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Opioids are the most widely used analgesics and therefore have often been the focus
of pharmacological research. Macrophages are the most plastic cells in the
hematopoietic system. They show great functional diversity in various organism
tissues and are an important consideration for the study of phagocytosis, cellular
immunity, and molecular immunology. The expression of opioid receptors in
macrophages indicates that opioid drugs act on macrophages and regulate their
functions. This article reviewed the collection of research on effects of opioids on
macrophage function. Studies show that opioids, both endogenous and exogenous,
can affect the function of macrophages, effecting their proliferation, chemotaxis,
transport, phagocytosis, expression of cytokines and chemokine receptors,
synthesis and secretion of cytokines, polarization, and apoptosis. Many of these
effects are closely associated with mitochondrial function and functions of other
organelles in macrophages. Therefore, in depth research into effects of opioids on
macrophage organelles may lead to some interesting new discoveries. In view of the
important role of macrophages in HIV infection and tumor progression, this review also
discusses effects of opioids on macrophages in these two pathological conditions.

Keywords: opioids, macrophages, tumor progression, human immunodeficiency virus, organelles

INTRODUCTION

Opioids, such as morphine, are widely used in clinical pain treatment worldwide and are most
commonly used to treat pain from cancer and various forms of acute intraoperative pain. However,
opioids pose a risk to patients and society, as their misuse or abuse can lead to addiction and overdose
(Webster, 2017). In recent years, the number of people who have died from opioid overdose has
increased worldwide, exposing a potential opioid drug crisis (Volkow and Blanco, 2021).
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Macrophages are immune cells that are studied for their role in
cellular phagocytosis, cellular immunity, and molecular
immunology. They play a central role in regulating humoral
and cellular immunity against infectious diseases and cancer.
Macrophages can eradicate bacteria invading the body;
phagocytize foreign particles, aging or damaged cells and the
degenerating intercellular matrix; kill tumor cells; and activate
lymphocytes or other immune cells.

The immunomodulatory effects of opioids in the context of
immunosuppression and infection have been widely reviewed
(Liang et al., 2016; Boland and Pockley, 2018; Plein and Rittner,
2018). The review published by Eisenstein in 1998 elaborated on
the influence of opioids on macrophage function and the
regulation of immune response (Eisenstein and Hilburger,
1998). Many studies have shown that human and rodent
macrophages can express opioid receptors. Opioid drugs, such
as morphine, interacting with opioid receptors can inhibit
phagocytosis and chemotaxis of macrophages. In vitro
experiments have also shown that opioids or opioid peptides
have direct effects on macrophages.

This review paper summarized the latest evidence regarding
effects of opioids on macrophage function in the last 20 years.
Morphine is the most well studied opioid with regards to
macrophage function and significantly less research has been
done on other opioids, such as fentanyl, methadone, tramadol,
oxycodone, hydromorphone, and buprenorphine. Opioids, both
endogenous and exogenous, can have an effect on the function of
macrophages, including macrophage proliferation, chemotaxis,
transport, phagocytosis, expression of cytokines and chemokine
receptors, synthesis and secretion of cytokines, polarization, and
apoptosis. These effects have been mainly evaluated in vitro, and
the results are often contradictory, depending on different
experimental conditions, for example cultured cell type, cell
line or clone, culture duration, culture medium composition,
dose, and opioid exposure time. In the following sections we
introduce the opioids, opioid receptors, and macrophages, and
discuss their relationship. We also discuss the relationship
between opioids and organelles in macrophages, a promising
topic for future studies. Additionally, in view of the critical role of
macrophages in HIV infection and tumor progression, we discuss
the influence of opioids on macrophages under these two
pathological conditions.

CLASSIFICATION AND BASIC
PHARMACOLOGY OF OPIOIDS

Opioids can be divided into natural opioid alkaloids, semi-
synthetic opioids, and synthetic opioids, depending on the
source of the compound and the processing involved. Four
natural alkaloids—morphine, codeine, papaverine, and
thebaine—are all extracted from Papaver somniferum, among
which, morphine is the most widely used in the clinic. Semi-
synthetic opioids, such as diamorphine and oxycodone, are
produced by simple chemical treatment of natural opioid
alkaloids. Synthetic opioids, widely used in clinics in the past
half-century, can be further subdivided into four groups:

morphinan derivatives, diphenyl heptane derivatives,
benzomorphan derivatives, and phenylpiperidine derivatives.
Opioids can also be classified as agonists, partial agonists,
antagonists, and agonist-antagonists, depending on their effect
on opioid receptors.

Since the last century, the classification of opioid receptors has
changed with time. At present, the commonly used NC-IUPHAR
divides opioid receptors into four categories: DOP or δ, KOP or κ,
MOP or μ, and nociceptin receptor (NOP) (James and Williams,
2020). The first three are classical opioid receptors, all of which
are G protein-coupled receptors (GPCRs). The NOP receptor is
also a GPCR system, which has obvious similarity with the known
amino acid sequence of classical opioid receptors. NC-IUPHAR
states that the NOP receptor is a non-opioid branch of the opioid
receptor family because when the NOP receptor is activated by an
agonist at the cellular level, it produces similar effects to the
classic opioid receptors mentioned above. Classical opioid
receptors have been divided into subtypes, µ1, µ2, and µ3 for
MOP, δ1 and δ2 for DOP, and κ1a, κ1b, κ2a, κ2b and κ3 for KOP.

Previous studies have confirmed that the primary mechanism
of opioid-induced analgesia is through activation of the midbrain
MOP receptor in the central nervous system. MOP agonists have
an analgesic effect by indirectly increasing neuronal flow in the
nucleus reticularis paragigantocellularis and periaqueductal gray
descending pathway, or by directly inhibiting peripheral
nociceptive afferent sensitivity. In addition, MOP agonists can
indirectly inhibit the transmission of spinal cord pain and reduce
the sensation of spinal cord injury. Although analgesic properties
of opioids may be attributed to the activation of the MOP
receptor, this may also be the reason for many of the side
effects associated with opioids. Opioids may lead to euphoria
and decreased awareness, making them prone to abuse. They also
affect the respiratory system, reducing the respiratory rate and
airway reflex, which is considered to be beneficial during
anesthesia. Although opioids are generally considered to
maintain the stability of the heart, the release of histamine and
the decrease of systemic vascular resistance and blood pressure
are evident in the case of morphine. They can also cause
constipation, nausea, vomiting, urinary retention, itching,
muscle stiffness, mydriasis, and irritability in some individuals.
Many side effects may limit their use.

OVERVIEW OF MACROPHAGES

In adult mammals, macrophages are not only present in the
blood, but also in various tissues throughout the body. They
demonstrate huge anatomical and functional diversity in these
tissues. Depending on the location, the names and shapes of
macrophages may also be different. For example, they are referred
to as pulmonary macrophages in the lungs, microglia in the
nervous system, Kupffer cells in the liver, and osteoclasts in
the bone.

In the past, various systems were used to classify phagocytic
mononuclear cells and their precursors, but the most successful is
the mononuclear phagocytic system, which is defined as
progenitor cells in the bone marrow, monocytes in the blood,

Frontiers in Pharmacology | www.frontiersin.org January 2022 | Volume 12 | Article 8142412

Wen et al. Opioids Immune Effect on Macrophages

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


and macrophages in tissues as phagocytic mononuclear cells or
precursors. Another classification method reflects two extreme
conditions of macrophages, including activated and alternative
activated macrophages, otherwise known as M1 and M2,
respectively. Under the influence of the local
microenvironment cytokines, macrophage populations usually
differentiate into two phenotypes, in a process known as
macrophage polarization (Wang et al., 2014; de Gaetano et al.,
2016; Yunna et al., 2020). M1 macrophages participate in the
positive immune response by secreting pro-inflammatory
cytokines and chemokines and presenting antigens, thereby
monitoring the immune system. M2 macrophages only have a
weak antigen-presenting ability and play an important role in
immune regulation by secreting inhibitory cytokines, such as IL-
10 or TGF-β (Wynn et al., 2013). However, it is worth noting that
the idea of dichotomy is largely oversimplified and is mainly
based on the in vitro response to polarization stimulation. In fact,
many macrophage subtypes have overlapping functions and
phenotypes since they are exposed to hundreds of different
stimuli. These functions are integrated by complex signal
pathways and finally produce specific effects.

Macrophages are the most plastic cells in the hematopoietic
system and show great functional diversity in various tissues of
organisms. Changes in macrophage phenotype and function lead
to dramatic changes in cell metabolism. These metabolic
adaptations, in turn, support the activity of macrophages and
maintain their polarization in specific environments (Viola et al.,
2019). For example, M1macrophage metabolismmainly depends
on glycolysis. Interestingly, in M1 macrophages, two points of
interruption in the tricarboxylic acid (TCA) cycle results in the
accumulation of itaconate (a microbicidal compound) and
succinate. The accumulation of succinate leads to the
stabilization of hypoxia-inducible factor 1α (HIF1α), which in
turn activates the transcription of glycolytic genes, thus
maintaining the glycolytic metabolism of M1 macrophages.

Macrophages not only regulate the normal metabolic balance
and immune response in vivo, but also play an important role in
the pathophysiological process of various system diseases. Studies
have confirmed that macrophages play an important role in the
development of inflammatory bowel disease, atherosclerosis,
diabetic nephropathy, AIDS, and tumors. The plasticity of
macrophages in the process of intestinal inflammation
indicates that these cells not only play an extensive role in the
occurrence of inflammation, but also in termination, healing, and
repair of inflammation (Moreira Lopes et al., 2020). During the
development and progression of atherosclerosis, macrophages
respond to various environmental signals, such as lipids and their
derivatives, pro-inflammatory and anti-inflammatory cytokines,
and heme in aging red blood cells, thus regulating different
phenotypes of macrophages (Jinnouchi et al., 2020). In the
experimental model of diabetes mellitus, it has been found
that macrophage infiltration (mainly M1) occurs in the early
stage of the disease, which is one of the reasons renal matrix
hyperplasia and irreversible pathological changes of the
glomerulus (Calle and Hotter, 2020). Tumor-associated
macrophages (TAMs) are the key driving factors of tumor
progression, metastasis, and resistance therapy (Wu et al., 2020).

MACROPHAGE-ASSOCIATED OPIOID
RECEPTORS

Opioids are agonists of MOP, DOP, and KOP receptors, while
nociception/orphanin FQ peptide is an agonist of NOP receptors.
In animal models, all four opioid receptors on neurons can induce
analgesia, but the most relevant ones are MOP receptors and their
agonists, such as morphine and fentanyl. Opioids can affect the
function of immune cells and their role in immunosuppression
and infection has been widely discussed. Here, we analyze the
expression of opioid receptors in macrophages.

Four opioid receptors have been found in the human, rhesus
monkey, rat, and mouse macrophages at mRNA and protein
levels (Eisenstein, 2019; Machelska and Celik, 2020) (Table 1).
Sedqi et al. (1995) confirmed expression of MOP receptor-related
transcripts in rat peritoneal macrophages by reverse
transcription-polymerase chain reaction (RT-PCR). Ignatowski
et al. analyzed the differential expression of the KOP receptor on
mouse lymphocytes and mouse macrophages at different
maturation stages after selective induction and found that
resident peritoneal macrophages showed more specific
receptor markers and about 50% of resting macrophages
expressed KOP receptors (Ignatowski and Bidlack, 1999).

OPIOIDS AFFECT THE CHEMOTAXIS,
RECRUITMENT, MIGRATION, AND
PHAGOCYTOSIS OF MACROPHAGES
Previous studies mostly focused on the effects of morphine, at
different doses and with different administration methods, on
macrophage function. Limited studies have systematically
analyzed the effects of morphine on macrophage recruitment
and migration. These studies have shown that morphine
treatment results in a significant delay and decrease in
macrophage recruitment at the wound site, which was
attributed to the inhibition of effective macrophage chemokine
monocyte chemoattractant protein-1 (MCP-1). The
immunosuppressive effect of morphine on the recruitment of
early innate immune cells makes neutrophils unable to fully
migrate to the injury site within 24 hours after injury. This
leads to less production and secretion of MCP-1 and reduced
chemotaxis gradient, which is crucial for subsequent macrophage
recruitment. Macrophage infiltration decreases, resulting in
decreased neutrophil clearance and increased pro-
inflammatory response. Morphine regulates inflammation
induced CCR2 expression, which may be a potential
mechanism by which morphine affects the continuous
recruitment of macrophages (Martin et al., 2010). There may
also be other mechanisms by whichmorphine affects macrophage
recruitment and migration, therefore further studies are
warranted.

