Antioxidant Enzymes Used to Overcome Cancer Resistance to PDT

Alteration of the level of the antioxidant molecules in cancer cells is one of the essential
cytoprotective mechanisms that occur during PDT. Below, we summarize the strategies
based on the application of inhibitors against the antioxidant enzymes that were studied,
in order to improve the effectiveness of PDT.

3.1. SODs Inhibitors
3.1.1. 2-Methoxyestradiol (2-ME, SOD2 Inhibitor)

2-Methoxyestradiol, an estrogen metabolite, has been confirmed to be an enzymatic
inhibitor of human and bovine SOD1 and E.coli SOD2 (Figure 8) [79,174]. Nonetheless,
2-ME was used as a selective SOD2 inhibitor in the study of antioxidant enzyme inhibitors
against PDT [78,175]. 2-ME can enhance PDT-induced cell death in various human tumors.
Corresponding to the report of Golab and co-workers, 2-ME showed a synergistic effect
and enhanced the cytotoxic effect of Photofrin-based PDT in a dose-dependent manner
in three murine cell lines (i.e., C-26, LLC, and MDC), five human cell lines (i.e., T47-D,
PANC-1, HPAF-II, HPAC, and T24), and two xenograft tumor mice models (i.e., C-26
and LLC). Interestingly, C-26 adenocarcinoma-implanted Balb/c mice were cured by 60%
after 14 days of 2-ME and Photofrin-based PDT treatment [79]. In the study of the cell
cytoskeleton in human ovarian clear carcinoma OvBh-1 and breast adenocarcinoma MCF-
7 cells, the 2-ME application, together with PDT, immediately induced cell shrinkage,
disruption of actin filaments and microtubules architecture, followed by the reorganization
of the cytoskeleton and nucleus [176]. 2-ME enhances PDT-induced apoptosis through
an increase in caspase 3/7 and 12, with a lowering ratio of anti-apoptotic protein (Bcl-2)
to pro-apoptotic protein (Bax). Kimáková et al. showed that SOD activity and its mRNA
were significantly increased by hypericin-based PDT in breast adenocarcinoma MCF-7 cells,
while this effect was not observed in MDA-MB-231 cells [177]. Treatment with 2-ME can
prevent SOD mRNA expression using hypericin-based PDT, which further reduced the
proliferative capability of MCF-7 cells with an increase in the caspase 3/7 activity and an
enrichment of nucleosomes (DNA fragmentation). The 2-ME and PDT co-treatment further
lowered the Bcl-2/Bax ratio from 0.19 to 0.5, compared with a single treatment of cells
using hypericin-based PDT. It indicated that 2-ME can potentiate caspase 3/7 and apoptosis
induction using hypericin-based PDT [177]. The enhancement of apoptosis due to 2-ME
and cyanine IR-775-based PDT was observed in human breast (MDA-MB-231) and ovarian
(SKOV-3) adenocarcinoma cells. Co-treatment with 2-ME and IR-775 significantly decreased
MDA-MB-231 and SKOV-3 cell viability after 24 and 72 h, compared with treatment with
2-ME or IR-775 alone. Furthermore, the expression of SOD2 and caspase 12 were increased
after cells’ co-treatment with 2-ME and IR-775 in both cell lines [178].

3.1.2. Diethyldithiocarbamate (DDC, SOD1 Inhibitor)

Diethyldithiocarbamate, the primary metabolite of disulfiram, is a hydrophilic metal-
chelating agent for Cu(II) and is well known as a SOD1 inhibitor (Figure 8) [175,179,180]. It
is important to note that DDC can also decrease GSH levels [181,182]. DDC was investigated
as a cytotoxicity enhancer for several photosensitizers [109]. The addition of DDC to
zinc phthalocyanine-based PDT significantly enhanced the cytotoxicity of both free and
liposome-encapsulated zinc phthalocyanine in mouse embryo fibroblast NIH3T3 and
human breast cancer MDA-MB-231 cells, compared with zinc phthalocyanine treatment
alone. The IC50 of zinc phthalocyanine-based PDT decreased from 64.9 to 32.43 and 6.78
to 3.39 µg/mL after co-treatment with DDC on mouse embryo fibroblast (NIH3T3) and
MDA-MB 231 cell models, respectively. Co-encapsulation into liposomes of DDC and
zinc phthalocyanine was confirmed to reduce SOD and GSH activities in MDA-MB 231
cells that resulted in sensitizing tumor cells to PDT [183]. The enhancement effect of DDC
was also indicated in an in vivo study, in which DDC significantly potentiated an ear
swelling response after Photofrin II-based PDT in female C3H mice, while the control
group did not show any significant response [184]. Nevertheless, the enhancement effect
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of DDC in PDT was not shown in some tumors. Wright et al. investigated the effect of
three antioxidant enzyme inhibitors delivered together with meta-tetrahydroxyphenyl
chlorin (mTHPC)-based PDT in a murine dorsal root ganglion model composed of their
neuron and associated satellite glia cells. The pretreatment of DDC at a dose of 50 µM
significantly increased the sensitivity of neuron cells only, and an SOD2 inhibitor, 2-ME, at
a dose of 1 µM, did not show any significant enhancing effects, whilst BSO pretreatment at
a dose of 500 µM affected both neurons and satellite glia cells. Interestingly, a combinatory
pretreatment of cells with DDC and BSO exhibited a near total loss of neuron and satellite
glia cells after mTHPC-based PDT [185].
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3.2. Catalase Inhibitors
3-Aminotriazole (3-AT, Catalase Inhibitor)

3-aminotriazole is a triazole heterocycle derivative exhibiting several effects, including
histamine H2-receptor antagonistic, anti-asthmatic, and herbicidal (Figure 8) [186–188].
3-AT is further used as a specific catalase inhibitor that can irreversibly inhibit catalase
activity in the presence of a low and constant H2O2 level [189,190]. Many studies reported
that concomitant treatment of 3-AT and PDT significantly improved PDT-induced cell death
in various tumor cells [191,192]. Price and co-workers demonstrated the pro-apoptotic
effect of H2O2 in benzoporphyrin derivative-based PDT [193]. Apoptosis-mediated PDT
was enhanced due to 3-AT treatment by reducing the LD50 by 23.0% in a model murine
leukemia P388 cell line. At the same time, the application of a catalase enzyme analogue,
CAT-SKL, and a ferrous iron chelating agent, 2,2-bipyridyl (BID), showed the opposite effect,
protecting the cells from photokilling by increasing the LD50 of 18.0 and 8.2%, respectively.
The conversion of procaspase-3 to active caspase-3 and the increase in H2O2 production
were also confirmed in the cells after PDT treatment with 3-AT [193]. Soares’ group reported
that 3-AT can significantly enhance the cytotoxicity of redaporfin-based PDT in the low
SOD and catalase activity cell line, A549. Whilst this effect did not occur in CT26 cells which
showed higher SOD and catalase activity after PDT treatment [78]. Moreover, the effects of
3-AT were displayed in animal models. Catalase activity was significantly reduced by 3-AT
pretreatment in EAC implanted mongrel mice. Pretreatment of 3-AT further enhanced the
cytotoxicity of hematoporphyrin-based PDT by decreasing the LD50 of the PDT. The authors
concluded that catalase potentially protects tumor cells against PDT [109]. The combination
of Photofrin II-based PDT with a catalase inhibitor, 3-AT or hydroxyl amine, or with an
SOD inhibitor, DDC, meaningfully promoted the potentiation of ear swelling response in
female C3H mice. While the control group did not show any significant response. The
authors suggested that superoxide anion and H2O2 were involved in Photofrin II-mediated
cutaneous photosensitization [184].

