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A B S T R A C T

Background: Benzodiazepines are widely used for anesthesia and sedation and have immunomodulatory prop-
erties that may negatively influence clinical outcomes; however, the cellular targets and intermediary signaling
pathways involved are unclear. We examined the immunomodulatory effects of the benzodiazepine midazolam
on human macrophages and associated molecular mechanisms.
Methods: We analyzed effects of midazolam pretreatment on lipopolysaccharide (LPS)-induced upregulation of
the costimulatory molecule CD80 and secretion of the pro-inflammatory factors interleukin-6 (IL-6), tumor
necrosis factor-α, interleukin-10, and nitric oxide (NO) in the human monocyte–macrophage cell line THP-1 and
in peripheral monocyte-derived macrophages (PMDMs). The effects of midazolam on NF-κB, IκBα protein, and
mitogen-activated protein kinase (MAPK) activation were analyzed in THP-1 cells. We analyzed the involvement
of translocator protein (TSPO) in the immunomodulatory effects of midazolam using TSPO ligands. The role of
TSPO was investigated using THP-1 cells overexpressing TSPO and THP-1 cells with TSPO knockdown through
transfection with small interfering RNA for TSPO.
Results: Midazolam suppressed LPS-induced upregulation of CD80 and release of IL-6 and NO in THP-1 cells and
PMDMs. Additionally, midazolam suppressed the activation of NF-κB/AP-1 and MAPKs in human THP-1 cells.
The assessed synthetic TSPO ligands showed the same inhibitory effects on macrophage activation as mid-
azolam. Macrophages overexpressing TSPO exhibited enhanced susceptibility to immunosuppression by mid-
azolam, and macrophages lacking TSPO expression exhibited reduced effects of midazolam.
Conclusion: Midazolam inhibits LPS-stimulated immune responses in human macrophages by activating TSPO
signaling. Suppression of macrophage activity may contribute to deleterious side effects of benzodiazepines
reported in critically ill patients.

1. Introduction

Benzodiazepines are some of the most commonly used drugs for
sedation and anesthesia. Recently, several studies suggested that ben-
zodiazepine use can contribute to poor outcomes in critically ill patients
[1,2], possibly because of the disruption of immune responses. Al-
though the immunomodulatory signaling pathways disrupted by ben-
zodiazepines have not yet been identified, emerging evidence has
suggested that these drugs interfere with macrophage activity [3].
Macrophages play important roles in antigen presentation, im-
munomodulation through cytokine secretion, and phagocytosis fol-
lowing activation by various physiological signals associated with in-
jury or infection [4]. One such signal is lipopolysaccharide (LPS) that is
found in the outer membrane of certain bacteria. LPS treatment is a

standard experimental approach to induce macrophage activation in
vitro [4]. Activated macrophages show upregulated expression of
costimulatory molecules, such as CD80 and CD86, as well as secretion
of nitric oxide (NO) and pro-inflammatory cytokines, such as inter-
leukin-6 (IL-6). It has been reported that the benzodiazepine midazolam
can interfere with the inflammatory functions of activated macro-
phages. For instance, the production of inflammatory mediators, in-
cluding IL-6 and NO, by macrophages and neutrophils was shown to be
suppressed by benzodiazepines, such as midazolam [3,5].

The sedative and hypnotic effects of benzodiazepines depend pri-
marily on the modulation of GABAA receptors, which were previously
referred to as central benzodiazepine receptors [6–8]. Translocator
protein (TSPO), which was previously known as the peripheral benzo-
diazepine receptor, is a transmembrane protein expressed ubiquitously
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in peripheral tissues throughout the body. As the name suggests, TSPO
binds to benzodiazepines. Although TSPO has been implicated in
multiple biological functions, including steroid biosynthesis, apoptosis,
and cell proliferation, its activity in immune regulation remains un-
known [9].

Two previous studies suggested that TSPO signaling can reduce pro-
inflammatory cytokine production in microglia, which are resident
macrophages of the central nervous system [10,11]. In the current
study, we tested the hypothesis that sedative and anxiolytic midazolam
can suppress the inflammatory responses of human macrophages
through TSPO signaling. We designed in vitro cell culture experiments
using the human monocyte–macrophage cell line THP-1 and peripheral
monocyte-derived macrophages (PMDMs) to clarify the effects of mid-
azolam and other TSPO ligands on macrophages. We also attempted to
demonstrate the immunomodulatory effects of TSPO signaling using
THP-1 cells stably overexpressing TSPO and using THP-1 cells without
TSPO expression.