Phagocytosis by macrophages is extremely important.
Macrophages swallow and process large foreign bodies, old
waste excreted by cells and red blood cells at the end of their
life. Macrophages can locate and infiltrate a site of inflammation
to deal with foreign bodies. Some studies have explored the effects
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of opioids, such as morphine, on macrophage phagocytosis.
Bhaskaran et al. found that a high dose of morphine (HDM),
equal to 40 mg/kg body weight every 12 h, impaired the ability of
macrophages to inhibit and kill bacteria by phagocytosis
(Bhaskaran et al., 2007). In the HDM group, peritoneal
bacterial leakage and the number of macrophages migrating
into the peritoneal cavity decreased significantly. HDM
promoted the phosphorylation of p38MAPK in macrophages,
while morphine pretreatment attenuated this effect. Tomassini
et al. showed that MOP and DOP receptors mediate morphine’s
effect on the phagocytosis of mouse peritoneal macrophages
(Tomassini et al., 2003). Ninković et al. found that long-term
morphine treatment increased cAMP and activated protein
kinase A in macrophages, resulting in inhibition of Rac1
GTPase and p38MAPK, weakening actin polymerization and
FCGR-mediated phagocytosis, and reducing bacterial clearance
(Ninković and Roy, 2012). Ninković et al. (2016) confirmed that
opioid therapy can reduce the phagocytosis by macrophages of
gram-positive bacteria compared to gram-negative bacteria.
Lipopolysaccharide (LPS)-stimulated chronic morphine-treated
macrophages could enhance phagocytosis and killing of gram-
positive and gram-negative bacteria through the p38MAPK-
dependent signaling pathway. These studies explored the
effects of morphine on macrophage phagocytosis from
different aspects (including different doses of morphine,
receptors of morphine on macrophages, and types of bacteria
phagocytized). However, the relevant downstream mechanism is
not clear and need further exploration.

Several other studies have compared the effects of different
opioids on macrophage phagocytosis. Shirzad et al. (2009)
compared the effects of morphine and tramadol on the
phagocytic activity of mouse peritoneal phagocytes and found
that after 10 days of treatment, the number of phagocytes and the
phagocytic index in the morphine-treated group decreased, while
the number of phagocytes in the tramadol group increased. Acute
exposure to morphine and methadone inhibited phagocytosis in
human monocyte-derived macrophages (h-MDMs) in a dose-
dependent manner. In contrast, long-term exposure leads to the
eventual normalization of phagocytosis, indicating that a
hypothetical state of tolerance to opioids has been formed.

When opioids are withdrawn from long-exposed h-MDMs
with tolerance to opioids and reintroduced, phagocytosis is
inhibited again (Delgado-Vélez et al., 2008). Comparing the
effects of different opioids on macrophage phagocytosis
and exploring the mechanism of effects are helpful to regulate
the immune state of the body and the clinical application of
opioids.

OPIOIDS AFFECT THE PRODUCTION OF
VARIOUS CYTOKINES AND THE
POLARIZATION OF MACROPHAGES
In addition to affecting the phagocytosis of macrophages, opioids
can also act on opioid receptors on macrophages, thereby
affecting intracellular molecular targets and the production
of various cytokines (Table 2). The change of the production
ratio of various cytokines can provide a basis for judging the
polarization of macrophages in different directions (M1 or M2).
Therefore, in this section, we talk about the effects of opioids on
the production of various cytokines and the polarization of
macrophages.

When macrophages are stimulated by zymosan or LPS,
opioids can promote the production of reactive oxygen species
(ROS) intermediate and cytokines and reduce the expression of
surface antigen presentation markers in peritoneal macrophages.
Opioids promote the production of pro-inflammatory cytokines,
including IL-6 and TNF-α, in the early stage. Secretion of IL-10 is
then activated 1 day after the release of pro-inflammatory
cytokines. All the antigen-presenting molecules (CD14, CD80,
CD86, and MHC II) on the surface of macrophages are shown to
be significantly inhibited by different opioids (morphine,
fentanyl, or methadone) (Filipczak-Bryniarska et al., 2012).
Limiroli et al. (2002) also found that morphine treatment can
impair the production of cytokines by macrophages in mice, and
the changes in cytokines IL-10 and IL-12 are altered by acute or
chronic morphine treatment. Furthermore, Pacifici et al. (1995)
found that NO2

− production by L1210-activated macrophages
increased significantly immediately after injection of morphine,
whereas NO2

− production was significantly inhibited by

TABLE 1 | The distributions of opioid receptors in macrophages among different models.

Opioid
receptor

mRNA,
protein

Cell types References

MOR mRNA Rat peritoneal macrophages Sedqi et al. (1995), Gomez-Flores et al. (2001), Stanojević et al. (2008), Machelska and Celik
(2020)

— Rat splenic macrophages Gomez-Flores et al. (2001)
— Mice peritoneal macrophages Balog et al. (2010)
mRNA Human macrophages Machelska and Celik, (2020)

KOP protein Mouse peritoneal macrophages Ignatowski and Bidlack (1999)
protein Rat alveolar macrophage cell line

(NR8383)
Zeng et al. (2020)

DOP — Rat peritoneal macrophages Gomez-Flores et al. (2001), Stanojević et al. (2008)
— Rat splenic macrophages Gomez-Flores et al. (2001)
protein Murine macrophage cell line (RAW

264.7)
Husted et al. (2005)

— Rat peritoneal macrophages Stanojević et al. (2008), Tang et al. (2011)
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morphine after 24 h. Naloxone pretreatment completely
antagonized the regulatory effects of morphine on NO2

−

release. Alexander et al. demonstrated the effect of exogenous
morphine on immune dysfunction in a mouse model of burns
(Alexander et al., 2005). It was found that the combination of
burn injury and morphine did not change the ability of
macrophages to produce cytokines, but there was increased
LPS-induced NO2

− production of spleen macrophages in
morphine-treated mice.

The RelB factor plays an important role in the morphine
regulation of macrophage cytokine production (Martucci
et al., 2007). Morphine inhibits the expression of iNOS
mediated by NF-κB in mice, which leads to the
overactivation of cNOS and an increase in NO production.
Morphine significantly decreased the production of pro-
inflammatory cytokines IL-1, TNF-β, and IL-12 by animal
macrophages, but had little effect on the anti-inflammatory
cytokine IL-10. It has been suggested that RelB is an
important target for morphine to regulate pro-inflammatory
factors, but not anti-inflammatory factors. It should be noted
that lack of RelB may alter the expression of cellular
components downstream of the opioid receptor activation
pathway and this factor may not be the direct target of
opioid action.

In addition to morphine, some laboratories have explored and
compared the effects of different opioids on macrophage cytokine
production. Kozlowski et al. (2017) studied the effects of
oxycodone and buprenorphine on the production of ROS
intermediates and NO in peritoneal macrophages of mice in
vivo and in vitro, and compared the effects of morphine, fentanyl,
and methadone on macrophage immune function previously
studied by Filipczak-Bryniarska et al. (2012). It was found that
buprenorphine and oxycodone showed weaker
immunomodulatory properties than morphine, which could
prevent redundant inhibition of physiological immune defense.
Some studies have found that the effect of heroin onmacrophages

is complex (Holán et al., 2003), for example, a study showed that
within 2 h of heroin administration, the proliferation response to
alloantigens and the production of IL-1β, IFN-γ, IL-12, and NO
were significantly enhanced, while the production of anti-
inflammatory cytokines IL-4 and IL-10 decreased.

There are several studies that specifically report the effects of
opioids on macrophage polarization. Morphine may induce local
macrophage phenotypic changes in the early stage of pain
through the COX2/PGE2-dependent pathway (Godai et al.,
2014). At the site of local morphine injection, pro-
inflammatory F4/80 + iNOS + M1 macrophages decreased
during pain formation, while F4/80 + CD206 + M2
macrophages increased in the early stage of wound healing.
Buprenorphine, a synthetic opioid analgesic with MOP
receptor activation and antagonism, has been found to have
different regulatory effects on M1 and M2 macrophages (Sun
et al., 2017). Buprenorphine inhibited the expression of many
kinds of cytokine mRNAs and proteins in M1 macrophages and
enhanced the expression of Ym1 and Fizz1 in M2 macrophages.
In addition, buprenorphine did not affect the regulation of LPS
on the cascade of NF-κB and MAPK in M1 macrophages but
inhibited the expression of IRF5 and reduced the binding of DNA
to IRF5. This suggests that buprenorphine can downregulate the
IRF5 pathway and restrict the phenotype of M1 macrophages.
Tramadol also has different regulatory effects on M1 and M2
macrophages. Tramadol regulates inflammation by inhibitingM1
macrophages, thereby inhibiting the killing process, and
promoting M2 macrophage function, thereby promoting the
healing process (Zhang et al., 2017). Tramadol significantly
upregulated the expression of Arg1, Mrc1, Ym1, and Fizz1 in
M2 macrophages. The STAT6 pathway may be the basis of
tramadol’s effects because tramadol promotes the
phosphorylation of STAT6, the Arg1 expression of STAT6,
and the DNA binding of STAT6 in a dose-dependent manner.

In recent years, the polarization of macrophages has been a hot
topic in research. The above research shows that opioids can

TABLE 2 | Opioids affect the molecular targets of macrophages and the production of various cytokines.

Opioids Vivo./vitro. Cell type
or mouse
model

Molecular Cytokines References

Morphine, fentanyl,
methadone

Vivo. Murine peritoneal macrophages CD14, CD80,
CD86, MHCⅡ

IL-6, TNF-α, IL-10,
ROIs

Filipczak-Bryniarska et al. (2012)

Morphine Vivo. Murine peritoneal macrophages Not mentioned IL-10, IL-12 Limiroli et al. (2002)
Morphine Vivo. Murine peritoneal macrophages Not mentioned NO2

− Pacifici et al. (1995)
Morphine Vivo. and

vitro.
Murine splenic macrophages Not mentioned NO Alexander et al. (2005)

Morphine Vivo. and
vitro.

WT and RelB−/− mice, peritoneal
macrophages

NF-κB, RelB IL-1, TNF-β, IL-12,
IL-10

Martucci et al. (2007)

Oxycodone,
buprenorphine

Vivo. and
vitro.

CBA/J mice, oil-induced peritoneal Mf Not mentioned ROS, NO Kozlowski et al. (2017)

Heroin Vivo. and
vitro.

Murine peritoneal macrophages Not mentioned ↑IL-1 β, INF- γ, IL-
12, NO

Holán et al. (2003)

↓IL-4, IL-10
Morphine Vivo. and

vitr.o
BV-2, HEK 293T, PM, BMMs; C57BL/6
mice

P65, TRAF6, miR-124 Qiu et al. (2015)

M3G Vivo. and
vitro.

Sprague-Dawley rats, murine microglial
cell line, BV-2

TLR4/MD2, CD11b IL-1β Lewis et al. (2010); Khabbazi et al.
(2016)
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affect the polarization of macrophages. The factors that affect the
polarization direction of macrophages (M1 or M2) include the
types of opioids and how they are used, the local environment of
macrophages and physiological or pathological conditions.
However, more basic and clinical research on the mechanism
of opioids influencing macrophage polarization is needed in the
future.

OPIOIDS AFFECT THE APOPTOSIS OF
MACROPHAGES

Studies showed that, morphine induced macrophage apoptosis
in a dose-dependent manner (Table 3). Morphine-induced
macrophage apoptosis is caused by morphine acting on opioid
receptors through the p38 MAPK phosphorylation pathway.

TABLE 3 | Opioids affect the apoptosis of macrophages.

Opioids Cell type/animal
model

Mechanism or approach Organelles involved References

Morphine J 774.16 cells Induces oxidative stress; caspase-3 activation Mitochondria, endoplasmic
reticulum

Bhat et al. (2004)

Morphine J774 cells Through opiate receptors via P38 MAPK phosphorylation Mitochondria, endoplasmic
reticulum

Singhal et al.
(2002)TGF-β and iNOS activate proteins involved in exogenous (Fas and FasL) and

endogenous (p53 and Bax) cell death pathways
Morphine J774 cells The generation of TGF-β Mitochondria Singhal et al.

(2000)Murine peritoneal Mf
Morphine Sprague Dawley

rats
Accumulation of p53 (the induction phase of apoptosis); accumulation of Bax and
activation of ICE-1 (the effector phase)

Mitochondria Singhal et al.
(1998)

Morphine FVB/N mice Heme oxygenase-1 (HO-1) Mitochondria Patel et al. (2003)

FIGURE 1 | The important role of mitochondrial and endoplasmic reticulum stress in morphine-induced macrophage apoptosis. (Daxx: death domain-associated
protein; FADD: Fas-associated with death domain protein; JNK: c-Jun N-terminal kinase; CytC: Cytochrome C; EndoG: Endonuclease G; PUMA: p53 upregulated
modulator of apoptosis; ER stress: endoplasmic reticulum stress; HO-1: Heme oxygenase-1).
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TGF-β and iNOS play important roles in morphine-induced
downstream signal transduction (Singhal et al., 1998; Singhal
et al., 2000; Singhal et al., 2002; Bhat et al., 2004), which seems
to activate proteins involved in exogenous (Fas and FasL) and
endogenous (p53 and Bax) cell death pathways (Figure 1).
Morphine enhances iNOS mRNA expression in macrophages
and induces macrophage apoptosis, which could be inhibited
by iNOS inhibitors (L-NAME and L-NMMA), suggesting that
morphine-induced macrophage apoptosis may be mediated by
NO production. Morphine induces macrophage apoptosis
through the accumulation of p53, while the period of
morphine-induced apoptosis seems to be mediated by the
accumulation of Bax and the activation of ICE-1 (Singhal
et al., 1998). More interestingly, morphine-induced J774 cell
apoptosis and Bax expression were inhibited by an anti-TGF-β
antibody; therefore, morphine-induced J774 cell apoptosis
may be mediated by the production of TGF-β (Singhal
et al., 2000).