3.3. Inhibitors Involved in Glutathione-Related Enzyme Systems
3.3.1. L-Buthionine Sulfoximine (BSO, GCS Inhibitor)

Guthionine sulfoximine was synthesized in 1979 as a specific enzymatic inhibitor of
γ-glutamylcysteine synthetase (GCS) in the glutathione synthesis pathway (Figure 8) [194].
BSO caused GSH deficiency, sensitizing tumor cells to PDT-induced cell death [109,185,195].
Treatment with 0.002–10 mM BSO significantly depleted cellular GSH level in a dose-
dependent manner in Chinese hamster ovary (CHO), Chinese hamster lung V-79, mouse-
derived breast cancer EMT-6, and fibrosarcoma RIF cell lines. BSO further enhanced the
cytotoxicity of Photofrin II-based PDT in all cell lines [196]. Likewise, the cytotoxicity
of hematoporphyrin was enhanced when co-administered with BSO in murine leukemia
L1210 cells [197]. BSO was employed in the microsphere system together with PDT agents
to increase the cytotoxicity. BSO potentiated PDT cytotoxicity, mediated by Ce6 conjugated
with an ethyldimethyl aminopropylcarbon diamide-activated polystyrene microsphere, in
human bladder carcinoma MGH-U1 cells. It is important to note that the BSO’s potentiation
effect was not indicated after applying the Ce6-based PDT without conjugation to the micro-
spheres [198]. In the study of the pro-oxidant and antioxidant effect of ascorbate performed
by Soares et al., the inhibiting effects of 2-ME, 3-AT, and BSO were investigated [78]. 2-MT,
3-AT, and BSO significantly promoted the cytotoxic effect of superoxide anions and singlet
oxygen produced by redaporfin-mediated PDT in A549 cells. Moreover, the application of
the pro-oxidant molecule, ascorbate, can even further enhance this effect. Conversely, these
inhibitors did not affect CT26 cells due to their high SOD2 activity and up-regulation of
catalase after PDT treatment. In contrast to redaporfin, temoporfin that mainly generated
singlet oxygen showed stronger cytotoxicity in CT26 than in A549 cells. It was suggested
that the PS generated both superoxide anions and singlet oxygen, which offered better
opportunities for cytotoxicity mediated by PDT in combination with antioxidant enzyme
inhibitors and/or ascorbate. Interestingly, in the combination of PDT and ascorbate, ascor-
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bate did not act only as a pro-oxidant molecule enhancing cytotoxic effects of superoxide
anions and singlet oxygen, but also acted as an antioxidant, which quenched singlet oxygen,
influencing the redox status of the cells [78]. However, the enhancement of the cytotoxic
effect by BSO was not indicated after treatment of hypericin-based PDT in GPx4-expressing
MCF-7 cells. Theodossiou and co-workers reported the cytotoxic effect of hypericin-based
PDT in two phenotypically and genotypically different breast adenocarcinoma cell lines,
MCF-7 and MDA-MB-231 [199]. High GSTP1-expressing MDA-MB-231 cells were more
sensitive to hypericin than GPx4-expressing MCF-7 cells. Though co-treatment of BSO and
hypericin-based PDT caused total GSH depletion in MCF-7 and MDA-MB-231 cells, the en-
hancement of the PDT cytotoxicity was exhibited only in MDA-MB-231 cells. Nevertheless,
PDT cytotoxicity of MCF-7 cells can be enhanced in a combinatory treatment with BSO and
BCNU, a GR inhibitor. The authors concluded that the GPx-4 enzyme could be used as a
predictive marker for cell response to PDT, whilst GST corresponds to the chemoresistance
of a cell line [199]. Kimani’s group reported cytotoxicity enhancement after the application
of four antioxidant enzyme inhibitors in PDT employing disulphonated aluminum phthalo-
cyanine (AlPcS2) as a photosensitizer [175]. BSO significantly reduced MCF-7 cell viability
after 24 h of incubation with AlPcS2, compared with AlPcS2 treatment alone. Whilst cells’
pretreatment with 2-ME, DDC, or 3-AT and AlPcS2-based PDT did not result in any effect.
The cytotoxicity of AlPcS2-based PDT was further enhanced after a 24 hr preincubation
with BSO plus 3-AT or 2-ME, or with a combination of four antioxidant enzyme inhibitors.
The authors concluded that the most related antioxidant mechanism in protecting MCF-7
cells against PDT is a glutathione redox cycle, followed by SOD2, catalase, and SOD1 [175].
Lee et al. showed that BSO can enhance the effectiveness of PDT in tumors characterized
by either a high or low GSH level [200]. Among ten tumor cell lines, colorectal HCT116
and ampulla vater carcinoma SNU478 cells exhibited the highest and lowest GSH level,
respectively. The combination of BSO and Ce6-based PDT significantly reduced the total
GSH level and increased ROS generation in both HCT116 and SNU478 cells, compared with
Ce6 treatment alone. The addition of intracellular GSH levels using glutathione reduced
ethyl ester displayed a cytoprotective effect against PDT, by providing higher HCT116 and
SNU478 cell survival after co-treatment with BSO and Ce6-based PDT, compared with non-
treated cells. Notably, BSO enhanced the cytotoxicity for a wider concentration range of
Ce6 treatment in HCT116 than SNU478 cells. It suggests that BSO induced a less synergistic
effect with Ce6-based PDT in cells that have a lower GSH level [200]. BSO with Photofrin
significantly decreased the cell survival, colony-forming capacity, and invasion properties
of two human glioma cell lines, U87 and U251n, in a dose-dependent manner, compared
with Photofrin treatment alone. Therapy enhancement using BSO in combination with
Photofrin was also confirmed in a xenograft rat model. Co-treatment of BSO with Photofrin-
based PDT showed remarkable superficial tumor damage, necrosis, and focal hemorrhage
in the brain of U87 glioma-implanted rats, while the tumor lesion after treatment with only
Photofrin was not obvious. The lesion volume of xenografted U87 glioma in the rat brain
after BSO and Photofrin treatment was meaningfully greater [201]. Moreover, co-treatment
with BSO and Photofrin-based PDT significantly increased the lesion volume of tumor
necrosis in the brain of male Fischer rats bearing an intracerebral 9L gliosarcoma, compared
with Photofrin treatment alone. Interestingly, BSO did not increase lesion volume in the nor-
mal brain samples [202]. Additionally, both in vitro and in vivo studies of BSO application
in nanospheres were performed. Chlorin e6-loaded poly(ethylene glycol)-block-poly(D,L
lactide) nanoparticles (Ce6-PEG-PLA-NPs)-based PDT exhibited synergetic effects with
BSO. The co-administration of BSO and Ce6-PEG-PLA-NPs significantly decreased cell
viability compared with Ce6-PEG-PLA-NPs treatment alone in mouse squamous cell carci-
noma SCC-7 cells. The results were confirmed in the SCC-7 xenografted mouse model. The
co-treatment completely suppressed tumor growth after 14 days, while the treatment of
Ce6-PEG-PLA-NPs alone showed a lower effect. Hematoxylin and eosin-staining showed
increased apoptosis and tissue damage after the combinatory therapy. Additionally, the
body weight and liver and kidney tissues of treated mice did not significantly change due to
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therapy, referring to a negligible systemic toxicity of the NPs and BSO [203]. Similarly, BSO
co-encapsulated with indocyanine green in thermosensitive liposomes was employed [204].
This delivery system was named as an IR photothermal liposomal nanoantagonist (PLNA),
due to it containing BSO, a GSH biosynthesis antagonist. The presence of BSO in this
delivery system resulted in a significant depletion of intracellular GSH levels in murine
breast cancer 4T1 cells, when compared to nanocarriers lacking BSO. The results revealed
that PLNA application increased the intracellular ROS levels, PDT cytotoxicity, and the
apoptosis rate of the cells. Furthermore, PLNA demonstrated interesting outcomes in
murine breast cancer 4T1-implanted BALB/c mice. Notably, PLNA not only significantly
reduced GSH levels, tumor growth, and weight after 16 days of treatment, but also exhib-
ited in vivo biosafety. After 30 days of treatment, alterations were not evidenced in the
histological morphology of vital organs, levels of biochemical indicators of liver and kidney
function, and essential blood biochemistry parameters [204].

In addition to GSH depletion by BSO treatment, the inhibition of deubiquitinating
enzymes substantially interferes with cancer cell survival upon oxidative stress [205].
Harris et al. indicated that the inhibition of deubiquitinating enzymes in combination
with BSO treatment increased cell death by ferroptosis, a cell death pathway activated
by excessive lipid peroxidation [206]. Therefore, the cytotoxicity of PDT-based therapy is
feasibly enhanced by deubiquitinating enzyme inhibitors combined with BSO.

3.3.2. 1,3-Bis(2-chloroethyl)-1-nitrosourea or Carmustine (BCNU, GR Inhibitor)

Not only an alkylating agent, 1,3-bis(2-chloroethyl)-1-nitrosourea or carmustine is
extensively used in the clinical treatment of malignant gliomas, but also as a selective
inhibitor of GR in the glutathione redox cycle, which can further enhance PDT-induced cell
death in several conditions (Figure 8) [207–210]. The study of fractionated light delivery in
PDT found that BCNU increased ROS levels by diminishing the GSH detoxification that
enhanced the PDT cytotoxicity. Although fractionated irradiation of aluminum (III) ph-
thalocyanine tetrasulfonate (AlPcS4)- and hypericin-based PDT decreased ROS production
and PDT cytotoxicity in human epidermoid carcinoma A431 cells, BCNU could reverse
these effects by enhancing the ROS production and cytotoxicity of both PDT types [211]. In
the study of glucose deprivation on PDT efficacy, two antioxidant inhibitors, BCNU and
BSO, significantly increased intracellular ROS generation and enhanced the cytotoxicity of
AlPcS4-based PDT, compared with AlPcS4 alone, in human epidermoid carcinoma A431
cells. Moreover, co-treatment of AlPcS4 with BCNU or BSO exhibited PDT-induced apopto-
sis via an increase in the caspase-3-like enzyme activity and nuclear fragmentation. It is
important to note that BSO was more potent than BCNU, since BCNU did not decrease in-
tracellular GSH levels, while BSO inhibited enzymes in approximately 90% [195]. Sun and
co-workers showed that BCNU sensitized SOD2-overexpressing cells to Photofrin-based
PDT [212]. Human breast carcinoma ZR-75-1 cells were transfected with an adenoviral
construct containing the cDNA for SOD2 (AdMnSOD) to increase SOD2 expression. The cy-
totoxicity of Photofrin-based PDT did not change in ZR-75-1 cells together with AdMnSOD,
compared with ZR-75-15 cells alone, though a combination of AdMnSOD with BCNU
could significantly increase ROS accumulation and further enhanced the cytotoxicity of
Photofrin. Authors hypothesized that an increase in the conversion of superoxide anions
to H2O2 by elevating SOD2 levels with simultaneous inhibition of GR by BCNU could
enhance the steady-state levels of superoxide and tumor cell killing [212]. BCNU enhanced
PDT-induced cell death in a PDT-resistant cell line, MCF-7 cells, which highly expressed
GPx4. Although BSO showed only a slight enhancing effect of the hypericin-based PDT
in MCF-7 cells, a combination of BCNU and BSO significantly enhanced the cytotoxicity
of the PDT [199]. In the study of the temperature effect on hematoporphyrin-based PDT
efficacy, the pretreatment of BCNU in EAC-implanted mongrel mice remarkably reduced
the GR activity and enhanced PDT-induced cell death via reducing the LD50 of the PDT.
Likewise, pretreatment of the other three antioxidant enzyme inhibitors, DDC, BSO, and
3-AT, reduced the activity of antioxidant enzymes and lowered the LD50 of the PDT sig-
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nificantly [109,213]. Interestingly, these inhibitors could not only enhance PDT-induced
cell death via reducing the activities of antioxidant enzymes, but also suppressed the
photoinduced degradation of HPD [214].

3.3.3. Mercaptosuccinic Acid (MSA, GPx1 Inhibitor)

Mercaptosuccinic acid is a mercaptan derivative, which is generally employed as a
GPx1 inhibitor due to competing with GSH to bind to the active site, active-site selenocys-
teine (Figure 8) [215,216]. Due to diminishing GPx activity, which is an antioxidant enzyme
in the glutathione redox cycle, MSA could enhance PDT-induced cell death [217]. The
study on the effectiveness of Rose Bengal-based PDT by Yao et al. indicated that primary
human skin fibroblasts (FBs) grown in monolayers were more sensitive to the therapy than
fibroblasts grown in collagen gels. However, the cytotoxicity of Rose Bengal-based PDT in
fibroblasts grown in collagen gels was enhanced when combined with either an antioxidant
enzyme inhibitor, MSA or 3-AT [192]. Lee and co-workers demonstrated the effect of com-
bined treatment with MSA and Ce6-based PDT on cholangiocarcinoma cells. The authors
used two different cell lines, intrahepatic HuCC-T1 and extrahepatic SNU1196. Both lines
differed in GSH level, with SNU1196 cells having higher GSH basal levels, catalytic subunit
GSC expression, and GPx and GR activity compared with HuCC-T1 cells. Nevertheless,
co-treatment with MSA and Ce6 significantly decreased GPx activity, resulting in elevating
ROS levels and cytotoxicity in SNU1196 cells [122].