Morphine also induces macrophage apoptosis in other
ways. The apoptosis of macrophages is related to organelles
such as mitochondria (Chen et al., 2020; Wang K. et al., 2020;
Chen et al., 2021; Liu et al., 2021a; Liu et al., 2021b) (Figure 1).
Mitochondria are not only the main sites for intracellular
oxidative phosphorylation and the formation of ATP (Wei
et al., 2022), but also the sites for the production of ROS (Forte
et al., 2021; Wang et al., 2021). Oxidation and endoplasmic
reticulum (ER) stress can accelerate the apoptosis of
macrophages (Cominacini et al., 2015). It is worth noting
that ROS inhibit the apoptosis of macrophages while
mediating the apoptosis of other cells, especially tumor
cells. This may be the basis for macrophages exerting tumor
immunity. Bhat et al. found that this process involves the
oxidative activation of NADPH with phospholipase D and
calcium ions, leading to the production of superoxide (Bhat
et al., 2004). Antioxidants have a protective effect on
morphine-induced macrophage injury, which further
confirms the role of mitochondrial oxidative stress in

morphine-induced macrophage apoptosis. in vivo and
in vitro experiments by Patel et al. showed that heme
oxygenase-1 plays a role in morphine-induced macrophage
migration and apoptosis (Patel et al., 2003).

A variety of miRNAs control the molecular pathways
involved in the regulation of the immune system and
regulate many aspects of the immune response, including
proliferation, differentiation, immune cell function, and
intracellular signaling pathways. Some studies have found
that these miRNAs play an important role in morphine-
induced macrophage apoptosis (Figure 2). MiR-338-3p
promotes cancer cell death by regulating specific signaling
pathways or related genes (such as p38, mitogen-activated
protein kinase, and AKT) during cancer treatment. Morphine
may promote apoptosis by regulating the expression of miR-
338-3p (Weng and Wang, 2016). After morphine treatment,
the expression level of miR-338-3p in mouse peritoneal
macrophages increased significantly, which decreased the
expression level of Sox4, increased caspase-3 expression,
and promoted cell apoptosis. MicroRNA-873 inhibits
morphine-induced macrophage apoptosis by increasing A20
(Li et al., 2015). MicroRNA-219-5p inhibits morphine-
induced apoptosis by targeting WEE1, a key cell cycle
regulator (Lou et al., 2016).

EFFECT OF EXOGENOUS SYNTHETIC
OPIOIDS ON MACROPHAGES

In recent years, an increasing number of studies have explored
the effects of synthetic opioids on immune function. For
opioid receptor agonists, their activities on opioid receptors
and their effects on immune cells can all differ. Selective MOP
agonists are generally associated with immunosuppression,
whereas DOP receptor-selective agonists are usually
associated with immune enhancement (Gomez-Flores et al.,
2001). KOP receptor agonists may play an important role in

FIGURE 2 | The pathways regulated by microRNAs in morphine-mediated apoptosis of macrophages. After morphine treatment, the expression level of miR-338-
3p in peritoneal macrophages increased significantly, which decreased the expression level of Sox4, leading to the increase of caspase-3 expression level, and then
promoting cell apoptosis. MicroRNA-873 inhibits morphine-induced macrophage apoptosis by increasing the expression of A20. MicroRNA-219-5p inhibits morphine-
induced apoptosis by targeting WEE1, the key cell cycle regulator. (“+” represents promotion, and “−” represents inhibition.)
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pulmonary inflammation by activating macrophages (Zeng
et al., 2020). In this section, we will discuss the effect of
exogenous synthetic opioids on macrophage function
(Table 4).

The non-peptide opioid, CGPM-9, activates the
proliferation of thymocytes and inhibits the function of
macrophages, including the production of NO and TNF-α,
by acting on MOP receptors (Hicks et al., 2001).
Intracerebroventricular injection of the non-peptide DOP
receptor agonist, SNC80, did not alter some parameters of
immune activity. However, at concentrations of 10−7 M and
10−6 M, SNC80 could significantly stimulate resident and LPS-
stimulated peritoneal macrophages to produce TNF-α and NO
(Gomez-Flores et al., 2001). The stimulation of the δ2-opioid
receptor inhibits the activation of the p38MAPK pathway in
macrophages, which is related to the decrease in TNF-α and
MIP-2 production by macrophages. DPDPE, a specific δ1-
opioid receptor agonist, can change the dimer composition
of the transcription factor NF-κB and slightly inhibit the
production of MIP-2 (Husted et al., 2005). In addition,
DADLE can inhibit the release of HMGB1 from
macrophages induced by LPS, TNF-α, and IFN-γ. DADLE
may protect rats with sepsis by reducing serum HMGB1 levels
(Tang et al., 2011). U50488, a selective KOP agonist, had a
strong anti-inflammatory effect on pulmonary macrophages
within one to 2 hours after LPS-stimulated inflammatory
response in vitro (Zeng et al., 2020). Salvinorin A (SA) is an
effective KOP agonist, which can exert an intense effect on
macrophages through KOP and cannabinoid CB1 receptors
and shows moderate anti-inflammatory effects in vivo (Aviello
et al., 2011; Zeng et al., 2020).

In vitro, ohmefentanyl inhibited the immunosuppressive
function of rat peritoneal macrophages, including reducing the
concentration of TNF-α and IL-1β, as well as inhibiting
phagocytic and bactericidal activity (Li et al., 2008).
Nalbuphine is a KOP receptor agonist and a MOP receptor
antagonist, which can reduce pruritus and increase the
production of M1 macrophages and IL-10 in a mouse
model of contact dermatitis (Inan et al., 2019). The
regulation of methionine-enkephalin (MENK) on the release
of H2O2 from rat peritoneal macrophages involves different
types of opioid receptors. The enhancement of H2O2 release
induced by MENK is mediated by the functional interaction of
δ1 or δ2 opioid receptor subtypes or MOP-KOP receptors,
while the inhibition of MENK induced release involves the
functional interaction between δ1 and MOP, δ2 and MOP or δ1
and KOP receptors (Stanojević et al., 2008). MENK may cause
macrophages in tumors to change from the M1 phenotype to
the M2 phenotype and induce apoptosis by blocking the OGFr/
PI3K/AKT/mTOR signalling pathway (Wang et al., 2018).
Recently, Tian et al. (2020) found that MENK can inhibit
influenza A virus infection and this antiviral effect is related to
the promotion of opioid receptors (MOP) and the activation of
NF-κB p65 to induce an antiviral state.

THE REGULATION OF ENDOGENOUS
OPIOID PEPTIDES ON MACROPHAGES’
FUNCTION
In addition to exogenous synthetic opioids, many immune cells
also secrete endogenous opioid peptides, including enkephalins,

TABLE 4 | The effects of exogenous synthetic opioids on macrophage’s function.

Exogenous synthetic
opioids

Animal models/cell types Effects on macrophages References

CGPM-9 Rat peritoneal macrophages Inhibits the production of NO and TNF-α Hicks et al. (2001)
SNC80 Rat peritoneal macrophages Stimulates the production of NO and TNF-α Gomez-Flores et al. (2001)

Rat splenic macrophages
DPDPE Murine macrophage cell line (RAW

264.7)
Changes the dimer composition of NF-κB; slightly inhibit the
production of MIP-2

Husted et al. (2005)

DADLE Rat peritoneal macrophages; septic
models

Inhibits the release of HMGB1, TNF-α, and IFN-γ Tang et al. (2011)

U50488 Rat alveolar macrophage cell line
(NR8383)

Anti-inflammatory effect on pulmonary macrophages Zeng et al. (2020)

Salvinorin A Mouse peritoneal macrophages Moderate anti-inflammatory effects Aviello et al. (2011); Zeng et al.
(2020)

Ohmefentanyl Rat peritoneal macrophages Reduces the concentration of TNF-α and IL-1β; reduce phagocytic
and bactericidal activity

Li et al. (2008)

Nalbuphine Mouse contact allergic dermatitis
model

Increases the production of M1 and IL-10 Inan et al. (2019)

MENK Rat peritoneal macrophages Regulates H2O2 release Stanojević et al. (2008)
Tumor-associated macrophages Promotes the transformation from M1 to M2 Wang et al. (2018)

CGPM-9: 4-tyrosylamido-6-benzyl-1,2,3,4 tetrahydroquinoline; SNC80: 4-[alpha-(4-allyl-2,5-dimethyl-1-piperazinyl)-3-methoxybenzyl]-N,N-diethylbenzamide; DPDPE: (D2,5Pen)-
enkephalin; DADLE: (D-Ala2, D-Leu5)-enkephalin; HMGB1: high-mobility group box 1 protein; U50488: trans-(±)3,4-dichloro-N-methyl-N-[2-(1-pyrrolidinyl)-cyclohexyl]-
benzeneacetamide; MENK: methionine-enkephalin.
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endorphins, dynorphins, FQ nociceptin/orphanin peptide, and
endomorphins 1 and 2 (Gein and Baeva, 2011). They also work
through opioid receptors and can bind to opioid receptors on
immune cells to regulate immune function. In this section, we
review the role of endogenous opioid peptides in regulating the
key functions of macrophages (Table 5).

Endomorphin is a newly discovered MOP receptor-selective
immunoreactive opioid peptide. Endomorphin-1 is mainly
distributed in the brain, whereas endomorphin-2 is widely
distributed in the spinal cord. Endomorphin-1 can enhance
the adhesion of macrophages and the expression of the
adhesion molecule Mac-1 but does not affect the phagocytosis
by macrophages of Escherichia coli. In addition, endomorphin-1
not only inhibits the chemotaxis and superoxide anion
production of macrophages, but also inhibits the production
of TNF-α, IL-10, and IL-12 by macrophages stimulated by LPS
(Inui et al., 2002). Endomorphin-1 can activate NOS2 activity,
downregulate NOS2 gene expression, and inhibit the release of
NO, which seems to be mediated by the MOP-opioid receptor
(Sarić et al., 2007; Balog et al., 2010). It is worth noting that
endomorphin-1 can inhibit lipid accumulation and regulate the
release of cytokines by human lipid macrophages by
downregulating CD36, suggesting the potential for new
treatments of anti-atherosclerosis based on endomorphin
(Chiurchiù et al., 2011).

β-endorphin is an endogenous opioid peptide that can play
various roles in the whole body. β-endorphin, as the main agonist
of MOP receptors, can be found in the brain and immune system
cells. β-endorphin can increase oxidized LDL (oxLDL) uptake by
macrophages and promote oxLDL-induced macrophages to form
foam cells. This effect confirms that there is a close relationship
between endogenous opioids and the ER metabolism of
macrophages. In the process of mononuclear macrophage
differentiation, β-endorphin also significantly transformed the
macrophage phenotype into pro-inflammatory M1, rather than
anti-inflammatory M2, through NF-κB phosphorylation.
Furthermore, β-endorphin was also associated with c-Jun-N
terminal kinase, p38, and NF-κB phosphorylation, which

increases macrophage migration and apoptosis (Okano et al.,
2020).

Integrin Mac-1 is a multi-ligand receptor that mediates a
variety of monocyte/macrophage responses in the immune-
inflammatory response. Dynorphin A can induce strong
migration of leukocytes expressing Mac-1 and enhance Mac-1-
mediated phagocytosis of latex beads by mouse IC-21
macrophages (Podolnikova et al., 2015).

OPIOIDS, MACROPHAGES, AND HIV
INFECTION

Macrophages play an important role in all stages of HIV
infection. They are not only the main target cells and
repositories of HIV, but also the transmitters of HIV to
CD4+T cells. CC chemokine receptor 5 (CCR5) is necessary
for entry of macrophages by R5 HIV. Morphine may promote the
entry of HIV into cells by increasing the expression of CCR5, thus
promoting HIV infection and virus replication in monocytes/
macrophages (Guo et al., 2002; Li et al., 2003) (Figure 3). The
MOP receptor agonist, methadone, can also increase HIV
infection in adult macrophages, which is also related to the
upregulated expression of CCR5 (Li et al., 2002). In contrast,
morphine can downregulate the production or expression of the
CCR5 β chemokine ligand (MIP-1 α, MIP-1 β, or RANTES) in
human macrophages. Since CCR5 receptor interaction promotes
HIV infection and replication, morphine may increase HIV entry
into macrophages by downregulating the expression of
competitive CCR5 receptor ligands. It is worth noting that
there is an interaction between the opioid receptor and
chemokine receptor CCR5 on macrophages, and the
oligomerization of the two receptors on the cell membrane
may regulate receptor function (Suzuki et al., 2002). The
selective KOP ligand, U50488, can inhibit HIV-1 expression in
acutely infected h-MDMS, indicating that the KOP ligand may
have therapeutic potential in the treatment of AIDS (Chao et al.,
2001).

TABLE 5 | The effects of endogenous opioid peptides on macrophage’s function.

Endogenous opioid
peptides

Animal models/cell types Effects on macrophages References

Endomorphin Rat peritoneal macrophages Enhances the adhesion of macrophages and the expression of the
adhesion molecule Mac-1; inhibits the chemotaxis and superoxide anion
production of macrophages; inhibits the production of TNF-α, IL-10, and
IL-12

Inui et al. (2002)

Murine macrophage cell line, J774; mice
peritoneal macrophages

Activates NOS2 activity, downregulate NOS2 gene expression, and
inhibit the release of NO

Sarić et al. (2007); Balog
et al. (2010)

Human lipid-laden macrophages Regulates the release of cytokines by human lipid macrophages by
downregulating CD36

Chiurchiù et al. (2011)

β-endorphin THP-1 monocyte-derived macrophages Increases oxLDL uptake by macrophages and promote oxLDL-induced
macrophages to form foam cells; transforms the macrophage
phenotype into pro-inflammatory M1 through NF-κB phosphorylation;
increases macrophage migration and apoptosis

Okano et al. (2020)

Dynorphin A Murine IC-21 macrophages Enhances Mac-1-mediated phagocytosis of macrophages Podolnikova et al. (2015)

NOS2: Nitric oxide synthase 2; oxLDL: oxidized low-density lipoprote.
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HIV affects microglia and astrocytes, resulting in
neurodegenerative changes. In HIV-infected opioid abusers,
central nervous system inflammation may increase even when
HIV infection is under control (Murphy et al., 2019). Opioids can
enhance the cytotoxicity of the HIV-1 virus protein gp120
through an intracellular calcium regulation mechanism,
making it an important cellular target for HIV-opioid
interaction (Mahajan et al., 2005). Opioids not only directly
affect astrocytes and macrophages or microglia that express
MOP (Hauser et al., 2005; Bruce-Keller et al., 2008), but also
regulate inflammation and disrupt the interaction between
normal immune cells, including macrophages and
lymphocytes. The neural pathways involved in opioid
enhancement of HIV-induced inflammation and cell death
appear to involve the activation of MOP and downstream
effects through PI3K/Akt and/or MAPK signal transduction
(Hauser et al., 2005). Recent studies by Liao et al. (2017) have
shown that combined with HIV-1 infection, morphine reduces
the expression of MyD88, ISG56, and Mxa in macrophages by
inhibiting the TLR9 pathway, which in turn promotes the
replication of HIV-1 in macrophages.

Many studies have shown that opioids can promote HIV
infection by regulating the expression of various factors in
human macrophages. Morphine can enhance the effect of HIV
gp160 protein on macrophage apoptosis, iNOS expression, and
NO production (Kapasi et al., 2004). Chronic morphine exposure
to HIV-infected h-MDMs can lead to significant changes in the
secretion of IL-6 and monocyte chemoattractant protein-2
(MCP-2) (Dave, 2012). Morphine promotes the secretion of
h-MDMs infected with HIV and inactivates the secretion of
MCP-2 by IL-6, which has a potential additive effect. In
addition, the increased expression of Galectin-1 induced by
morphine may also regulate HIV-1 infection and increase the
infection of HIV-1 (Reynolds et al., 2012). H-MDMs treated with
morphine and methadone can significantly inhibit the interferon

signaling pathway and interferon-induced gene expression
(Wang et al., 2012; Wang MR. et al., 2020), thus damaging the
inherent antiviral mechanism in macrophages and increasing the
susceptibility of cells to HIV infection.

Differentially expressed miRNAs (hsa-miR-15b and 181Mub)
may play a potential role in regulating morphine-induced
inflammation and oxidative stress in h-MDMS, leading to the
expansion of the central nervous system reservoir of HIV-1 and
the progression of AIDS (Dave and Khalili, 2010). Heroin and
methadone can inhibit microRNA restriction (miRNA-28, -125b,
-150, and -382) and enhance HIV infection and replication in
macrophages (Wang et al., 2015; Wang MR. et al., 2020). Sudden
or slow withdrawal of morphine can inhibit the expression of
many HIV inhibitors in macrophages, including APOBE3G/F,
SAMHD1, MX2, and HIV-restricted microRNA (miR-28, miR-
125b, and miR-150), and further enhance the sensitivity of
macrophages to HIV infection (Wang et al., 2019).

OPIOIDS, MACROPHAGES, AND TUMORS

Some studies have shown that TAMs play an important role in
tumor invasion andmetastasis, and the role of TAMs in tumors is
almost the same as that of M2 macrophages (Rolny et al., 2011).
This view has been confirmed by TAM and M2 macrophage
expression profiles (Porta et al., 2009). The conversion of M1
macrophages to M2 in tumors has also become one of the main
directions of current research. Many studies have shown that
opioids can combine with opioid receptors to regulate immunity
or other pathways that affect the occurrence, development, and
prognosis of tumors (Fujioka et al., 2011; Kuzumaki et al., 2012;
Long et al., 2016).

Morphine can regulate tumor invasiveness by regulating the
production of macrophage proteases and M2 polarization in the
tumor microenvironment (Khabbazi et al., 2015). IL-4 leads to

FIGURE 3 |Morphine’s mechanism in regulating HIV infection in macrophages. Morphine promotes the infection and replication of HIV in macrophages as follows:
1) upregulating the expression of CCR5 and downregulating the expression of CCR5 competitive ligand in macrophages; 2) activating MOR, PI3K/Akt and MAPK
signaling pathways; 3) inhibiting the TLR9 pathway and down-regulating the expression of MyD88, ISG56 and Mxa; 4) increasing the expression of Galectin-1; and 5)
significantly inhibiting the interferon signaling pathway and interferon-induced gene expression, and destroying the inherent antiviral mechanism of macrophages. In
addition, morphine can enhance the cytotoxicity of HIV-1 virus protein gp120 through intracellular calcium regulation.
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the production of MMP-9 and increased expression of the M2
markers Arg-1 and MRC-1. Morphine inhibits IL-4-induced
increase of MMP-9 and selective activation of macrophages in
a reversible manner with naloxone and methylnaltrexone. When
macrophage cell line RAW264.7 was subjected to paracrine
activation by 4T1 breast cancer cells, the expression of MMP-
9 and Arg-1 increased, and this effect was blocked by morphine
through an opioid receptor-mediated mechanism. Morphine
further reduced the invasion of 4T1 breast cancer cells co-
cultured with RAW264.7.

There is also evidence that opioid receptor agonists or
antagonists affect tumor growth by regulating macrophage
function. The opioid receptor agonist leu-enkephalin has an
anti-survival effect in renal clear cell carcinoma, mainly
through Th2 immunity and the NRF2-dependent macrophage
network (Scarpa et al., 2020). Low-dose naltrexone (LDN)
reduces tumor size by increasing the level of M1-like
macrophages and activating the Bax/Bcl-2/caspase-3/PARP
signaling pathway to induce apoptosis (Ma et al., 2020). In
addition, LDN indirectly reduced the number of TAMs
(mainly M2) and decreased the expression of anti-
inflammatory factor IL-10 in the serum of nude mice,
indicating that LDN may be a potential treatment for cervical
cancer (Liu et al., 2020).

In short, the effects of opioids on macrophage subtypes may
further affect the occurrence and development of tumors.
Research in this direction may provide a new strategy for the
use of opioids, such as morphine, and the prognosis and
treatment of tumors.

OPIOIDS AND ORGANELLES IN
MACROPHAGES: A VALUABLE RESEARCH
DIRECTION
Organelles are generally regarded as micro-structures or micro-
organs with certain morphology and functions dispersed
throughout the cytoplasm of cells. Key organelles in
macrophages include mitochondria, endoplasmic reticulum,
Golgi apparatus, ribosomes, lysosomes, and centrosomes. They
constitute the basic structure of macrophages, which enable cells
to work and operate normally and enable macrophages to play a
role in human physiological and pathological conditions. In view
of the important role of mitochondria and endoplasmic reticulum
in the metabolism and function of macrophages, we mainly
discuss these two organelles here.

There is growing evidence that mitochondria are central
regulators of metabolic reprogramming and control the
activation and function of immune cells (El Kasmi and
Stenmark, 2015; Corrêa-da-Silva et al., 2018; Liu and Ho,
2018; Ramond et al., 2019). Macrophages that differentiate
into M1 can increase glucose uptake and glycolysis
(Rodríguez-Prados et al., 2010). This is associated with the
production of HIF1α. HIF1 induces the production of the pro-
inflammatory factor IL-1β and the upregulation of several
enzymes associated with glycolysis (Tannahill et al., 2013). The
expression of carbohydrate kinase-like protein, which inhibits the

pentose phosphate pathway, is down-regulated in M1
macrophages, leads to an increased pentose phosphate
pathway (Haschemi et al., 2012). The pentose phosphate
pathway produces nucleotides and NADPH, the latter of
which is important for mitochondrial ROS production
(Haschemi et al., 2012). M1 macrophages also increase
glutamine metabolism, and glutamine is used as α-ketoglutaric
acid in the TCA cycle after its decomposition (Tannahill et al.,
2013). This stimulates the accumulation of succinic acid
(Tannahill et al., 2013). As mentioned earlier, the TCA cycle
of M1 macrophages is impaired with two defective steps
(Tannahill et al., 2013; Jha et al., 2015). The first defective step
results in the accumulation of citric acid in the cytoplasm of cells
(Newsholme et al., 1986). Citric acid can then be used to
synthesize lipids (prostaglandins), NO, or ROS (Infantino
et al., 2011), which are important for the function of M1
macrophages. Another defective step in the TCA cycle results
in the accumulation of succinic acid (Tannahill et al., 2013),
which stabilizes HIF1α. With the increase of glycolysis, the
coordinated rearrangement of the TCA cycle, and the decrease
of mitochondrial oxidative phosphorylation, the production of
intermediates (such as succinic acid, citric acid) and ROS/NO is
promoted. The accumulation of these substances plays a specific
role in enhancing the ability of macrophages to initiate an
inflammatory response and participate in paracrine signals (El
Kasmi and Stenmark, 2015). In addition, like the role of
mitochondrial nucleotides in inducing inflammation (Kuck
et al., 2015), the regulation of macrophage plasticity, by the
reprogramming of mitochondrial metabolism, has become
another important feature of mitochondria. More interestingly,
the increase of aerobic glycolysis is a key prerequisite for
maintaining mitochondrial membrane potential, thus
preventing macrophage apoptosis. Compared with M1, M2
macrophages do not increase glycolysis (Rodríguez-Prados
et al., 2010). The metabolism of M2 macrophages depends on
the TCA cycle and oxidative phosphorylation (mainly β-
oxidation) (Vats et al., 2006; Huang et al., 2014). Enhanced β-
oxidation was associated with increased TCA, increased
respiratory capacity, and thus with an increased ability to
produce ATP through oxidative phosphorylation. This may be
important for the physiological function of M2 macrophages.

The dysfunction of organelles caused by various factors often
leads to metabolic disorders and functional disorders of
macrophages. The endoplasmic reticulum (ER) is a complex
cytoplasmic membrane structure involved in protein synthesis,
folding and modification, lipid synthesis and transport, and
intracellular calcium balance regulation (Sukhorukov et al.,
2020). ER stress severely interferes with ER function, Ca2+

signaling, and protein synthesis, and is associated with a
variety of pathophysiologies, such as macrophage apoptosis
(Scull and Tabas, 2011; Cominacini et al., 2015), efferocytosis
(Linton et al., 2016), foam cell formation (Han and Kaufman,
2016), and inflammation. ER stress can activate or accelerate
apoptosis of macrophages through a variety of pathways, such as
excessive accumulation of lipids (free cholesterol, sterols, and
oxLDL), inflammatory pathways (acceleration of INF-γ), oxHDL
binding to TLR4, and increased Ca2+ concentration in the ER
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leading to mitochondrial uptake of calcium ions. ER stress
regulates lipid metabolism in macrophages by stimulating
cholesterol uptake, inhibiting cholesterol outflow, and
regulating the expression of cholesterol membrane
transporters, resulting in lipid accumulation and subsequent
differentiation into foam cells in macrophages (Sukhorukov
et al., 2020). Addressing how to mitigate metabolic disorders
by controlling ER stress-mediated macrophage plasticity is
crucial for the progression of atherosclerosis. In addition, ER
stress may be involved in cellular inflammation through NF-κB,
activated protein-1 and JNK signaling pathways, and ROS
production (Sukhorukov et al., 2020). A link between
cholesterol accumulation, ER stress, and the pro-inflammatory
response has been established, but the complex relationships
between the processes involved still need to be described in
detail. Some studies have also emphasized the key role of
mitochondria in the response of macrophages to bacterial
pathogens (Ramond et al., 2019). Mitochondria can meet the
energy needs of cells and maintain the phagocytosis of
macrophages in the lytic stage. Mitochondrial disorders may
be a cause of susceptibility to bacterial infection.