3.3.4. 9-Chloro-6-ethyl-6H[1,2,3,4,5]pentathiepino[6,7-b]indole (CEPI, GPx1 Inhibitor)

9-chloro-6-ethyl-6H[1–5]pentathiepino[6,7-b]indole is a pentathiepin derivative that
was recently developed as a potent GPx1 inhibitor (Figure 8). Among eight pentathiepin
derivatives, CEPI showed the strongest inhibitory activity against bovine erythrocyte
GPx activity, which was 15-fold higher than MSA [218]. Lange and Bednarski reported
synergistic effects of mTHPC-based PDT with a GPx1 inhibitor, MSA or CEPI, in a few cell
lines. Among the five human cell lines, co-treatment with CEPI and mTHPC showed a
synergistic effect in esophageal carcinoma KYSE-70 and urinary bladder carcinoma RT-4
cells via increased cytotoxicity, ROS generation, and apoptosis. MSA synergized with
mTHPC-based PDT in lung carcinoma A-427, oral carcinoma BHY, KYSE-70, and RT-4 cells.
It is important to note that MSA or CEPI could also produce additive or antagonistic effects
against mTHPC-based PDT depending on doses and types of tumor [217].

3.3.5. GST Inhibitors
Ethacrynic Acid (ECA, GSTP1-1 Inhibitor)

Ethacrynic acid is an FDA-approved GSTP1-1 inhibitor, which has been used as a
diuretic and alkylating agent in cancer treatment that can reverse anticancer resistance by
inhibiting GST activity (Figure 8) [219–221]. In addition, ECA has been extensively used
as an inhibitor of GST in order to enhance the effectiveness of several tumor treatments,
including PDT [222–224]. Won et al. showed new constructs of brominated BODIPY-based
PDT conjugated with ethacrynic acid (EA-BPS) [225]. Not only does EA-BPS exhibit more
potent cytotoxicity compared with free brominated BODIPY-based PDT in human breast
adenocarcinoma MDA-MB-231 and MCF-7 cells, but it also showed higher ROS production
and formation of singlet oxygen, superoxide anions, hydroxyl radicals, and peroxynitrite
anions in MCF-7 cells. Furthermore, EA-BPS significantly reduced tumor volume in MDA-
MB-231-implanted immunodeficient nude mice without alteration of body weights or
levels of aspartate transaminase (AST), alanine aminotransferase (ALT), and creatinine
activity [225].

SX-324 (GSTP1-1 Inhibitor)

A novel GSTP1-1 inhibitor, SX-324, was developed based on a previous GSTP1-1
inhibitor, ECA, on the principle of symmetric and bifunctional inhibition for occupying
both GST active sites [226,227]. Dabrowski and co-workers indicated that the cytotoxic
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effect of hypericin-based PDT was lowered in human kidney 293 cells transfected with gene-
encoding GSTP1–1. Co-treatment with SX-324 and hypericin reversed the protective effects
of GSTP1-1 via the increased cytotoxicity of PDT. Nevertheless, SX-324 did not modify the
cytotoxicity of hypericin-based PDT in 293 cells that did not overexpress GSTP1-1 [117].

Coniferyl Ferulate (Con, GST Inhibitor)

Coniferyl ferulate is a natural substance isolated from the root of Angelica sinensis
(Oliv.) Diels. Con, showing an over 15 times stronger inhibition (IC50 value of 0.3 µM) of
GST activity than ECA (IC50 value of 4.89 µM) in a high-throughput screening model using
GST from the human placenta (Figure 8) [228]. Li et al. developed a drug self-delivery
system made of Ce6 and Con (CeCon) as the PS and PDT enhancer, respectively. CeCon
self-assembled into a nanomedicine and generated singlet oxygen similarly to Ce6-based
PDT. Compared with Ce6-based PDT or Con alone, CeCon significantly decreased GST
expression and activity in the A549 cells, enhancing ROS production, PDT cytotoxicity, and
cell apoptosis [229].

3.4. HO-1 Inhibitor
Zn(II) Protoporphyrin IX (ZnPPIX, HO-1 Inhibitor)

Zn(II) protoporphyrin IX is a metalloporphyrin complex well-known as a selective
inhibitor of HO-1, a protective enzyme against various PDT-induced cell death [230–233].
Frank and co-workers showed that the diminishing of the HO-1 activity via HO-1 gene si-
lencing or using ZnPPIX remarkably enhanced the effectiveness of 5-ALA-based PDT [159].
Co-treatment of ALA with ZnPPIX or HO-1 siRNA significantly increased 5- and 2-time
melanoma cell death, respectively, compared with ALA-based PDT treatment alone. Partic-
ularly, the combination of ZnPPIX and HO-1 siRNA with ALA additionally enhanced cell
death by over 6.4 times [159]. The results were confirmed in metastatic human melanoma
WM451Lu cells by Grimm and co-workers. Co-treatment with ZnPPIX and ALA-based
PDT significantly enhanced the cytotoxicity. Interestingly, supplementation with vitamin
C at a dose of 280 µM reduced the cytotoxicity of ALA-based PDT in this model [145].
The enhancement effect of ZnPPIX was observed in Photofrin- and Talaporfin sodium-
based PDT. ZnPPIX significantly increased the cytotoxicity of Photofrin in human colon
adenocarcinoma C-26 and ovarian carcinoma MDAH2774 cells [142]. The cell viability
of rat meningioma KMY-J cells was significantly decreased in a dose-dependent manner,
followed by an increase in morphological cell damage after co-treatment with ZnPPIX and
Talaporfin sodium compared with the photosensitizer alone [143]. Zhong and co-workers
investigated a versatile nanoparticle-based drug delivery system for protoporphyrin IX-
based PDT, containing Zn2+ and BSO (PZB NP) [160]. Its application significantly increased
ROS generation with a decrease in the GSH level and protein level of GCS and HO-1, com-
pared with a control group in breast cancer 4T1 cells. PZB NPs showed dose-dependent
cytotoxicity, reducing 4T1 cell viability from 87% to 5% after light exposure, whereas PZ
NPs (without BSO) showed slightly lower cytotoxicity (90% to 18%). The results were
consistent with the in vivo model of murine breast cancer using 4T1 cells implanted to
BALB/c mice. Treatment with PZB NPs significantly reduced tumor volume and weight
compared with PZ NPs or NPs (without Zn2+ and BSO) after 14 days. The authors con-
cluded that the nanodrug possessed dual antioxidation defense suppression properties,
enhancing efficient ROS-based therapies [160]. Interestingly, ZnPPIX was also employed as
an enhancer in chemodynamic treatments (CDTs). A cupric ion (Cu2+) was used as a CDT
initiator in Cu–Zn Protoporphyrin nanoscale coordination polymers (NCPs) by converting
endogenous H2O2 to a cytotoxic hydroxyl radical. ZnPPIX significantly inhibited HO-1
expression and activity in MDA-MB-231 cells. Moreover, it enhanced the cytotoxicity
of the system by reducing the viability of murine breast cancer 4T1, human embryonic
kidney HEK-293 T, A549 and MDA-MB-231 cells, and tumor growth in MDA-MB-231
tumor-bearing mice [234]. ZnPPIX not only acted as an HO-1 inhibitor to enhance the
cytotoxicity of PDT and CDT, but could also be photoactivated and produced a cytotoxic
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hydroxyl radical, leading to PDT-induced cell death. Fang et al. studied the activity of
polymeric ZnPPIX conjugated with the N-(2-hydroxypropyl)methacrylamide (pHPMA)
copolymer in PDT application [235]. Polymer-conjugated Zinc Protoporphyrin showed
cytotoxicity after being irradiated with 400 to 700 nm xenon light in murine sarcoma S180
model implanted into Sprague–Dawley rats and carcinogen-induced tumor models. No
dark toxicity was observed in polymeric ZnPPIX-based PDT treatment [235].

4. Conclusions

PDT is a selective and minimal systemically toxic modality for tumor treatment that
overcomes the problems generated by conventional chemotherapy in various aspects,
particularly specificity and efficacy against tumor cells. Nevertheless, PDT can be limited
by multiple factors, especially the alteration of the level of antioxidant molecules. At least
four significant antioxidant enzymes, SOD, catalase, glutathione redox cycle, and HO-1,
remarkably attenuated the effectiveness of PDT. In order to increase the sensitivity of PDT
against cancer cells, antioxidant enzyme inhibitors can be employed to diminish their ROS
detoxifying activity (Table 2). It is a challenge to study the use of antioxidant enzyme
inhibitors to improve the efficiency of PDT in eliminating tumor cells. However, the effects
of a combination of PDT with antioxidant enzyme inhibitors still needs to be studied to
determine the appropriate conditions.

Table 2. Antioxidant enzyme inhibitors tested in PDT.

Enzyme
Inhibitor

Dose of
Enzyme
Inhibitor

PDT Base
Test Condition Incubation

Time (hr.)

Effectiveness of
enzyme

inhibitor
Ref.

Name Target In Vitro In Vivo

2-
methoxy
estra-
diol
(2-ME)

SOD2

50 mM Photofrin

Human ovarian
clear carcinoma
OvBh-1 cells

18

- Cell shrinkage
- Actin and
microtubule
disruption

[176]
Human breast
adenocarcinoma
MCF-7 cells

10 µM Hypericin
Human breast
adenocarcinoma
MCF-7 cells

16
- 87.5%
clonogenic
ability *

[177]

50 µM Cyanine
IR-775

Human breast
adenocarcinoma
MDA-MB-231 cells

24

+ 350% PDT
cytotoxicity after
24 hr of
irradiation*
+ 73.3% PDT
cytotoxicity after
72 hr of
irradiation * [178]

Human ovary
adenocarcinoma
SKOV-3 cells

+ 300% PDT
cytotoxicity after
24 hr of
irradiation *
+ 57.1% PDT
cytotoxicity after
72 hr of
irradiation *

3 µM Redaporfin
Human lung
adenocarcinoma
A549 cells

24 + 45.4% PDT
cytotoxicity * [78]
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Table 2. Cont.