Mitochondria and other organelles play an irreplaceable role
in the cellular metabolism and immune response of macrophages.
It has already been mentioned that mitochondrial and ER stress
is extremely important in morphine-induced macrophage
apoptosis (Figure 1). However, there are limited studies on
the effects of other opioid drugs on the functions of various
organelles of macrophages. Exploring how opioids control the
flexibility of macrophage metabolic programs and influence the
connections between macrophage metabolism and
transcriptional networks during inflammatory activation and
anti-inflammatory processes is crucial to better understand the
effects of opioids on macrophage plasticity and macrophage
biology. Whether opioids can change macrophages from a
pro-inflammatory phenotype to a less inflammatory phenotype
or even repair macrophage phenotype, remains to be further
studied.

CONCLUSION

Opioids are one of the most effective painkillers that can be
used to treat pain in the clinic. It has been confirmed that
opioids have potential effects on the functioning of the
immune system. Many studies have explored the
relationship between macrophages and different opioids
in vitro, in vivo, and in epidemiological and clinical studies
in different patient groups. Opioids mediate the effects on
macrophages through direct and indirect mechanisms. The
binding with various opioid receptors on the surface of
macrophages is a direct actional pathway, affecting the
migration and phagocytic activity of macrophages. Indirect
effects include the production of opioid receptors and
endogenous opioid peptides in the central nervous system.
Because macrophages provide antigens for lymphocytes, the
effects of opioids on macrophage function may change host

immune defense and changes in macrophage function may
also affect the immune response. Different types of opioids,
different doses, and administration methods have different
regulatory effects on macrophages and their subtypes. The
single and combined effects of opioids may impair the
functioning of macrophages in the host defense system.
Morphine induced macrophage apoptosis in a dose-
dependent manner, indicating that the impairment of
macrophage function induced by morphine may be
indirectly caused by morphine-induced macrophage
apoptosis. A number of studies have shown that opioids can
regulate macrophages to promote HIV infection and the
progression of AIDS in a variety of ways. Exploring suitable
opioid receptor ligands may be one of the strategies for the
treatment of AIDS. Opioids can combine with opioid receptors
to regulate immunity or other pathways that affect the
occurrence, development, and prognosis of tumors.
Therefore, how opioids affect tumor progression through
macrophage subtypes is worth exploring.

Although there have been some studies on the effects of
opioids on macrophages, the mechanism is still not clear, and
more prospective studies are needed. In addition, the study on
the effects of commonly used opioids, such as fentanyl and
sufentanil, on macrophages during the perioperative period
can provide suggestions for the guidance of perioperative drug
use, but some studies are limited due to the particularity of
narcotic drugs. The study of the possible correlation between
the use of opioids and macrophage effects will help to provide a
theoretical basis for the better application of opioids in clinical
pain treatment and tumor outcome and treatment.

AUTHOR CONTRIBUTIONS

SW and XZ designed the structure of this article. SW and XZ
wrote the manuscript. ZC and QG reviewed the manuscript. YJ,
SL, XZ, and ZCmade substantial and intellectual contributions to
the work. All authors approved the article for publication.

FUNDING

This work was supported by the National Natural Science
Foundation of China (81400916 to XZ), Natural Science
Foundation of Hunan Province (2021JJ41060 to XZ),
Changsha Municipal Natural Science Foundation (kq2014280
to XZ).

ACKNOWLEDGMENTS

We would like to thank Editage (www.editage.com) for English
language editing. We would also like to thank the library of
Central South University for its academic support.

Frontiers in Pharmacology | www.frontiersin.org January 2022 | Volume 12 | Article 81424112

Wen et al. Opioids Immune Effect on Macrophages

http://www.editage.com
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


REFERENCES

Alexander, M., Daniel, T., Chaudry, I. H., and Schwacha, M. G. (2005). Opiate
Analgesics Contribute to the Development of Post-Injury Immunosuppression.
J. Surg. Res. 129 (1), 161–168. doi:10.1016/j.jss.2005.04.028

Aviello, G., Borrelli, F., Guida, F., Romano, B., Lewellyn, K., De Chiaro, M., et al.
(2011). Ultrapotent Effects of Salvinorin A, a Hallucinogenic Compound from
Salvia Divinorum, on LPS-Stimulated Murine Macrophages and its Anti-
inflammatory Action In Vivo. J. Mol. Med. (Berl) 89 (9), 891–902.
doi:10.1007/s00109-011-0752-4

Balog, T., Sarić, A., Sobocanec, S., Kusić, B., and Marotti, T. (2010). Endomorphin-
Suppressed Nitric Oxide Release from Mice Peritoneal Macrophages.
Neuropeptides 44 (1), 25–29. doi:10.1016/j.npep.2009.11.004

Bhaskaran, M., Kapasi, A. A., Reddy, K., and Singhal, P. C. (2007). Morphine
Priming Rescues High-Dose Morphine-Induced Biological Perturbations.
J. Infect. Dis. 195 (12), 1860–1869. doi:10.1086/518039

Bhat, R. S., Bhaskaran, M., Mongia, A., Hitosugi, N., and Singhal, P. C. (2004).
Morphine-induced Macrophage Apoptosis: Oxidative Stress and Strategies for
Modulation. J. Leukoc. Biol. 75 (6), 1131–1138. doi:10.1189/jlb.1203639

Boland, J. W., and Pockley, A. G. (2018). Influence of Opioids on Immune
Function in Patients with Cancer Pain: from Bench to Bedside. Br.
J. Pharmacol. 175 (14), 2726–2736. doi:10.1111/bph.13903

Bruce-Keller, A. J., Turchan-Cholewo, J., Smart, E. J., Geurin, T., Chauhan, A.,
Reid, R., et al. (2008). Morphine Causes Rapid Increases in Glial Activation and
Neuronal Injury in the Striatum of Inducible HIV-1 Tat Transgenic Mice. Glia
56 (13), 1414–1427. doi:10.1002/glia.20708

Calle, P., and Hotter, G. (2020). Macrophage Phenotype and Fibrosis in Diabetic
Nephropathy. Int. J. Mol. Sci. 21 (8), 2806. doi:10.3390/ijms21082806

Chao, C. C., Gekker, G., Sheng, W. S., Hu, S., and Peterson, P. K. (2001). U50488
Inhibits HIV-1 Expression in Acutely Infected Monocyte-Derived
Macrophages. Drug Alcohol Depend 62 (2), 149–154. doi:10.1016/s0376-
8716(00)00185-x

Chen, H., Wang, H., Wei, Y., Hu, M., Dong, B., Fang, H., et al. (2021). Super-
Resolution Imaging Reveals the Subcellular Distribution of Dextran at the
Nanoscale in Living Cells. Chin. Chem. Lett.. doi:10.1016/j.cclet.2021.10.025

Chen, Q., Shao, X., Hao, M., Fang, H., Guan, R., Tian, Z., et al. (2020). Quantitative
Analysis of Interactive Behavior of Mitochondria and Lysosomes Using
Structured Illumination Microscopy. Biomaterials 250, 120059. doi:10.1016/
j.biomaterials.2020.120059

Chiurchiù, V., Izzi, V., D’Aquilio, F., Vismara, D., Carotenuto, F., Catanzaro, G.,
et al. (2011). Endomorphin-1 Prevents Lipid Accumulation via CD36 Down-
Regulation and Modulates Cytokines Release from Human Lipid-Laden
Macrophages. Peptides 32 (1), 80–85. doi:10.1016/j.peptides.2010.09.024

Cominacini, L., Garbin, U., Mozzini, C., Stranieri, C., Pasini, A., Solani, E., et al.
(2015). The Atherosclerotic Plaque Vulnerability: Focus on the Oxidative and
Endoplasmic Reticulum Stress in Orchestrating the Macrophage Apoptosis in
the Formation of the Necrotic Core. Curr. Med. Chem. 22 (13), 1565–1572.
doi:10.2174/0929867322666150311150829

Corrêa-da-Silva, F., Pereira, J. A. S., de Aguiar, C. F., and de Moraes-Vieira, P. M.
M. (2018). Mitoimmunity-when Mitochondria Dictates Macrophage Function.
Cell Biol Int 42 (6), 651–655. doi:10.1002/cbin.10921

Dave, R. S., and Khalili, K. (2010). Morphine Treatment of Human Monocyte-
Derived Macrophages Induces Differential miRNA and Protein Expression:
Impact on Inflammation and Oxidative Stress in the central Nervous System.
J. Cel Biochem 110 (4), 834–845. doi:10.1002/jcb.22592

Dave, R. S. (2012). Morphine Affects HIV-Induced Inflammatory Response
without Influencing Viral Replication in Human Monocyte-Derived
Macrophages. FEMS Immunol. Med. Microbiol. 64 (2), 228–236.
doi:10.1111/j.1574-695X.2011.00894.x

de Gaetano, M., Crean, D., Barry, M., and Belton, O. (2016). M1- and M2-Type
Macrophage Responses Are Predictive of Adverse Outcomes in Human
Atherosclerosis. Front. Immunol. 7, 275. doi:10.3389/fimmu.2016.00275

Delgado-Vélez, M., Lugo-Chinchilla, A., Lizardo, L., Morales, I., Robles, Y., Bruno,
N., et al. (2008). Chronic Exposure of Human Macrophages In Vitro to
Morphine and Methadone Induces a Putative Tolerant/Dependent State.
J. Neuroimmunol 196 (1-2), 94–100. doi:10.1016/j.jneuroim.2008.03.004

Eisenstein, T. K., and Hilburger, M. E. (1998). Opioid Modulation of Immune
Responses: Effects on Phagocyte and Lymphoid Cell Populations.
J. Neuroimmunol 83 (1-2), 36–44. doi:10.1016/s0165-5728(97)00219-1

Eisenstein, T. K. (2019). The Role of Opioid Receptors in Immune System
Function. Front. Immunol. 10, 2904. doi:10.3389/fimmu.2019.02904

El Kasmi, K. C., and Stenmark, K. R. (2015). Contribution of Metabolic
Reprogramming to Macrophage Plasticity and Function. Semin. Immunol.
27 (4), 267–275. doi:10.1016/j.smim.2015.09.001

Filipczak-Bryniarska, I., Nowak, B., Sikora, E., Nazimek, K., Woroń, J., Wordliczek,
J., et al. (2012). The Influence of Opioids on the Humoral and Cell-Mediated
Immune Responses in Mice. The Role of Macrophages. Pharmacol. Rep. 64 (5),
1200–1215. doi:10.1016/s1734-1140(12)70916-7

Forte, M., Bianchi, F., Cotugno, M., Marchitti, S., Stanzione, R., Maglione, V., et al.
(2021). An Interplay between UCP2 and ROS Protects Cells from High-Salt-
Induced Injury through Autophagy Stimulation. Cell Death Dis 12 (10), 919.
doi:10.1038/s41419-021-04188-4

Fujioka, N., Nguyen, J., Chen, C., Li, Y., Pasrija, T., Niehans, G., et al. (2011).
Morphine-Induced Epidermal Growth Factor Pathway Activation in Non-
Small Cell Lung Cancer. Anesth. Analg 113 (6), 1353–1364. doi:10.1213/
ANE.0b013e318232b35a

Gein, S. V., and Baeva, T. A. (2011). Endogenous Opioid Peptides in Regulation of
Innate Immunity Cell Functions. Biochemistry (Mosc) 76 (3), 309–319.
doi:10.1134/s0006297911030035

Godai, K., Hasegawa-Moriyama, M., Kurimoto, T., Saito, T., Yamada, T., Sato,
T., et al. (2014). Peripheral Administration of Morphine Attenuates
Postincisional Pain by Regulating Macrophage Polarization through
COX-2-Dependent Pathway. Mol. Pain 10, 36. doi:10.1186/1744-8069-
10-36

Gomez-Flores, R., Rice, K. C., Zhang, X., and Weber, R. J. (2001). Increased
Tumor Necrosis Factor-Alpha and Nitric Oxide Production by Rat
Macrophages Following In Vitro Stimulation and Intravenous
Administration of the delta-opioid Agonist SNC 80. Life Sci. 68 (24),
2675–2684. doi:10.1016/s0024-3205(01)01082-7