Enzyme
Inhibitor

Dose of
Enzyme
Inhibitor

PDT Base
Test Condition Incubation

Time (hr.)

Effectiveness of
enzyme

inhibitor
Ref.

Name Target In Vitro In Vivo

2-
methoxy
estra-
diol
(2-ME)

SOD2

0.25–10 µM

Photofrin

Murine colon
adenocarcinoma
C-26 cells

48

- 77.6% SOD
activity after 48
hr incubation
(0.5 µM) *
- 87.4% SOD
activity after 48
hr incubation (1
µM) *
+ 200% PDT
cytotoxicity at 6
KJ/m2 (0.5 µM) *

[79]

0.25–10 µM
Murine Lewis lung
carcinoma (LLC)
cells

+ 500% PDT
cytotoxicity at 6
KJ/m2 (0.5 µM) *

0.06–10 µM

Murine
macrophage-
derived chemokine
(MDC) cells

+ 1,000% PDT
cytotoxicity at 5
KJ/m2 (0.25 µM)
*

0.06–10 µM Human breast
cancer T47-D cells

+ 250% PDT
cytotoxicity at 5
KJ/m2 (0.12 µM)
*

0.25–10 µM
Human pancreatic
cancer PANC-1
cells

+ 250% PDT
cytotoxicity at 6
KJ/m2 (0.5 µM) *

0.06–10 µM
Human pancreatic
cancer HPAF-II
cells

+ 200% PDT
cytotoxicity at 6
KJ/m2 (0.25 µM)
*

0.25–10 µM Human pancreatic
cancer HPAC cells

+ 167% PDT
cytotoxicity at 6
KJ/m2 (0.5 µM) *

0.06–10 µM Human bladder
cancer T24 cells

+ 300% PDT
cytotoxicity at 6
KJ/m2 (0.25 µM)
*

100 mg/Kg
body

weight

Murine
lewis lung
carcinoma
(LLC)
implanted
into
B6D2F1
mice

6 days

- 60.0% tumor
volume *
+ Survival time

Murine
C-26 adeno-
carcinoma
implanted
into Balb/c
mice

- >90.0% tumor
volume *
+ Survival time
(60.0% cure rate)
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Table 2. Cont.

Enzyme
Inhibitor

Dose of
Enzyme
Inhibitor

PDT Base
Test Condition Incubation

Time (hr.)

Effectiveness of
enzyme

inhibitor
Ref.

Name Target In Vitro In Vivo

Diethy
ldithiocar
bamate
(DDC)

SOD1

2–16
µg/mL

Zinc
phthalocya-
nine

Murine embryo
fibroblast
NIH3T3 cells

24

- 50.0% IC50 of
the PDT

[183]
Human breast
adenocarcinoma
MDA-MB-231 cells

- 50.0% IC50 of
the PDT

50 µM

Meta-
tetrahydr
oxyphenyl
chlorin

Murine dorsal root
ganglia;
neuron cells

1.5 + 318% PDT
cytotoxicity * [185]

0.4 mM/Kg
body

weight
Photofrin II C3H mice 2

+ 30%
potentiation of
ear swelling
response *

[184]

0.1 mM Hematoporphyrin

Murine
Ehrlich
ascites
carcinoma
(EAC)
implanted
into
mongrel
mice

20mins

- 56.6% SOD1
activity
- 25.5% LD50 of
the PDT

[109]

3-
amino
triazole
(3-AT)

Catalase

30 mM Benzopo
rphyrin

Murine leukaemia
P388 cells 0.5

- 83.3% catalase
activity
- 23.0% LD50 of
the PDT

[193]

10 mM Redaporfin
Human lung
adenocarcinoma
A549 cells

24 + 20.0% PDT
cytotoxicity * [78]

10 mM Rose
Bengal

Primary human
skin fibroblasts
(FB) grown in
collagen gels

2
+ 16.7% PDT
cytotoxicity at
150 J/cm2 *

[192]

25 mM Hematoporphyrin

Murine
Ehrlich
ascites
carcinoma
(EAC)
implanted
into
mongrel
mice

1

- 38.1% catalase
activity
- 21.8% LD50 of
the PDT

[109]

0.7
mM/Kgbody

weight
Photofrin II C3H mice 2

+ 50%
potentiation of
ear swelling
response *

[184]
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Table 2. Cont.

Enzyme
Inhibitor

Dose of
Enzyme
Inhibitor

PDT Base
Test Condition Incubation

Time (hr.)

Effectiveness of
enzyme

inhibitor
Ref.

Name Target In Vitro In Vivo

L-
buthionine-
sulfoximine
(BSO)

GCS

0.002–10
mM Photofrin II

Chinese hamster
ovary CHO cells

1–24

- 29.0% to
undetected GSH
level
+ PDT
cytotoxicity

[196]

Chinese hamster
lung V-79 cells

- 13.0% to
undetected GSH
level
+ PDT
cytotoxicity

Murine breast
carcinoma
EMT-6 cells

- 19.0% to
undetected GSH
level
+ PDT
cytotoxicity

Murine
fibrosarcoma
RIF-1 cells

- 12.0% to
undetected GSH
level
+ PDT
cytotoxicity

1 mM Hemato
porphyrin

Murine leukemia
L1210 cells 12

+ 3-fold log kill
at 0.75 µg/mL
hematopor-
phyrin

[197]

1 mM

Chlorin e6
conjugated
with
polystyrene
micro-
sphere

Human bladder
carcinoma
MGH-U1 cells

18
+ 36.1% PDT
cytotoxicity at 10
J/cm2

[198]

600 µM Redaporfin
Human lung
adenocarcinoma
A549 cells

24 + 18.0% PDT
cytotoxicity * [78]

100 µM Hypericin

Human breast
adenocarcinoma
MCF-7 cells

Overnight
- 80.0% total
GSH level [199]

Human breast
adenocarcinoma
MDA-MB-231 cells

- 80.0% total
GSH level
+ 38.5% PDT
cytotoxicity *

300 µM

Disulphonated
aluminum
phthalocya-
nine
(AlPcS2)

Human breast
adenocarcinoma
MCF-7 cells

24 + 34.3% PDT
cytotoxicity [175]
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Table 2. Cont.

Enzyme
Inhibitor

Dose of
Enzyme
Inhibitor

PDT Base
Test Condition Incubation

Time (hr.)

Effectiveness of
enzyme

inhibitor
Ref.

Name Target In Vitro In Vivo

L-
buthionine-
sulfoximine
(BSO)

GCS

500 µM

Meta-
tetrahydr
oxyphenyl
chlorin

Murine dorsal root
ganglia;
neuron cells 24

+ 535% PDT
cytotoxicity *

[185]
Murine satellite
glia cells

+ 30.0% PDT
cytotoxicity

0.001–10
mM Chlorin e6

Human colorectal
carcinoma
HCT116 cells

24

- 78.0% GSH
level at 10 µM
BSO *
+ 45.0% PDT
cytotoxicity at 0.5
µg/mL Ce6 with
10 mM BSO *

[200]

Human ampulla
vater carcinoma
SNU478 cells

- 66.7% GSH
level (10 µM
BSO)
+ 72.7% PDT
cytotoxicity at 0.5
µg/mL Ce6 with
10 mM BSO *

3 mM

Aluminum
(III)
phthalocya-
nine
tetrasul-
fonate
(AlPcS4)

Human
epidermoid
carcinoma
A431 cells

18

- 83.3% GSH
level
+ 144% PDT
cytotoxicity at 2
J/cm2 *

[195]

0.5–1000
µg/mL

Photofrin

Human glioma
U87 cells: and
U251n cells

24

+ 70.0% PDT
cytotoxicity at 5
µg/mL
Photofrin with
0.5 µg/mL *

[201]

Human glioma
U251n cells

+ 60.0% PDT
cytotoxicity at 5
µg/mL
Photofrin with
0.5 µg/mL *

440 mg/Kg
body

weight

Human
U87
glioblas-
toma
implanted
into rats

+ Superficial
tumor damage
+ 114.3% lesion
volume at 70
J/cm2

440 mg/Kg
body

weight
Photofrin

Murine 9L
gliosar-
coma
implanted
into Fischer
rats

24

- 67.1% GSH
level
+ 111.1% lesion
volume

[202]
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Table 2. Cont.

Enzyme
Inhibitor

Dose of
Enzyme
Inhibitor

PDT Base
Test Condition Incubation

Time (hr.)

Effectiveness of
enzyme

inhibitor
Ref.

Name Target In Vitro In Vivo

L-
buthionine-
sulfoximine
(BSO)

GCS

10 mM
Chlorin
e6-loaded
poly(ethylene
glycol)-
block-
poly(D,L
lactide)
nanoparti-
cles

Murine carcinoma
SCC-7 cells 28

- 75.6% GSH
level
+ 50.0% PDT
cytotoxicity at
2 µg/mL Ce6 *

[203]

3 mmol/Kg
body

weight

Murine
carcinoma
SCC-7 into
implanted
mice

12

- 75% tumor size
after 14 days *
+ Apoptosis and
tissue damage

N/A

Indocyanine
green in
near-
infrared
(NIR) pho-
tothermal
liposomal
nanoantag-
onists

Murine breast
cancer 4T1 cells 24

- 26.4% GSH
level
+ 90.9% PDT
cytotoxicity
+ 1.5-fold ROS
level

[204]Murine
breast
cancer 4T1
implanted
into
BALB/c
mice

18–24

- 2.9-fold GSH
level
- 2.0-fold tumor
weight

4 mM/Kg
body

weight
Hematoporphyrin

Murine
Ehrlich
ascites
carcinoma
(EAC)
implanted
into
mongrel
mice

14

- 68.2% GSH
level
- 63.6% total
glutathione level
- 21.5% LD50 of
the PDT

[109]

0.2–4 µM

Protopor
phyrin IX

Murine breast
cancer 4T1 cells 8

- 28.0% GSH
level at 4 µM
BSO
- GCS expression
at 4 µM BSO
+ 50.0% PDT
cytotoxicity at
0.8 µM BSO [160]

100 µL of
2 mM

Murine
breast
cancer 4T1
implanted
into
BALB/c
mice

4

- 50.0% tumor
volume after
12 days *
- 62.5% tumor
weight after
12 days *
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Table 2. Cont.

Enzyme
Inhibitor

Dose of
Enzyme
Inhibitor

PDT Base
Test Condition Incubation

Time (hr.)

Effectiveness of
enzyme

inhibitor
Ref.

Name Target In Vitro In Vivo

1,3-
bis(2-

chloroethyl)-
1-

nitrosourea
(BCNU)

GR

500 µM

Aluminum
(III)
phthalocya-
nine
tetrasul-
fonate
(AlPcS4)

Human
epidermoid
carcinoma A431
cells

1

+ 23.4% ROS
level at 1.8 J/cm2

continuous light
*
+ 146% PDT
cytotoxicity at
2.25 J/cm2

continuous light
*

[211]

Hypericin

+ 23.5% ROS
level at 0.162
J/cm2

continuous light
*
+ 38.5% PDT
cytotoxicity at
0.2 J/cm2

continuous light
*

500 µM

Aluminum
(III)
phthalocya-
nine
tetrasul-
fonate
(AlPcS4)

Human
epidermoid
carcinoma
A431 cells

1
+ 35.3% PDT
cytotoxicity at 2
J/cm2 *

[195]

50 µM Photofrin

AdMnSOD
transfected human
breast carcinoma
ZR-75-1 cells

1 + 120% PDT
cytotoxicity [212]

100 µM Hypericin
Human breast
adenocarcinoma
MCF-7 cells

Overnight

+ 100% PDT
cytotoxicity in
combination
with 100 µM
BSO *

[199]

0.1 mM Hematoporphyrin

Murine
Ehrlich
ascites
carcinoma
(EAC)
implanted
into
mongrel
mice

25 mins

- 64.2% GR
activity
- 21.8% LD50 of
the PDT

[109]
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Table 2. Cont.

Enzyme
Inhibitor

Dose of
Enzyme
Inhibitor

PDT Base
Test Condition Incubation

Time (hr.)

Effectiveness of
enzyme

inhibitor
Ref.

Name Target In Vitro In Vivo

Mercapto
succinic

acid
(MSA)

GPx1

1.5 mM Rose
Bengal

Primary human
skin fibroblasts
(FB) grown in
collagen gels

2
+ 33.3% PDT
cytotoxicity at
150 J/cm2 *

[192]

10 mM Chlorin e6

Human
extrahepatic
cholangiocarci-
noma SNU1196
cells

0.5

- 58.1% GPx
activity *
+ 60.0% ROS
level *
+ 60.0% PDT
cytotoxicity *

[122]

1–700
µmol/L

meta-
tetrahy
droxyphenyl
chlorin

Human lung
carcinoma
A-427 cells

24
+ Synergistic
effect (CI < 1) [217]

Human oral
carcinoma
BHY cells

Human
esophageal
carcinoma
KYSE-70 cells

Human urinary
bladder carcinoma
RT-4 cells

9-
chloro-
6-ethyl-

6H
[1,2,3,4,5]
pentath
iepino

[6,7-b]indole
(CEPI)

GPx1

0.01–50
µmol/L

meta-
tetrahydr
oxyphenyl
chlorin

Human
esophageal
carcinoma
KYSE-70 cells

24
+ Synergistic
effect (CI < 1) [217]

4.0–15.9
µmol/L

Human urinary
bladder carcinoma
RT-4 cells

Ethacrynic
acid

(ECA)

GSTP1-
1

5 µM

Ethacrynic
acid-
conjugated
brominated
BODIPY

Human breast
adenocarcinoma
MCF-7 cells

12

+ 50.0% PDT
cytotoxicity *

[225]

Human breast
adenocarcinoma
MDA-MB-231 cells

+ 133% PDT
cytotoxicity*
+ 36.4% ROS
level*
+ 7.14% Singlet
oxygen level *
+ 13.1%
Superoxide
anion level *
+ 243% Hydroxyl
radical and
peroxynitrite
anion level*
- 15% GSH level
without
irradiation*
- 730% GSH level
with irradiation *
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Table 2. Cont.

Enzyme
Inhibitor

Dose of
Enzyme
Inhibitor

PDT Base
Test Condition Incubation

Time (hr.)
Effectiveness of

enzyme
inhibitor

Ref.

Name Target In Vitro In Vivo

Ethacrynic
acid

(ECA)

GSTP1-
1

5 mg/Kg
body

weight

Human
breast
adenocarci-
noma
MDA-MB-
231
implanted
into
immunode-
ficient nude
mice

6 - 56.9% tumor
volume *

SX-324 GSTP1-
1 1 µM Hypericin

GSTP1-1-
overexpressed
human kidney
fibroblast
K293 cells

1 + 87.2% PDT
cytotoxicity [117]

Coniferyl
ferulate
(Con)

GST 0.2–2.7
mg/L

Drug self-
delivery
systems of
chlorin e6
and
coniferyl
ferulate

Human lung
adenocarcinoma
A549 cells

20

+ 250% ROS
level*
+ 200% PDT
cytotoxicity at
2.7 mg/mL *

[229]

Zn(II)
proto-
por-

phyrin
IX

(ZnPPIX)

HO-1

400 µM 5-aminole
vulinic acid

Human melanoma
WM451Lu cells 16

+ 499% PDT
cytotoxicity
+ 641% PDT
cytotoxicity
(combined with
HO-1 siRNA)

[159]

5 µM 5-aminole
vulinic acid

Human melanoma
WM451Lu cells 16 + 100% PDT

cytotoxicity * [145]

1.25–2.5 µM Photofrin

Murine colon
adenocarcinoma
C-26 cells

24

+ 77.5% PDT
cytotoxicity at
4.5 KJ/m2

[142]
Human ovarian
carcinoma
MDAH2774 cells

+ >42.8% PDT
cytotoxicity at
4.5 KJ/m2

1 µM Talaporfin
sodium

Murine
meningioma
KMY-J cells

4

+ 900% PDT
cytotoxicity at
19.2 µM
talaporfin
sodium *
+ Morphological
cell damage

[143]
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Table 2. Cont.

Enzyme
Inhibitor

Dose of
Enzyme
Inhibitor

PDT Base
Test Condition Incubation

Time (hr.)

Effectiveness of
enzyme

inhibitor
Ref.

Name Target In Vitro In Vivo

Zn(II)
proto-
por-

phyrin
IX

(ZnPPIX)

HO-1

2 µM

Protopo
rphyrin IX

Murine breast
cancer 4T1 cells 8 - HO-1

expression

[160]2.81 mg/Kg
body

weight

Murine
breast
cancer 4T1
implanted
into-
BALB/c
mice

4

- 70.0% tumor
volume after 12
days *
- 41.8% tumor
weight after 12
days *

Note. GCS, γ-glutamylcysteine synthetase; GPx, glutathione peroxidase; GR, glutathione reductase; GST,
glutathione S-transferase; SOD, superoxide dismutase; *, estimated from the figure of references; N/A, no
available data.
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Abstract: In patients with portal hypertension, there are many complications including cardiovas-
cular abnormalities, hepatorenal syndrome, ascites, variceal bleeding, and hepatic encephalopathy.
The underlying mechanisms are not yet completely clarified. It is well known that portal hyperten-
sion causes mesenteric congestion which produces reactive oxygen species (ROS). ROS has been
associated with intestinal mucosal injury, increased intestinal permeability, enhanced gut bacterial
overgrowth, and translocation; all these changes result in increased endotoxin and inflammation.
Portal hypertension also results in the development of collateral circulation and reduces liver mass
resulting in an overall increase in endotoxin/bacteria bypassing detoxication and immune clearance
in the liver. Endotoxemia can in turn aggravate oxidative stress and inflammation, leading to a
cycle of gut barrier dysfunction→ endotoxemia→ organ injury. The phenotype of cardiovascular
abnormalities includes hyperdynamic circulation and cirrhotic cardiomyopathy. Oxidative stress
is often accompanied by inflammation; thus, blocking oxidative stress can minimize the systemic
inflammatory response and alleviate the severity of cardiovascular diseases. The present review
aims to elucidate the role of oxidative stress in cirrhosis-associated cardiovascular abnormalities and
discusses possible therapeutic effects of antioxidants on cardiovascular complications of cirrhosis
including hyperdynamic circulation, cirrhotic cardiomyopathy, and hepatorenal syndrome.

Keywords: oxidative stress; cardiovascular; cirrhosis; liver; portal hypertension

1. Introduction

Oxidative stress is an imbalance between the production of reactive oxygen species
(ROS) and the antioxidant system reducing its capability to detoxify ROS or repair the
resulting damage, i.e., ROS overwhelms antioxidants. Oxidative stress is a key pathogenic
factor in chronic liver injury of various etiologies, such as alcoholic liver disease [1], nonal-
coholic fatty liver diseases (NAFLD) [2], chronic viral hepatitis, and cholestatic diseases.
This damage will ultimately lead to cirrhosis (defined as hepatic architectural damage
characterized by nodular regeneration and diffuse fibrosis) [3]. Furthermore, oxidative
stress also plays an important pathogenic role in portal hypertension (defined as a portal
venous pressure of greater than 12 mm Hg) [4], cirrhotic cardiomyopathy (CCM) [5], hepa-
torenal syndrome (HRS) [6], cirrhosis-related pulmonary complications [7], and hepatic
encephalopathy [8]. The present review aims to summarize the role of oxidative stress in
cirrhosis-related cardiovascular changes including hyperdynamic circulation, CCM, cardiac
arrhythmias, acute kidney injury (AKI), and hepatorenal syndrome (HRS). We will also
review a potential therapeutic role of antioxidants in cardiovascular anomalies of cirrhosis.