Guo, C. J., Li, Y., Tian, S., Wang, X., Douglas, S. D., and Ho, W. Z. (2002).
Morphine Enhances HIV Infection of Human Blood Mononuclear
Phagocytes through Modulation of Beta-Chemokines and CCR5
Receptor. J. Investig. Med. 50 (6), 435–442. doi:10.1136/jim-50-06-03

Han, J., and Kaufman, R. J. (2016). The Role of ER Stress in Lipid Metabolism
and Lipotoxicity. J. Lipid Res. 57 (8), 1329–1338. doi:10.1194/jlr.R067595

Haschemi, A., Kosma, P., Gille, L., Evans, C. R., Burant, C. F., Starkl, P., et al.
(2012). The Sedoheptulose Kinase CARKL Directs Macrophage
Polarization through Control of Glucose Metabolism. Cell Metab 15 (6),
813–826. doi:10.1016/j.cmet.2012.04.023

Hauser, K. F., El-Hage, N., Buch, S., Berger, J. R., Tyor, W. R., Nath, A., et al.
(2005). Molecular Targets of Opiate Drug Abuse in neuroAIDS. Neurotox
Res. 8 (1-2), 63–80. doi:10.1007/bf03033820

Hicks, M. E., Gomez-Flores, R., Wang, C., Mosberg, H. I., and Weber, R. J.
(2001). Differential Effects of the Novel Non-Peptidic Opioid 4-
Tyrosylamido-6-Benzyl-1,2,3,4 Tetrahydroquinoline (CGPM-9) on In
Vitro Rat T Lymphocyte and Macrophage Functions. Life Sci. 68 (24),
2685–2694. doi:10.1016/s0024-3205(01)01083-9

Holáň, V., Zajícová, A., Krulová, M., Blahoutová, V., and Wilczek, H. (2003).
Augmented Production of Proinflammatory Cytokines and Accelerated
Allotransplantation Reactions in Heroin-Treated Mice. Clin. Exp.
Immunol. 132 (1), 40–45. doi:10.1046/j.1365-2249.2003.02103.x

Huang, S. C., Everts, B., Ivanova, Y., O’Sullivan, D., Nascimento, M., Smith, A. M.,
et al. (2014). Cell-Intrinsic Lysosomal Lipolysis Is Essential for Alternative
Activation of Macrophages. Nat. Immunol. 15 (9), 846–855. doi:10.1038/
ni.2956

Husted, T. L., Govindaswami, M., Oeltgen, P. R., Rudich, S. M., and Lentsch, A. B.
(2005). A delta2-Opioid Agonist Inhibits P38MAPK and Suppresses Activation
of Murine Macrophages. J. Surg. Res. 128 (1), 45–49. doi:10.1016/
j.jss.2005.04.003

Ignatowski, T. A., and Bidlack, J. M. (1999). Differential Kappa-Opioid Receptor
Expression on Mouse Lymphocytes at Varying Stages of Maturation and on
Mouse Macrophages after Selective Elicitation. J. Pharmacol. Exp. Ther. 290 (2),
863–870.

Frontiers in Pharmacology | www.frontiersin.org January 2022 | Volume 12 | Article 81424113

Wen et al. Opioids Immune Effect on Macrophages

https://doi.org/10.1016/j.jss.2005.04.028
https://doi.org/10.1007/s00109-011-0752-4
https://doi.org/10.1016/j.npep.2009.11.004
https://doi.org/10.1086/518039
https://doi.org/10.1189/jlb.1203639
https://doi.org/10.1111/bph.13903
https://doi.org/10.1002/glia.20708
https://doi.org/10.3390/ijms21082806
https://doi.org/10.1016/s0376-8716(00)00185-x
https://doi.org/10.1016/s0376-8716(00)00185-x
https://doi.org/10.1016/j.cclet.2021.10.025
https://doi.org/10.1016/j.biomaterials.2020.120059
https://doi.org/10.1016/j.biomaterials.2020.120059
https://doi.org/10.1016/j.peptides.2010.09.024
https://doi.org/10.2174/0929867322666150311150829
https://doi.org/10.1002/cbin.10921
https://doi.org/10.1002/jcb.22592
https://doi.org/10.1111/j.1574-695X.2011.00894.x
https://doi.org/10.3389/fimmu.2016.00275
https://doi.org/10.1016/j.jneuroim.2008.03.004
https://doi.org/10.1016/s0165-5728(97)00219-1
https://doi.org/10.3389/fimmu.2019.02904
https://doi.org/10.1016/j.smim.2015.09.001
https://doi.org/10.1016/s1734-1140(12)70916-7
https://doi.org/10.1038/s41419-021-04188-4
https://doi.org/10.1213/ANE.0b013e318232b35a
https://doi.org/10.1213/ANE.0b013e318232b35a
https://doi.org/10.1134/s0006297911030035
https://doi.org/10.1186/1744-8069-10-36
https://doi.org/10.1186/1744-8069-10-36
https://doi.org/10.1016/s0024-3205(01)01082-7
https://doi.org/10.1136/jim-50-06-03
https://doi.org/10.1194/jlr.R067595
https://doi.org/10.1016/j.cmet.2012.04.023
https://doi.org/10.1007/bf03033820
https://doi.org/10.1016/s0024-3205(01)01083-9
https://doi.org/10.1046/j.1365-2249.2003.02103.x
https://doi.org/10.1038/ni.2956
https://doi.org/10.1038/ni.2956
https://doi.org/10.1016/j.jss.2005.04.003
https://doi.org/10.1016/j.jss.2005.04.003
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Inan, S., Torres-Huerta, A., Jensen, L. E., Dun, N. J., and Cowan, A. (2019).
Nalbuphine, a Kappa Opioid Receptor Agonist and Mu Opioid Receptor
Antagonist Attenuates Pruritus, Decreases IL-31, and Increases IL-10 in
Mice with Contact Dermatitis. Eur. J. Pharmacol. 864, 172702. doi:10.1016/
j.ejphar.2019.172702

Infantino, V., Convertini, P., Cucci, L., Panaro, M. A., Di Noia, M. A., Calvello, R.,
et al. (2011). TheMitochondrial Citrate Carrier: A New Player in Inflammation.
Biochem. J. 438 (3), 433–436. doi:10.1042/bj20111275

Inui, Y., Azuma, Y., and Ohura, K. (2002). Differential Alteration of Functions of
Rat Peritoneal Macrophages Responsive to Endogenous Opioid Peptide
Endomorphin-1. Int. Immunopharmacol 2 (8), 1133–1142. doi:10.1016/
s1567-5769(02)00065-6

James, A., and Williams, J. (2020). Basic Opioid Pharmacology - an Update. Br.
J. Pain 14 (2), 115–121. doi:10.1177/2049463720911986

Jha, A. K., Huang, S. C., Sergushichev, A., Lampropoulou, V., Ivanova, Y.,
Loginicheva, E., et al. (2015). Network Integration of Parallel Metabolic and
Transcriptional Data Reveals Metabolic Modules that Regulate Macrophage
Polarization. Immunity 42 (3), 419–430. doi:10.1016/j.immuni.2015.02.005

Jinnouchi, H., Guo, L., Sakamoto, A., Torii, S., Sato, Y., Cornelissen, A., et al.
(2020). Diversity of Macrophage Phenotypes and Responses in Atherosclerosis.
Cell Mol Life Sci 77 (10), 1919–1932. doi:10.1007/s00018-019-03371-3

Kapasi, A. A., Coscia, S. A., Pandya, M. P., and Singhal, P. C. (2004). Morphine
Modulates HIV-1 Gp160-Induced Murine Macrophage and Human Monocyte
Apoptosis by Disparate Ways. J. Neuroimmunol 148 (1-2), 86–96. doi:10.1016/
j.jneuroim.2003.11.015

Khabbazi, S., Goumon, Y., and Parat, M. O. (2015). Morphine Modulates
Interleukin-4- or Breast Cancer Cell-Induced Pro-Metastatic Activation of
Macrophages. Sci. Rep. 5, 11389. doi:10.1038/srep11389

Khabbazi, S., Xie, N., Pu, W., Goumon, Y., and Parat, M. O. (2016). The TLR4-
Active Morphine Metabolite Morphine-3-Glucuronide Does Not Elicit
Macrophage Classical Activation In Vitro. Front. Pharmacol. 7, 441.
doi:10.3389/fphar.2016.00441

Kozlowski, M., Nazimek, K., Wąsik, M., Filipczak-Bryniarska, I., and Bryniarski, K.
(2017). The Impact of Advanced Opioid Drugs and Analgesic Adjuvants on
Murine Macrophage Oxygen Burst. Folia Med. Cracov 57 (2), 15–30.

Kuck, J. L., Obiako, B. O., Gorodnya, O. M., Pastukh, V. M., Kua, J., Simmons, J. D.,
et al. (2015). Mitochondrial DNA Damage-Associated Molecular Patterns
Mediate a Feed-Forward Cycle of Bacteria-Induced Vascular Injury in
Perfused Rat Lungs. Am. J. Physiol. Lung Cel Mol Physiol 308 (10),
L1078–L1085. doi:10.1152/ajplung.00015.2015

Kuzumaki, N., Suzuki, A., Narita, M., Hosoya, T., Nagasawa, A., Imai, S., et al.
(2012). Effect of κ-Opioid Receptor Agonist on the Growth of Non-Small Cell
Lung Cancer (NSCLC) Cells. Br. J. Cancer 106 (6), 1148–1152. doi:10.1038/
bjc.2011.574

Lewis, S. S., Hutchinson, M. R., Rezvani, N., Loram, L. C., Zhang, Y., Maier, S.
F., et al. (2010). Evidence that Intrathecal Morphine-3-Glucuronide May
Cause Pain Enhancement via Toll-like Receptor 4/MD-2 and Interleukin-
1beta. Neuroscience 165 (2), 569–583. doi:10.1016/
j.neuroscience.2009.10.011

Li, M. C., Yu, J. H., Yu, S. S., Chi, Y. Y., and Xiang, Y. B. (2015). MicroRNA-873
Inhibits Morphine-Induced Macrophage Apoptosis by Elevating A20
Expression. Pain Med. 16 (10), 1993–1999. doi:10.1111/pme.12784

Li, W. Y., Yang, J. J., Zhu, S. H., Liu, H. J., and Xu, J. G. (2008). Endomorphins
and Ohmefentanyl in the Inhibition of Immunosuppressant Function in
Rat Peritoneal Macrophages: An Experimental In Vitro Study. Curr. Ther.
Res. Clin. Exp. 69 (1), 56–64. doi:10.1016/j.curtheres.2008.02.004

Li, Y., Merrill, J. D., Mooney, K., Song, L., Wang, X., Guo, C. J., et al. (2003).
Morphine Enhances HIV Infection of Neonatal Macrophages. Pediatr. Res. 54
(2), 282–288. doi:10.1203/01.Pdr.0000074973.83826.4c

Li, Y., Wang, X., Tian, S., Guo, C. J., Douglas, S. D., and Ho, W. Z. (2002).
Methadone Enhances Human Immunodeficiency Virus Infection of Human
Immune Cells. J. Infect. Dis. 185 (1), 118–122. doi:10.1086/338011

Liang, X., Liu, R., Chen, C., Ji, F., and Li, T. (2016). Opioid System Modulates the
Immune Function: A Review. Transl Perioper. Pain Med. 1 (1), 5–13.

Liao, Y., Jiang, J., Liang, B., Wei, F., Huang, J., Pan, P., et al. (2017). Opiate Use
Inhibits TLR9 Signaling Pathway In Vivo: Possible Role in Pathogenesis of HIV-
1 Infection. Sci. Rep. 7 (1), 13071. doi:10.1038/s41598-017-12066-3

Limiroli, E., Gaspani, L., Panerai, A. E., and Sacerdote, P. (2002). Differential
Morphine Tolerance Development in the Modulation of Macrophage Cytokine
Production in Mice. J. Leukoc. Biol. 72 (1), 43–48.

Linton, M. F., Babaev, V. R., Huang, J., Linton, E. F., Tao, H., and Yancey, P. G.
(2016). Macrophage Apoptosis and Efferocytosis in the Pathogenesis of
Atherosclerosis. Circ. J. 80 (11), 2259–2268. doi:10.1253/circj.CJ-16-0924

Liu, N., Ma, M., Qu, N., Wang, R., Chen, H., Hu, F., et al. (2020). Low-Dose
Naltrexone Inhibits the Epithelial-Mesenchymal Transition of Cervical Cancer
Cells In Vitro and Effects Indirectly on Tumor-Associated Macrophages In
Vivo. Int. Immunopharmacol 86, 106718. doi:10.1016/j.intimp.2020.106718

Liu, P. S., and Ho, P. C. (2018). Mitochondria: A Master Regulator in Macrophage
and T Cell Immunity.Mitochondrion 41, 45–50. doi:10.1016/j.mito.2017.11.002

Liu, Z., Wang, H., Hu, C., Wu, C., Wang, J., Hu, F., et al. (2021a). Targeting
Autophagy Enhances Atezolizumab-Induced Mitochondria-Related Apoptosis
in Osteosarcoma. Cel Death Dis 12 (2), 164. doi:10.1038/s41419-021-03449-6

Liu, Z., Zheng, Y., Xie, T., Chen, Z., Huang, Z., Ye, Z., et al. (2021b). Clickable
Rhodamine Spirolactam Based Spontaneously Blinking Probe for Super-
resolution Imaging. Chin. Chem. Lett.. doi:10.1016/j.cclet.2021.04.038

Long, X., Li, Y., Qiu, S., Liu, J., He, L., and Peng, Y. (2016). MiR-582-5p/miR-590-
5p Targeted CREB1/CREB5-NF-Κb Signaling and Caused Opioid-Induced
Immunosuppression in Human Monocytes. Transl Psychiatry 6, e757.
doi:10.1038/tp.2016.4

Lou, W., Zhang, X., Hu, X. Y., and Hu, A. R. (2016). MicroRNA-219-5p Inhibits
Morphine-Induced Apoptosis by Targeting Key Cell Cycle Regulator WEE1.
Med. Sci. Monit. 22, 1872–1879. doi:10.12659/msm.895439

Ma, M., Wang, X., Liu, N., Shan, F., and Feng, Y. (2020). Low-Dose Naltrexone
Inhibits Colorectal Cancer Progression and Promotes Apoptosis by Increasing
M1-Type Macrophages and Activating the Bax/Bcl-2/Caspase-3/PARP
Pathway. Int. Immunopharmacol 83, 106388. doi:10.1016/j.intimp.2020.106388

Machelska, H., and Celik, M. Ö. (2020). Opioid Receptors in Immune and Glial
Cells-Implications for Pain Control. Front. Immunol. 11, 300. doi:10.3389/
fimmu.2020.00300

Mahajan, S. D., Aalinkeel, R., Reynolds, J. L., Nair, B. B., Fernandez, S. F., Schwartz,
S. A., et al. (2005). Morphine Exacerbates HIV-1 Viral Protein Gp120 Induced
Modulation of Chemokine Gene Expression in U373 Astrocytoma Cells. Curr.
HIV Res. 3 (3), 277–288. doi:10.2174/1570162054368048

Martin, J. L., Koodie, L., Krishnan, A. G., Charboneau, R., Barke, R. A., and Roy, S.
(2010). Chronic Morphine Administration Delays Wound Healing by
Inhibiting Immune Cell Recruitment to the Wound Site. Am. J. Pathol. 176
(2), 786–799. doi:10.2353/ajpath.2010.090457

Martucci, C., Franchi, S., Lattuada, D., Panerai, A. E., and Sacerdote, P. (2007).
Differential Involvement of RelB in Morphine-Induced Modulation of
Chemotaxis, NO, and Cytokine Production in Murine Macrophages and
Lymphocytes. J. Leukoc. Biol. 81 (1), 344–354. doi:10.1189/jlb.0406237

Moreira Lopes, T. C., Mosser, D. M., and Gonçalves, R. (2020). Macrophage
Polarization in Intestinal Inflammation and Gut Homeostasis. Inflamm. Res. 69
(12), 1163–1172. doi:10.1007/s00011-020-01398-y

Murphy, A., Barbaro, J., Martínez-Aguado, P., Chilunda, V., Jaureguiberry-Bravo,
M., and Berman, J. W. (2019). The Effects of Opioids on HIV
Neuropathogenesis. Front. Immunol. 10, 2445. doi:10.3389/fimmu.2019.02445

Newsholme, P., Curi, R., Gordon, S., and Newsholme, E. A. (1986). Metabolism of
Glucose, Glutamine, Long-Chain Fatty Acids and Ketone Bodies by Murine
Macrophages. Biochem. J. 239 (1), 121–125. doi:10.1042/bj2390121

Ninkovic, J., Jana, N., Anand, V., Vidhu, A., Dutta, R., Raini, D., et al. (2016).
Differential Effects of Gram-Positive and Gram-Negative Bacterial Products on
Morphine Induced Inhibition of Phagocytosis. Sci. Rep. 6, 21094. doi:10.1038/
srep21094

Ninković, J., and Roy, S. (2012). Morphine Decreases Bacterial Phagocytosis by
Inhibiting Actin Polymerization through cAMP-, Rac-1-, and P38 MAPK-
dependent Mechanisms. Am. J. Pathol. 180 (3), 1068–1079. doi:10.1016/
j.ajpath.2011.11.034

Okano, T., Sato, K., Shirai, R., Seki, T., Shibata, K., Yamashita, T., et al. (2020). β-
Endorphin Mediates the Development and Instability of Atherosclerotic
Plaques. Int. J. Endocrinol. 2020, 4139093. doi:10.1155/2020/4139093

Pacifici, R., Minetti, M., Zuccaro, P., and Pietraforte, D. (1995). Morphine Affects
Cytostatic Activity of Macrophages by the Modulation of Nitric Oxide Release.
Int. J. Immunopharmacol 17 (9), 771–777. doi:10.1016/0192-0561(95)00046-5

Frontiers in Pharmacology | www.frontiersin.org January 2022 | Volume 12 | Article 81424114

Wen et al. Opioids Immune Effect on Macrophages

https://doi.org/10.1016/j.ejphar.2019.172702
https://doi.org/10.1016/j.ejphar.2019.172702
https://doi.org/10.1042/bj20111275
https://doi.org/10.1016/s1567-5769(02)00065-6
https://doi.org/10.1016/s1567-5769(02)00065-6
https://doi.org/10.1177/2049463720911986
https://doi.org/10.1016/j.immuni.2015.02.005
https://doi.org/10.1007/s00018-019-03371-3
https://doi.org/10.1016/j.jneuroim.2003.11.015
https://doi.org/10.1016/j.jneuroim.2003.11.015
https://doi.org/10.1038/srep11389
https://doi.org/10.3389/fphar.2016.00441
https://doi.org/10.1152/ajplung.00015.2015
https://doi.org/10.1038/bjc.2011.574
https://doi.org/10.1038/bjc.2011.574
https://doi.org/10.1016/j.neuroscience.2009.10.011
https://doi.org/10.1016/j.neuroscience.2009.10.011
https://doi.org/10.1111/pme.12784
https://doi.org/10.1016/j.curtheres.2008.02.004
https://doi.org/10.1203/01.Pdr.0000074973.83826.4c
https://doi.org/10.1086/338011
https://doi.org/10.1038/s41598-017-12066-3
https://doi.org/10.1253/circj.CJ-16-0924
https://doi.org/10.1016/j.intimp.2020.106718
https://doi.org/10.1016/j.mito.2017.11.002
https://doi.org/10.1038/s41419-021-03449-6
https://doi.org/10.1016/j.cclet.2021.04.038
https://doi.org/10.1038/tp.2016.4
https://doi.org/10.12659/msm.895439
https://doi.org/10.1016/j.intimp.2020.106388
https://doi.org/10.3389/fimmu.2020.00300
https://doi.org/10.3389/fimmu.2020.00300
https://doi.org/10.2174/1570162054368048
https://doi.org/10.2353/ajpath.2010.090457
https://doi.org/10.1189/jlb.0406237
https://doi.org/10.1007/s00011-020-01398-y
https://doi.org/10.3389/fimmu.2019.02445
https://doi.org/10.1042/bj2390121
https://doi.org/10.1038/srep21094
https://doi.org/10.1038/srep21094
https://doi.org/10.1016/j.ajpath.2011.11.034
https://doi.org/10.1016/j.ajpath.2011.11.034
https://doi.org/10.1155/2020/4139093
https://doi.org/10.1016/0192-0561(95)00046-5
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Patel, K., Bhaskaran, M., Dani, D., Reddy, K., and Singhal, P. C. (2003). Role of
Heme Oxygenase-1 in Morphine-Modulated Apoptosis and Migration of
Macrophages. J. Infect. Dis. 187 (1), 47–54. doi:10.1086/346042

Plein, L. M., and Rittner, H. L. (2018). Opioids and the Immune System - Friend or
Foe. Br. J. Pharmacol. 175 (14), 2717–2725. doi:10.1111/bph.13750

Podolnikova, N. P., Brothwell, J. A., and Ugarova, T. P. (2015). The Opioid Peptide
Dynorphin A Induces Leukocyte Responses via IntegrinMac-1 (αMβ2, CD11b/
CD18). Mol. Pain 11, 33. doi:10.1186/s12990-015-0027-0

Porta, C., Rimoldi, M., Raes, G., Brys, L., Ghezzi, P., Di Liberto, D., et al.
(2009). Tolerance and M2 (Alternative) Macrophage Polarization Are
Related Processes Orchestrated by P50 Nuclear Factor kappaB. Proc.
Natl. Acad. Sci. U S A. 106 (35), 14978–14983. doi:10.1073/
pnas.0809784106

Qiu, S., Feng, Y., LeSage, G., Zhang, Y., Stuart, C., He, L., et al. (2015). Chronic
Morphine-Induced microRNA-124 Promotes Microglial
Immunosuppression by Modulating P65 and TRAF6. J. Immunol. 194
(3), 1021–1030. doi:10.4049/jimmunol.1400106

Ramond, E., Jamet, A., Coureuil, M., and Charbit, A. (2019). Pivotal Role of
Mitochondria in Macrophage Response to Bacterial Pathogens. Front.
Immunol. 10, 2461. doi:10.3389/fimmu.2019.02461

Reynolds, J. L., Law, W. C., Mahajan, S. D., Aalinkeel, R., Nair, B., Sykes, D. E.,
et al. (2012). Morphine and Galectin-1 Modulate HIV-1 Infection of
Human Monocyte-Derived Macrophages. J. Immunol. 188 (8),
3757–3765. doi:10.4049/jimmunol.1102276

Rodríguez-Prados, J.-C., Través, P. G., Cuenca, J., Rico, D., Aragonés, J.,
Martín-Sanz, P., et al. (2010). Substrate Fate in Activated Macrophages: A
Comparison between Innate, Classic, and Alternative Activation.
J. Immunol. 185 (1), 605–614. doi:10.4049/jimmunol.0901698

Rolny, C., Mazzone, M., Tugues, S., Laoui, D., Johansson, I., Coulon, C., et al.
(2011). HRG Inhibits Tumor Growth and Metastasis by Inducing
Macrophage Polarization and Vessel Normalization through
Downregulation of PlGF. Cancer Cell 19 (1), 31–44. doi:10.1016/
j.ccr.2010.11.009

Sarić, A., Balog, T., Sobocanec, S., and Marotti, T. (2007). Endomorphin 1
Activates Nitric Oxide Synthase 2 Activity and Downregulates Nitric Oxide
Synthase 2 mRNA Expression. Neuroscience 144 (4), 1454–1461.
doi:10.1016/j.neuroscience.2006.11.020

Scarpa, J. R., DiNatale, R. G., Mano, R., Silagy, A. W., Kuo, F., Irie, T., et al.
(2020). Identifying Clear Cell Renal Cell Carcinoma Coexpression
Networks Associated with Opioid Signaling and Survival. Cancer Res.
81, 1101–1110. doi:10.1158/0008-5472.Can-20-1852

Scull, C. M., and Tabas, I. (2011). Mechanisms of ER Stress-Induced Apoptosis
in Atherosclerosis. Arterioscler Thromb. Vasc. Biol. 31 (12), 2792–2797.
doi:10.1161/atvbaha.111.224881

Sedqi, M., Roy, S., Ramakrishnan, S., Elde, R., and Loh, H. H. (1995).
Complementary DNA Cloning of a Mu-Opioid Receptor from Rat
Peritoneal Macrophages. Biochem. Biophys. Res. Commun. 209 (2),
563–574. doi:10.1006/bbrc.1995.1538

Shirzad, H., Shahrani, M., and Rafieian-Kopaei, M. (2009). Comparison of
Morphine and Tramadol Effects on Phagocytic Activity of Mice Peritoneal
Phagocytes In Vivo. Int. Immunopharmacol 9 (7-8), 968–970. doi:10.1016/
j.intimp.2009.04.002

Singhal, P. C., Bhaskaran, M., Patel, J., Patel, K., Kasinath, B. S., Duraisamy, S.,
et al. (2002). Role of P38 Mitogen-Activated Protein Kinase
Phosphorylation and Fas-Fas Ligand Interaction in Morphine-Induced
Macrophage Apoptosis. J. Immunol. 168 (8), 4025–4033. doi:10.4049/
jimmunol.168.8.4025

Singhal, P. C., Kapasi, A. A., Franki, N., and Reddy, K. (2000). Morphine-Induced
Macrophage Apoptosis: The Role of Transforming Growth Factor-Beta.
Immunology 100 (1), 57–62. doi:10.1046/j.1365-2567.2000.00007.x

Singhal, P. C., Sharma, P., Kapasi, A. A., Reddy, K., Franki, N., and Gibbons, N.
(1998). Morphine Enhances Macrophage Apoptosis. J. Immunol. 160 (4),
1886–1893.