2. Pathogenic Mechanisms of Oxidative Stress

Oxidative stress plays a crucial role in the progression of chronic liver diseases to
cirrhosis and the development of associated complications. The liver plays a central role in
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the detoxification of endogenous and exogenous toxins, and harbors a high antioxidant
function [3]. In cirrhosis, liver function is significantly impaired and therefore antioxidant
function is also jeopardized. This is coupled with excess oxidative stress resulting from por-
tal hypertension driven by gastrointestinal congestion and bacterial translocation [9]. The
overactivated ROS can damage the intestine structurally and functionally, as increased lipid
peroxidation and protein oxidation have been found in the intestinal mucosa of cirrhotic
rats [10] and decompensated cirrhotic patients [11]. Using a carbon tetrachloride (CCl4)
model of cirrhosis, Ramachandran and coworkers [10] evaluated oxidative stress status in
the gastrointestinal tract. In comparison with controls, xanthine oxidase (XO) activity (an
index of oxidative stress) was significantly increased, and xanthine dehydrogenase activity
(a parameter of antioxidant status) was significantly decreased in the intestine of cirrhotic
rats. This alteration of oxidative stress was associated with a significant reduction in villus
fraction, increased enterocyte necrosis, loss of tight junctions, and abnormal intestinal brush
border. The damaged intestinal mucosa is thought to enhance intestinal permeability and
bacterial translocation that in combination with collateral circulation and an impaired liver
results in endotoxemia. Endotoxemia can then further increase oxidative stress, intestinal
barrier dysfunction, and organ injury, leading to a ‘vicious cycle’: gut barrier dysfunction
→ endotoxemia→ organ injury. Endotoxemia in cirrhotic subjects plays critical role in
cirrhotic complications such as CCM [11], and AKI/HRS [12].

3. Overview of Cardiovascular Abnormalities of Cirrhosis and Portal Hypertension

The cardiovascular system in cirrhotic patients is abnormal, and is characterized
by portal hypertension, systemic hyperdynamic circulation (increased cardiac output
and decreased peripheral vascular resistance), and arterial pressure [13]. The decrease in
peripheral vascular resistance is thought to be due to an imbalance between vasoconstrictive
and vasodilatory factors. The former is mainly driven by the sympathetic system [14],
renin–angiotensin system (RAS) [15], endothelin-1 [16], and thromboxane [17]; the latter
by glucagon [18], prostaglandins [19], bile acids, nitric oxide (NO) [20], carbon monoxide
(CO) [21], and hydrogen sulfate (H2S) [22]. Although the vasoconstrictors such as the
sympathetic system [23,24] and RAS [25,26] are increased in subjects with cirrhosis, the
response of cirrhotic subjects to vasoconstrictors as a whole is impaired [27]. Vasodilators
play a dominant role in cirrhotic patients and therefore the cardiovascular system in patients
with cirrhosis is characterized by peripheral vascular dilation, decreased systemic vascular
resistance (SVR), and mean arterial pressure (MAP). The cardiac output is increased at
rest with cirrhotic patients having been described to have hyperdynamic circulation [22].
Under stress, the cardiac functional reserve is insufficient in cirrhosis, with decreased
left ventricular responsiveness having been described [28]. Moreover, cardiac diastolic
dysfunction has also been reported and can lead to significantly smaller increases in stroke
volume when challenged [28]. This collection of cardiac functional abnormalities in patients
with cirrhosis is called cirrhotic cardiomyopathy. The diagnosis of cirrhotic cardiomyopathy
is based on advanced imaging examination at rest [29].

The pathophysiology of cardiovascular changes in cirrhosis is multifaceted, with
inflammation (evidenced by increases of proinflammatory cytokines) [30] and oxidative
stress as significant contributors to these changes [5]. There is evidence that oxidative stress
also plays an essential role in non-cirrhotic cardiovascular diseases [31]. However, the role
of oxidative stress in the pathophysiology of cardiovascular changes in cirrhosis remains
incompletely clarified.

4. Oxidative Stress in Pathogenesis of Hyperdynamic Circulation

Cirrhosis and portal hypertension cause hyperdynamic circulation. There are two theo-
ries explaining hyperdynamic circulation in subjects with cirrhosis and portal hypertension:
the humoral theory and central neural dysregulation [9].
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5. Oxidative Stress in the Humoral Theory

The humoral hypothesis suggests that in cirrhosis, mesenteric congestion causes
endotoxemia. Endotoxin stimulates the generation of vasodilators such as glucagon [18],
prostaglandins [19], NO [32], CO [33], and H2S [34]. All these vasodilators additively/
synergically dilate peripheral vasculature which results in hyperdynamic circulation.

Oxidative stress also plays an important role in hyperdynamic circulation. In bile duct
ligation (BDL)-induced cirrhosis in rats, Lee et al. [35] found that mesenteric markers of
oxidative stress, such as thiobarbituric acid reactive substances (TBARS, an index of lipoper-
oxidation), and malondialdehyde (MDA), are significantly increased. Congruent with these
data, our group has also shown that mesenteric myeloperoxidase (MPO) is significantly
increased in portal hypertensive rats [9]. Furthermore, the levels of oxidative stress in the
mesentery are closely related to circulating proinflammatory cytokines, such as TNF-α,
IL-1β, and IL-6. Lee’s study suggests that oxidative stress may have an additive/synergic ef-
fect on systemic inflammation on hyperdynamic circulation in cirrhotic animal models [35].
Now it is clear that cellular enzymes called nicotinamide adenine dinucleotide phosphate
(NADPH) oxidases produce a considerable amount of ROS in humans [36] and a rat model
of partial portal vein ligation (PPVL) [37]. Deng and coworkers [37] demonstrated that
H2O2 is significantly increased in mesenteric tissues and in parallel, phosphorylated eNOS
(p-eNOS) is elevated. NADPH oxidase inhibitor, GKT137831, significantly reduces mesen-
teric H2O2 and p-eNOS, linking oxidative stress and the vasodilator, NO [37]. Interestingly,
GKT137831 also reduces cardiac index, portal vein pressure, portal vein blood flow, and
portal–systemic shunting in PPVL rats. GKT137831 reverses the decreased mesenteric
artery contractile response to norepinephrine in PPVL rats. The final effect of NADPH
oxidase inhibition is ameliorating hyperdynamic circulation [37].

In 1998, the Moore lab [38] demonstrated that PPVL rats develop hyperdynamic
circulation; this was reversed when these rats were treated with N-acetylcysteine (NAC)
(Figure 1). Licks et al. [39] later found that in PPVL rats, in parallel with hyperdynamic
circulation, the levels of gastric TBARS, nitrates, and nitrites are increased. In their four
groups of rats (Sham, Sham + NAC, PPVL, and PPVL + NAC), the levels of oxidative
stress markers paralleled that of nitrates and nitrites. The antioxidant parameters, such
as superoxide dismutase (SOD) and glutathione peroxidase (GPx), were significantly
decreased in PPVL rats. Histology showed that the vessels in the gastric mucosa in
the PPVL group were dilated. NAC treatment significantly reversed these changes and
resulted in a circulation that resembled what was observed in sham operated control rats.
With these results, they concluded that oxidative stress contributes to portal hypertension
and hyperdynamic circulation via the regulation of nitrates and nitrites, and antioxidant
reverses these changes in the rat PPVL model.
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Interestingly, Iwakiri et al. [40] used a double knockout (iNOS, eNOS) mice in a PPVL
model and observed that these mice still develop hyperdynamic circulation. This suggests that
other variables in addition to the humoral theory may be at play in this complex condition.

6. Oxidative Stress in Central Neural Dysregulation

Hyperdynamic circulation due to the dysregulation of the central neural system [41]
has also been described in subjects with cirrhosis and portal hypertension. This theory
proposes that there is a reflex arc which regulates the cardiovascular system. The reflex
arc includes the receptors in mesentery, afferent nerves, cardiovascular nuclei, and efferent
nerves. The signals originating from receptors in mesentery are relayed via afferent nerves
to the central neural system which then dispatches signals to the cardiovascular system
via efferent nerves. The integrity of the reflex arc is essential for the regulation of the
cardiovascular system [9,41,42]. Portal hypertension causes congestion in the mesentery
which activates chemoreceptors and/or baroreceptors in the splanchnic area. Our study
found that 10 days after PPVL, the MAP and SVR are significantly decreased and cardiac
output significantly increased, indicating a hyperdynamic circulation [42]. We examined
different interventions to test the role of this reflex arc in hyperdynamic circulation. We
first tested the role of capsaicin-sensitive nerves in hyperdynamic circulation. Capsaicin
was used to denervate the afferent nerves in rat pups. These rats were subjected to PPVL
or BDL-induced cirrhosis when they reached adulthood [43]. We showed that capsaicin-
treated PPVL or cirrhotic rats had similar cardiac output and systemic vascular resistance
compared to the sham-operated group. In comparison, the PPVL or cirrhotic rats treated
with vehicle (DMSO + ethanol) demonstrated hyperdynamic circulation. These data con-
firmed that capsaicin-treated rats have no capacity to develop hyperdynamic circulation
when subjected to PPVL or cirrhosis. Capsaicin had no hemodynamic effect on sham-
operated rats. These results showed that capsaicin treatment blocks the development of
vasodilation in cirrhotic and portal hypertensive rats. Thus, primary afferent innerva-
tion is important in the pathogenesis of hyperdynamic circulation in portal hypertension
and cirrhosis.

We then tested the central neural system in the regulation of hyperdynamic circulation
in PPVL rats [42]. c-fos is an immediate-early gene and has important roles in cellular
signal transduction. The c-fos protein product Fos is significantly increased in central
cardiovascular nuclei such as the nucleus tractus solitarius (NTS) and paraventricular
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nucleus (PVN). Fos is an activation marker in the central neural system. We found that Fos
expression is the prerequisite of hyperdynamic circulation in PPVL rats. Fos is detectable at
day 1 after PPVL with immunohistochemistry and persistently increased when examined
daily in the PPVL rats. However, the hyperdynamic circulation developed on day 3 and
remained thereafter. When Fos expression in the NTS was blocked by local microinjection
of c-fos antisense oligonucleotides, the increased cardiac output decreased SVR and MAP
were reversed in PPVL rats. c-fos antisense oligonucleotides had no effect on circulation in
sham-control rats. This experiment indicated that cardiovascular nuclei are crucial to the
regulation of hyperdynamic circulation in PPVL rats [42].

We then tried to clarify the afferent nervous pathway. An inflatable cuff around
the portal vein was used to acutely increase the portal pressure, then the vagal nerve
electrical activity in the cervical area was recorded [41]. The acute increase in portal
pressure immediately increased the vagal nerve electrical activity. In another experiment,
the cervical vagus nerve was ablated by capsaicin. Three weeks after vagal ablation, the
rats were subjected to PPVL. Our results showed that vagal nerve ablation significantly
decreased Fos expression in the PVN of PPVL rats. Furthermore, vagal nerve blocked the
development of hyperdynamic circulation in PPVL rats. This implied that an intact vagal
nerve is a sine qua non in the pathogenesis of hyperdynamic circulation in PPVL rats [41].

The initial signal that triggers the hyperdynamic circulation in PPVL rats is thought to
be mesenteric congestion. The congestion impacts two types of receptors, baroreceptors and
chemoreceptors, as congestion not only increases the mesenteric venous pressure, but also
causes ischemia. Chen et al. [44] induced cirrhosis in rats by CCl4, and reported that H2O2
content in the mesenteric arterial wall was significantly increased in comparison to control
animals. Several studies demonstrated that an antioxidant such as NAC significantly
reverses hyperdynamic circulation in portal hypertensive animal models.

One of these studies from the Moore Lab demonstrated that NAC alleviates oxidative
stress and prevents hyperdynamic circulation in the PPVL rats. They showed that the
portal pressure remains significantly higher in the PPVL + NAC animals compared with
sham + NAC rats [38]. However, that study did not further investigate the mechanism of
NAC on the attenuation of hyperdynamic circulation.

We therefore performed a study to investigate the role of oxidative stress in the patho-
genesis of hyperdynamic circulation, specifically aiming to evaluate whether oxidative
stress is the initiating signal in the gut. We also used the PPVL model in rats because pre-
hepatic portal hypertension creates mesenteric congestion and ischemia without significant
liver parenchymal injury. Our study also reconfirmed the effect of NAC on hyperdynamic
circulation in PPVL rats [10] (Figure 2). Furthermore, we found that jejunal MPO, an index
of intestinal oxidative stress, is significantly increased in the PPVL model in rats; NAC
treatment significantly decreased the activity of jejunal MPO (Figure 3). Interestingly, NAC
also significantly decreased cardiac output, increased MAP and SVR, and reversed the
hyperdynamic circulation in PPVL rats (Figure 2). To confirm that it is the oxidative stress
that inaugurates hyperdynamic circulation, H2O2 was applied directly to the mesenteric
area. We confirmed that H2O2 stimulates Fos expression in PVN (Figure 4), and decreased
MAP, a direct index of hyperdynamic circulation. All these data indicate that it is the
oxidative stress that triggers the hyperdynamic circulation in portal hypertension [9].
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Figure 3. The effect of NAC on portal vein pressure and oxidative stress in mesentery area.
(a) NAC has no effect on portal vein pressure either in Sham or BDL rats. (b) The effect of NAC on
myeloperoxidase (MPO) status in the jejunum (** p < 0.01 compared with sham controls, * p < 0.05
compared eith PPVL group) NAC: N-acetylcysteine; PPVL: partial portal vein ligation. [Reproduced
from reference [9]: Liu H et al., Hepatol Int 2023;17:689–697].
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Figure 4. Fos density in the paraventricular nucleus (PVN) of the hypothalamus. Partial portal vein
ligation (PPVL) significantly increased the density of Fos in PVN in PPVL rats. N-acetyl-cysteine
(NAC) significantly decreased the density of Fos in PVN in PPVL rats, but did not change Fos
density in PVN in sham-operated rats (** p < 0.01 compared with sham controls). (Reproduced from
reference [9]: Liu H et al., Hepatol Int 2023; 17: 689–697).

7. Cirrhotic Cardiomyopathy

Cardiac dysfunction underlying cirrhosis in the absence of pre-existing heart disease is
known as CCM [29]. The diagnostic criteria of CCM include systolic and diastolic dysfunc-
tion (Table 1). The mechanisms of CCM include endotoxemia, increased proinflammatory
cytokines such as TNFα and IL-1β [45], apoptosis [46], changes in cardiac myofilament
proteins [47], and oxidative stress [48].

ROS were previously thought to be produced almost exclusively from mitochondrial
metabolism. Now it is clear that cellular enzymes called NADPH oxidases produce a con-
siderable amount of ROS in humans [36] and animal models of PPVL in rats [37]. NADPH
is located predominantly in the cytosolic compartment while NADH is localized predomi-
nantly to mitochondria and therefore, mitochondria are a main site of ROS production [49].
The first three cellular sources of ROS are neutrophils, monocytes, and cardiomyocytes.
ROS is overproduced in subjects with cirrhosis [50].
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Table 1. Diagnostic criteria proposed by Cirrhotic Cardiomyopathy Consortium.

Systolic Dysfunction Advanced Diastolic Dysfunction Areas for Future Research

Any of the following: ≥3 of the following: • Abnormal chronotropic or inotropic response

• LV ejection fraction ≤ 50% • Septal e′ velocity < 7 cm/s • Electrocardiographic changes

• Absolute * GLS < 18% • E/e′ ratio ≥ 15 • Electromechanical uncoupling

• LAVI > 34 mL/m2 • Myocardial mass change

TR velocity > 2.8 m/s • Serum biomarkers

• Chamber enlargement

• CMRI
* GLS (global longitudinal strain) is reported as a negative value in echocardiography reports. Changes in GLS
should be described as changes in the absolute value. LV, left ventricle; e′, early diastolic mitral annular velocity;
E/e′, ratio of mitral peak velocity of early filling to early diastolic mitral annular velocity; LAVI, left atrial (LA)
volume index; TR, tricuspid regurgitation; CMRI, cardiac magnetic resonance imaging.

It is well known that the heart is an energy-consuming organ and around one-third of
the cardiomyocyte is mitochondria in adults [49]. Ninety-five percent of energy supplied
to the cardiomyocyte is derived from mitochondria (ref) [51]. Our study demonstrated that
monocytes are increased in the hearts of cirrhotic animals [52] and highlights the innate
immune response as a contributing source of ROS. Mousavi and colleagues [5] evaluated
oxidative stress in cirrhotic hearts induced by BDL in rats and found that the ROS level,
lipid peroxidation, and protein carbonylation were significantly increased in cirrhotic
hearts compared with those in control hearts. Glutathione (GSH) in the cirrhotic heart was
significantly depleted and oxidized glutathione (GSSG) was significantly increased, and
the GSH/GSSG ratio was significantly decreased. The total antioxidant capacity was signif-
icantly reduced. Moreover, Mousavi’s study revealed that the content of ATP, a marker of
myocardial mitochondrial function, was significantly decreased (less than 50% of controls)
in cirrhotic animals [5]. When mitochondria cannot meet the demands of a cell for ATP, ROS
will be produced [49]. Mitochondria generate many types of ROS, including superoxide
anion (O2

−), H2O2, and hydroxyl radical (HO). Although the reactivity is different in each
individual ROS, they all cause cardiomyocyte dysfunction. Mitochondrial homeostasis is
therefore vital for preserving cardiac function [53]. The dysfunction of mitochondria causes
a cellular energy crisis which plays an essential role in CCM (Figure 5). Our previous study
also demonstrated that in the cirrhotic rat heart, 2,4-dinitrophenylhydazone, an indicator
of oxidative stress, is significantly increased, and Nrf2, an antioxidant protein, is signif-
icantly decreased. Erythropoietin, an antioxidant, significantly reduced oxidative stress
and augmented antioxidant proteins. Furthermore, erythropoietin significantly improved
cardiac function in a rat cirrhotic model. These data imply that oxidative stress plays an
important pathogenic role in the cirrhotic heart [48].
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ATP, a marker of myocardial mitochondrial function, was significantly decreased (less 

than 50% of controls) in cirrhotic animals [5]. When mitochondria cannot meet the de-

mands of a cell for ATP, ROS will be produced [49]. Mitochondria generate many types of 

ROS, including superoxide anion (O2−), H2O2, and hydroxyl radical (HO). Although the 

reactivity is different in each individual ROS, they all cause cardiomyocyte dysfunction. 

Mitochondrial homeostasis is therefore vital for preserving cardiac function [53]. The dys-

function of mitochondria causes a cellular energy crisis which plays an essential role in 

CCM (Figure 5). Our previous study also demonstrated that in the cirrhotic rat heart, 2,4-

dinitrophenylhydazone, an indicator of oxidative stress, is significantly increased, and 

Nrf2, an antioxidant protein, is significantly decreased. Erythropoietin, an antioxidant, 

significantly reduced oxidative stress and augmented antioxidant proteins. Furthermore, 

erythropoietin significantly improved cardiac function in a rat cirrhotic model. These data 

imply that oxidative stress plays an important pathogenic role in the cirrhotic heart [48]. 

 

Figure 5. Pathogenic mechanism of oxidative stress on cardiac function. Figure 5. Pathogenic mechanism of oxidative stress on cardiac function.
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8. Role of Oxidative Mechanisms in Cardiac Arrhythmias

In patients with cirrhosis, atrial fibrillation is the most common arrhythmia [54]. Ox-
idative stress is significantly increased and antioxidants are significantly decreased in
noncirrhotic patients with atrial fibrillation [55,56]. Corradi and colleagues [55] reported
that molecular markers of oxidative stress such as heme oxygenase-1 and 3-nitrotyrosine
were significantly elevated and antioxidant biomarkers such as SOD-2 were significantly
reduced in patients with atrial fibrillation. Bezna et al. [56] studied 80 patients with
supraventricular cardiac arrhythmias and 40 healthy volunteers, and reported that specific
antioxidant biomarkers such as SOD and glutathione peroxidase were significantly de-
creased in all patients with arrhythmias. Is there a direct causal effect of increased oxidative
stress in cardiac arrhythmias? Morita et al. [57] directly exposed isolated hearts to H2O2
(0.1 mM) in a Langendorff setup and demonstrated that H2O2 directly induces ventricular
fibrillation. Ranolazine, which inhibits late inward sodium current and has an antioxidant
effect, prevents/terminates H2O2-induced ventricular fibrillation. Morita’s study provides
solid evidence that oxidative stress causes arrhythmias.

9. Acute Kidney Injury (AKI) and Hepatorenal Syndrome

HRS is defined as renal failure developing in patients with pre-existing chronic liver
failure (acute or chronic) in the absence of any other identifiable cause of renal disease [58].