Stanojević, S., Vujić, V., Mitić, K., Kustrimović, N., Kovacević-Jovanović, V.,
Miletić, T., et al. (2008). Methionine-Enkephalin Modulation of Hydrogen
Peroxide (H2O2) Release by Rat Peritoneal Macrophages Involves Different
Types of Opioid Receptors. Neuropeptides 42 (2), 147–158. doi:10.1016/
j.npep.2007.12.004

Sukhorukov, V. N., Khotina, V. A., Bagheri Ekta, M., Ivanova, E. A., Sobenin, I. A.,
and Orekhov, A. N. (2020). Endoplasmic Reticulum Stress inMacrophages: The
Vicious Circle of Lipid Accumulation and Pro-Inflammatory Response.
Biomedicines 8 (7), 210. doi:10.3390/biomedicines8070210

Sun, J., Guo, W., and Du, X. (2017). Buprenorphine Differentially Affects M1- and
M2-Polarized Macrophages from Human Umbilical Cord Blood. Eur. Cytokine
Netw. 28 (2), 85–92. doi:10.1684/ecn.2017.0392

Suzuki, S., Chuang, L. F., Yau, P., Doi, R. H., and Chuang, R. Y. (2002). Interactions of
Opioid and Chemokine Receptors: Oligomerization of Mu, Kappa, and delta with
CCR5 on Immune Cells. Exp. Cel Res 280 (2), 192–200. doi:10.1006/excr.2002.5638

Tang, C. W., Feng, W. M., Du, H. M., Bao, Y., and Zhu, M. (2011). Delayed
Administration of D-Ala2-D-Leu5-Enkephalin, a Delta-Opioid Receptor
Agonist, Improves Survival in a Rat Model of Sepsis. Tohoku J. Exp. Med.
224 (1), 69–76. doi:10.1620/tjem.224.69

Tannahill, G. M., Curtis, A. M., Adamik, J., Palsson-McDermott, E. M.,
McGettrick, A. F., Goel, G., et al. (2013). Succinate Is an Inflammatory
Signal that Induces IL-1β through HIF-1α. Nature 496 (7444), 238–242.
doi:10.1038/nature11986

Tian, J., Qu, N., Jiao, X., Wang, X., Geng, J., Griffin, N., et al. (2020). Methionine
Enkephalin Inhibits Influenza A Virus Infection through Upregulating
Antiviral State in RAW264.7 Cells. Int. Immunopharmacol 78, 106032.
doi:10.1016/j.intimp.2019.106032

Tomassini, N., Renaud, F. L., Roy, S., and Loh, H. H. (2003). Mu and delta Receptors
Mediate Morphine Effects on Phagocytosis by Murine Peritoneal Macrophages.
J. Neuroimmunol 136 (1-2), 9–16. doi:10.1016/s0165-5728(02)00463-0

Vats, D., Mukundan, L., Odegaard, J. I., Zhang, L., Smith, K. L., Morel, C. R., et al.
(2006). Oxidative Metabolism and PGC-1beta Attenuate Macrophage-Mediated
Inflammation. Cel Metab 4 (1), 13–24. doi:10.1016/j.cmet.2006.05.011

Viola, A., Munari, F., Sánchez-Rodríguez, R., Scolaro, T., and Castegna, A. (2019).
The Metabolic Signature of Macrophage Responses. Front. Immunol. 10, 1462.
doi:10.3389/fimmu.2019.01462

Volkow, N. D., and Blanco, C. (2021). The Changing Opioid Crisis: Development,
Challenges and Opportunities. Mol. Psychiatry 26 (1), 218–233. doi:10.1038/
s41380-020-0661-4

Wang, K., Ma,W., Xu, Y., Liu, X., Chen, G., Yu, M., et al. (2020a). Design of a Novel
Mitochondria Targetable Turn-On Fluorescence Probe for Hydrogen Peroxide
and its Two-Photon Bioimaging Applications. Chin. Chem. Lett. 31 (12),
3149–3152. doi:10.1016/j.cclet.2020.08.039

Wang, K. N., Shao, X., Tian, Z., Liu, L. Y., Zhang, C., Tan, C. P., et al. (2021). A
Continuous Add-On Probe Reveals the Nonlinear Enlargement of
Mitochondria in Light-Activated Oncosis. Adv. Sci. (Weinh) 8 (17),
e2004566. doi:10.1002/advs.202004566

Wang, M. R., Wu, D. D., Luo, F., Zhong, C. J., Wang, X., Zhu, N., et al. (2020b).
Methadone Inhibits Viral Restriction Factors and Facilitates HIV Infection in
Macrophages. Front. Immunol. 11, 1253. doi:10.3389/fimmu.2020.01253

Wang, N., Liang, H., and Zen, K. (2014). Molecular Mechanisms that Influence the
MacrophageM1-M2 Polarization Balance. Front. Immunol. 5, 614. doi:10.3389/
fimmu.2014.00614

Wang, X., Jiao, X., Meng, Y., Chen, H., Griffin, N., Gao, X., et al. (2018). Methionine
Enkephalin (MENK) Inhibits Human Gastric Cancer through Regulating
Tumor Associated Macrophages (TAMs) and PI3K/AKT/mTOR Signaling
Pathway inside Cancer Cells. Int. Immunopharmacol 65, 312–322.
doi:10.1016/j.intimp.2018.10.023

Wang, X., Liu, J., Zhou, L., and Ho, W. Z. (2019). Morphine Withdrawal Enhances
HIV Infection of Macrophages. Front. Immunol. 10, 2601. doi:10.3389/
fimmu.2019.02601

Wang, X., Ma, T. C., Li, J. L., Zhou, Y., Geller, E. B., Adler, M. W., et al. (2015).
Heroin Inhibits HIV-Restriction miRNAs and Enhances HIV Infection of
Macrophages. Front. Microbiol. 6, 1230. doi:10.3389/fmicb.2015.01230

Wang, Y., Wang, X., Ye, L., Li, J., Song, L., Fulambarkar, N., et al. (2012). Morphine
Suppresses IFN Signaling Pathway and Enhances AIDS Virus Infection. PLoS
One 7 (2), e31167. doi:10.1371/journal.pone.0031167

Webster, L. R. (2017). Risk Factors for Opioid-Use Disorder and Overdose. Anesth.
Analg 125 (5), 1741–1748. doi:10.1213/ane.0000000000002496

Wei, Y., Kong, L., Chen, H., Liu, Y., Xu, Y., Wang, H., et al. (2022). Super-
Resolution Image-Based Tracking of Drug Distribution in Mitochondria of a
Label-Free Naturally Derived Drug Molecules. Chem. Eng. J. 429, 132134.
doi:10.1016/j.cej.2021.132134

Frontiers in Pharmacology | www.frontiersin.org January 2022 | Volume 12 | Article 81424115

Wen et al. Opioids Immune Effect on Macrophages

https://doi.org/10.1086/346042
https://doi.org/10.1111/bph.13750
https://doi.org/10.1186/s12990-015-0027-0
https://doi.org/10.1073/pnas.0809784106
https://doi.org/10.1073/pnas.0809784106
https://doi.org/10.4049/jimmunol.1400106
https://doi.org/10.3389/fimmu.2019.02461
https://doi.org/10.4049/jimmunol.1102276
https://doi.org/10.4049/jimmunol.0901698
https://doi.org/10.1016/j.ccr.2010.11.009
https://doi.org/10.1016/j.ccr.2010.11.009
https://doi.org/10.1016/j.neuroscience.2006.11.020
https://doi.org/10.1158/0008-5472.Can-20-1852
https://doi.org/10.1161/atvbaha.111.224881
https://doi.org/10.1006/bbrc.1995.1538
https://doi.org/10.1016/j.intimp.2009.04.002
https://doi.org/10.1016/j.intimp.2009.04.002
https://doi.org/10.4049/jimmunol.168.8.4025
https://doi.org/10.4049/jimmunol.168.8.4025
https://doi.org/10.1046/j.1365-2567.2000.00007.x
https://doi.org/10.1016/j.npep.2007.12.004
https://doi.org/10.1016/j.npep.2007.12.004
https://doi.org/10.3390/biomedicines8070210
https://doi.org/10.1684/ecn.2017.0392
https://doi.org/10.1006/excr.2002.5638
https://doi.org/10.1620/tjem.224.69
https://doi.org/10.1038/nature11986
https://doi.org/10.1016/j.intimp.2019.106032
https://doi.org/10.1016/s0165-5728(02)00463-0
https://doi.org/10.1016/j.cmet.2006.05.011
https://doi.org/10.3389/fimmu.2019.01462
https://doi.org/10.1038/s41380-020-0661-4
https://doi.org/10.1038/s41380-020-0661-4
https://doi.org/10.1016/j.cclet.2020.08.039
https://doi.org/10.1002/advs.202004566
https://doi.org/10.3389/fimmu.2020.01253
https://doi.org/10.3389/fimmu.2014.00614
https://doi.org/10.3389/fimmu.2014.00614
https://doi.org/10.1016/j.intimp.2018.10.023
https://doi.org/10.3389/fimmu.2019.02601
https://doi.org/10.3389/fimmu.2019.02601
https://doi.org/10.3389/fmicb.2015.01230
https://doi.org/10.1371/journal.pone.0031167
https://doi.org/10.1213/ane.0000000000002496
https://doi.org/10.1016/j.cej.2021.132134
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Weng, H. L., and Wang, M. J. (2016). Effects of microRNA-338-3p on Morphine-
Induced Apoptosis and its Underlying Mechanisms. Mol. Med. Rep. 14 (3),
2085–2092. doi:10.3892/mmr.2016.5506

Wu, K., Lin, K., Li, X., Yuan, X., Xu, P., Ni, P., et al. (2020). Redefining Tumor-
Associated Macrophage Subpopulations and Functions in the Tumor
Microenvironment. Front. Immunol. 11, 1731. doi:10.3389/fimmu.2020.01731

Wynn, T. A., Chawla, A., and Pollard, J. W. (2013). Macrophage Biology in
Development, Homeostasis and Disease. Nature 496 (7446), 445–455.
doi:10.1038/nature12034

Yunna, C., Mengru, H., Lei, W., and Weidong, C. (2020). Macrophage M1/M2
Polarization. Eur. J. Pharmacol. 877, 173090. doi:10.1016/j.ejphar.2020.173090

Zeng, S., Zhong, Y., Xiao, J., Ji, J., Xi, J., Wei, X., et al. (2020). Kappa Opioid
Receptor on Pulmonary Macrophages and Immune Function. Transl Perioper.
Pain Med. 7 (3), 225–233. doi:10.31480/2330-4871/117

Zhang, J., Chen, L., Sun, Y., and Li, Y. (2017). Tramadol Differentially Regulates
M1 and M2 Macrophages from Human Umbilical Cord Blood.
Inflammopharmacol 25, 533–541. doi:10.1007/s10787-017-0338-z

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Wen, Jiang, Liang, Cheng, Zhu and Guo. This is an open-access
article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that
the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does
not comply with these terms.

Frontiers in Pharmacology | www.frontiersin.org January 2022 | Volume 12 | Article 81424116

Wen et al. Opioids Immune Effect on Macrophages

https://doi.org/10.3892/mmr.2016.5506
https://doi.org/10.3389/fimmu.2020.01731
https://doi.org/10.1038/nature12034
https://doi.org/10.1016/j.ejphar.2020.173090
https://doi.org/10.31480/2330-4871/117
https://doi.org/10.1007/s10787-017-0338-z
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

	Opioids Regulate the Immune System: Focusing on Macrophages and Their Organelles
	Introduction
	Classification and Basic Pharmacology of Opioids
	Overview of Macrophages
	Macrophage-Associated Opioid Receptors
	Opioids Affect the Chemotaxis, Recruitment, Migration, and Phagocytosis of Macrophages
	Opioids Affect the Production of Various Cytokines and the Polarization of Macrophages
	Opioids Affect the Apoptosis of Macrophages
	Effect of Exogenous Synthetic Opioids on Macrophages
	The Regulation of Endogenous Opioid Peptides on Macrophages’ Function
	Opioids, Macrophages, and HIV Infection
	Opioids, Macrophages, and Tumors
	Opioids and Organelles in Macrophages: A Valuable Research Direction
	Conclusion
	Author Contributions
	Funding
	Acknowledgments
	References