HRS is a serious and life-threatening complication of decompensated cirrhosis. HRS
is not a purely ‘functional’ renal failure due to hemodynamic perturbation, as oxidative
stress and inflammation are also thought to play a significant role in the pathogenesis
of this condition. Local/systemic oxidative stress and inflammation cause structural
changes [59]. The International Club of Ascites in 2007 classified HRS as types 1 and
2 (HRS-1 and HRS-2) [60]. HRS-1 is defined as a rapid deterioration of renal function
due to precipitating factors, such as bacterial infection, large volume paracentesis, and
gastrointestinal hemorrhage [61]. HRS-2 is a relatively slow process of progressive renal
dysfunction. HRS-2 usually has no obvious precipitating factors. HRS-1 therefore manifests
as acute renal failure and HRS-2 is mainly characterized by refractory ascites.

The pathogenesis of HRS is the underfilling of the arterial circulation due to arterial
vasodilation combined with inadequate renal perfusion due to the ventricular dysfunction
of CCM [62]. The causal connection between oxidative stress and HRS/AKI is whether
oxidative stress contributes to arterial vasodilation and CCM. The pathogenic role of oxida-
tive stress in CCM has been reviewed above. As for arterial vasodilatation, accumulating
evidence indicates that oxidative stress contributes to the structural and functional de-
rangement of the intestinal mucosa which results in the disruption of gut barrier integrity
and increases permeability. The increased permeability, mesenteric congestion due to
portal hypertension, and decreased hepatic detoxication capacity due to cirrhosis result
in bacterial overgrowth, translocation, and increased lipopolysaccharides (LPS) which
escape the liver via collateral circulation; the final result is endotoxemia. Endotoxin causes
kidney damage in multifaceted ways [63] including vasodilation via TNFα, nitric oxide,
and carbon monoxide. Therefore, oxidative stress is an Important factor in the pathogenesis
of HRS.

10. Antioxidants as Potential Treatment Options in Cardiovascular Anomalies
of Cirrhosis

There is no accepted specific treatment for the management of cardiovascular anoma-
lies of cirrhosis. Traditional therapeutic strategies for non-cirrhotic heart diseases, such as
vasodilators, are not suitable for heart dysfunction in cirrhosis because cirrhotic patients
often have vasodilation and hypotension. As such, vasodilators may worsen a cirrhotic
patient’s clinical status [64]. Therefore, angiotensin-converting enzyme (ACE) inhibitors
or angiotensin receptor blockers are not applicable in advanced cirrhosis and are con-
traindicated in HRS [64]. Liver transplantation is the definitive ‘cure’ for cardiovascular
anomalies of cirrhosis. However, the shortage of donor organs may limit its application,
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and transplantation is not widely available in all global regions. Moreover, it is an expen-
sive, complex procedure which is not feasible for many medical centers. Finally, long term
immunosuppression is associated with adverse effects, including risk of infections and
malignancy. Thus, the search for medical therapies for the cardiovascular complications of
cirrhosis must continue. Accordingly, any study that finds a link between cardiovascular
anomalies and certain molecules may lead to a potential therapeutic strategy. Oxidative
stress-related molecules may thus be targets for this purpose.

11. Nonspecific Beta-Adrenergic Blockers (NSBBs)

Taprantzia et al. [65] investigated the status of oxidative stress in cirrhotic patients
and demonstrated that oxidative indicators such as lipid hydroperoxides and malondi-
aldehyde were significantly increased in cirrhotic patients compared with healthy controls.
Propranolol treatment for one month significantly reduced oxidative stress by decreasing
portal pressure in cirrhotic patients [66], improving mesenteric venous congestion, and
decreasing intestinal permeability [67]. These effects indirectly alleviated endotoxemia and
systemic inflammation [65].

Improvement in systemic inflammation benefits the cardiovascular system. Another
potential benefit is that NSBBs shorten the prolonged QTc interval and decrease the risk
of ventricular arrhythmias [68]. However, Silvestre et al. [69], in a randomized controlled
trial, treated CCM patients with metoprolol and did not find significant improvement of
cardiac function after 6 months in the metoprolol-treated group compared to a placebo. A
lack of significant response was thought to reflect heterogeneity of the patient population
and sympathetic neural response relative to severity of cirrhosis [70].

12. Taurine

Taurine has pleiotropic functions including anti-oxidation, anti-inflammation, and
anti-apoptosis. It impacts many organs including retina, skeletal muscle, liver, platelets,
and leukocytes [71]. Taurine is also thought to be essential for cardiovascular function as
studies evaluating taurine transporter knockout mice note cardiac dysfunction as a pheno-
type [72]. Taurine has been shown to have a protective effect on oxidative stress-induced
vascular dysfunction [73]. The role of taurine in CCM needs to be further investigated
and characterized. The biosynthesis of taurine occurs primarily in the liver [71]. Cirrhosis
decreases the functional liver mass and consequently the synthesis of taurine [64]. Low
taurine serum levels have been closely associated with many oxidative stress-mediated
pathologies, including hepatic disorders and cardiomyopathy [74].

Given that the antioxidant capacity in patients with cirrhosis is decreased, supple-
mentation of taurine may be potentially beneficial. Taurine has been shown to reduce
lipid peroxidation and protects cells from damage [75]. Using a model of transverse aortic
constriction-induced heart failure in mice, Liu et al. [76] demonstrated that taurine has
a protective effect on cardiac function. The mechanisms are thought to be secondary to
reducing myocyte oxidative stress, apoptosis, hypertrophy, and cardiac fibrosis. These
protective effects of taurine on non-cirrhotic heart failure may also apply to CCM. Mousavi
and colleagues [5] showed that taurine significantly reduced tissue oxidative stress which
includes lipid peroxidation, ROS, protein carbonylation, and the GSH/GSSG ratio in a
bile duct ligation model of cirrhosis. Overall, taurine increased total antioxidant capacity
and mitochondrial ATP content in this study. In summary, taurine decreases oxidative
stress and improves mitochondrial function in the cirrhotic rat heart. Furthermore, tau-
rine also decreases the level of creatine kinase MB (CK-MB), a marker of heart injury.
Taurine is a valuable candidate worth further investigation in cirrhotic patients with
cardiovascular complications.

13. Spermidine

Similar to taurine, spermidine also possesses antioxidant, anti-inflammatory, and
anti-apoptotic properties [77,78]. Omar et al. [79] evaluated the effects of spermidine
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on isoproterenol-induced acute myocardial infarction and reported that it significantly
increased electrocardiographic RR and QRS intervals to normal values, and decreased
QT intervals and ST segment height to normal ranges, compared to the untreated group.
Spermidine also significantly reduced serum CK-MB and lactate dehydrogenase (LDH),
both parameters of serum cardiac injury. In parallel, the reduced antioxidant capacity
in the untreated AMI group was rescued with spermidine treatment, indicating that the
protective effect of spermidine is at least partially mediated via inhibition of oxidative
stress [79].

Furthermore, Sheibani et al. [78] investigated the effects of spermidine in BDL-cirrhotic
rats and demonstrated that spermidine significantly reduced the cardiac oxidative stress
and inflammation. Moreover, spermidine significantly decreased the QTc interval in the
BDL group (204 vs. 170 ms, p < 0.001). The cardiac contractility of spermidine-treated
cirrhotic rats was also significantly increased in comparison with that from untreated BDL
rats. These studies raise the possibility of the clinical application of spermidine in cirrhotic
patients with cardiovascular diseases.

14. Direct Antioxidants

A meta-analysis [80] demonstrated that NAC not only significantly decreased oxida-
tive markers, such as MDA and homocysteine, but also inflammatory markers, such as
TNF-α and IL-6. Subjects with cirrhosis have both oxidative stress and inflammation, and
this raises the question whether agents such as NAC can be used in this clinical setting.
Using the BDL model of cirrhosis in rats, Lee and coworkers [35] reported that TBARS and
MDA markers of oxidative stress were significantly increased in BDL vs. control rats. In
parallel with this, inflammatory markers such as TNF-α, IL-1β, and IL-6 were also signifi-
cantly increased in BDL rats. NAC significantly decreased both oxidative and inflammatory
markers. Interestingly, one month treatment of NAC significantly attenuated systemic
and splanchnic hyperdynamic circulation, improved hepatic endothelial dysfunction, and
reduced intrahepatic resistance [27].

Another direct antioxidant is hydrogen. Because of the small size of the hydrogen
molecule, it easily penetrates the cell membrane to the cytosol. Another advantage is that
there are no side effects because it can be metabolized without residue [81]. Hydrogen
exerts antioxidant [82], anti-inflammatory, and antiapoptotic effects [83,84], which has
cardioprotective benefits. Hydrogen might be a novel treatment in various cardiovascular
conditions such as ischemia–reperfusion injury [85] and cardiac transplantation because
hydrogen protects cardiac allografts and reduces intimal hyperplasia of aortic allografts [86].
Lee et al. [35] revealed that hydrogen-rich saline significantly decreased TBARS and MDA,
markers of oxidative stress, and increased SOD, GSH, markers of antioxidant in BDL rats
compared with BDL + vehicle. Furthermore, hydrogen-rich saline decreased inflammatory
markers such as TNF-α, IL-1β, and IL-6. The final results were the improvement of hepatic
endothelial function, intrahepatic resistance, and systemic and splanchnic hyperdynamic
circulation [35]. The studies on hydrogen at present are limited to animals, but there is
potential for clinical application.

Other antioxidants, such as resveratrol [87], melatonin [88], and albumin [89] also
have protective/therapeutic effects on cardiovascular diseases; these antioxidants may
thus be applicable to treat cardiovascular complications in cirrhosis.

In conclusion, in subjects with cirrhosis and portal hypertension, oxidative stress plays
an essential role in the pathogenesis of several complications. These complications include
hyperdynamic circulation, cirrhotic cardiomyopathy, and acute kidney injury/hepatorenal
syndrome. Oxidative stress stimulates inflammation and impacts the production of cardiac
energy, which result in cardiac and vascular dysfunction. Antioxidants can reverse or
mitigate these processes and thus may have potential therapeutic effects on cardiovascular
and renal abnormalities in cirrhosis.
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