2. Materials and methods

2.1. Reagents and antibodies

Recombinant human macrophage colony-stimulating factor (M-
CSF) was purchased from PeproTech (Rocky Hill, NJ, USA). Dimethyl
sulfoxide (DMSO) and Dulbecco's modified Eagle's medium (DMEM)
were purchased from Sigma-Aldrich (St. Louis, MO, USA). Phorbol
12‑myristate 13‑acetate (PMA), LPS from Escherichia coli 055:B5, and
the GABAA receptor/TSPO ligands vigabatrin, muscimol, etifoxine,
FGIN1-27, and Ro5-4864 were purchased from Sigma-Aldrich.
Fluorescein isothiocyanate (FITC)-conjugated and phycoerythrin (PE)-
conjugated monoclonal antibodies (mAbs) for detecting the expressions
of CD11b (M1/70) and CD80 (C3H), respectively, were purchased from
BD Biosciences (San Diego, CA, USA). In order to detect the protein
levels of mitogen-activated protein kinases (MAPKs), anti-p38 MAPK
(D13E1), anti-phospho-p38 MAPK (D3F9), anti-SAPK/JNK (56G8),
anti-phospho-SAPK/JNK (81E11), anti-p44/42 MAPK (137F5), and
anti-phospho-p44/42 MAPK (D13.14.4E) antigens were purchased from
Cell Signaling Technology (Danvers, MA, USA). IκBα Antibody was
purchased from Cell Signaling Technology to detect protein levels of
IκBα. Additionally, horseradish peroxidase (HRP)-conjugated anti-
rabbit IgG antibody was purchased from Cell Signaling Technology.
Midazolam was purchased from Astellas Pharma Inc. (Tokyo, Japan).
Midazolam was dissolved in DMSO and was diluted with DMEM. The
Quanti-Blue substrate to detect and quantify secreted embryonic alka-
line phosphatase (SEAP) was purchased from Invivogen (San Diego, CA,
USA).

2.2. THP-1 macrophage culture

Human monocytic THP-1 cells were purchased from Riken
BioResource Center (Tsukuba, Japan). THP-1 cells were cultured for
24 h with 10 ng/mL PMA to trigger differentiation into macrophages
and were then maintained in 24-well plates with complete medium
(DMEM supplemented with 10% fetal bovine serum albumin, 100 U/mL
penicillin, and 100 μg/mL streptomycin; 106 cells/mL) at 37 °C under a
5% CO2 atmosphere. The viability of the cultured cells was assessed by
trypan blue exclusion, and more than 90% viability was noted for all
cultures used in the experiments.

THP-1 macrophages were cultured in the presence and absence of
midazolam or other TSPO ligands for 24 h, followed by stimulation with
LPS (1000 ng/mL) for 24 h. After stimulation with LPS, the expression
levels of surface molecules were assessed by flow cytometry, and cul-
ture supernatants were collected for IL-6, tumor necrosis factor-α (TNF-
α), interleukin-10 (IL-10) and NO measurements.

2.3. NF-κB activity assay using THP-1 Xblue NF-κB/AP-1 CD14 reporter
cells

THP-1 Xblue NF-κB/AP-1 CD14 reporter cells stably expressing
SEAP driven by the NF-κB/AP-1 promoter were purchased from
Invivogen. Activation of the NF-κB/AP-1 promoter induces SEAP ex-
pression, which is measured in the extracellular medium as an index of
NF-κB/AP-1 activity. Cells were seeded in 96-well plates at 106 cells/mL
and were cultured in DMEM supplemented with 10% fetal bovine
serum albumin, 100 μg/mL G418, and 200 μg/mL Zeocin at 37 °C under
a 5% CO2 atmosphere. Pretreatment with midazolam, GABAA receptor,
or TSPO ligands for 24 h and subsequent stimulation with LPS for 24 h
were performed as described above. Promoter activity of NF-κB/AP-1
was measured by detecting accumulation of SEAP in the culture
medium. The amount of SEAP in culture supernatants was analyzed by
2 h exposure to Quanti-Blue alkaline phosphatase substrate, and it was
measured at an optical density of 600 nm.

2.4. Preparation of monocyte-derived macrophages

Peripheral blood mononuclear cells were isolated from whole per-
ipheral blood samples of healthy volunteers by density-gradient cen-
trifugation using LeucoSep tubes (Greiner Bio-One, Frickenhausen,
Germany). Monocytes were further purified by magnetic-activated
column sorting for CD14+ cells (Miltenyi Biotec, Bergisch Gladbach,
Germany). Enriched human CD14+ monocytes were seeded in 24-well
plates at 106 cells/mL and were cultured in DMEM supplemented with
10% fetal bovine serum albumin, 100 U/mL penicillin, 100 μg/mL
streptomycin, and recombinant human M-CSF (20 ng/mL) at 37 °C
under a 5% CO2 atmosphere for 4 days to obtain PMDMs. The viability
of cultured cells was assessed by trypan blue exclusion, and more than
90% viability was noted for all cultures used in the experiments. On day
4, PMDMs were cultured in the presence and absence of midazolam,
GABAA receptor ligands, and TSPO ligands for 24 h, followed by sti-
mulation with 100 ng/mL of LPS for 24 h. After stimulation with LPS,
the expression levels of surface molecules and the secretion of IL-6 and
NO were measured.

2.5. Establishment of THP-1 cells stably overexpressing TSPO

TSPO cDNA was introduced into the pLVSIN-EF1alpfa mammalian
expression vector (Takara Bio Inc., Shiga, Japan). To generate lenti-
viruses, pLVSIN-EF1alfa Neo/TSPO was co-transfected with Lentiviral
High Titer Packaging Mix (Takara Bio Inc.) in Lenti-X 293T cells (ATCC,
Manassas, VA, USA) using TransIT-293 transfection reagent (Mirus Bio
LCC., Madison, WI, USA). Culture supernatants of infected packaging
cells were harvested on day 2. THP-1 cells were cultured with the virus
supernatants and 8 μg/mL of polybrene (Sigma-Aldrich) for 24 h, and
then, cells were selected for stable TSPO overexpression by passage in
G418 (Thermo Fisher Scientific). Overexpression of TSPO in THP-1 cells
was confirmed by quantitative reverse transcription-polymerase chain
reaction (qRT-PCR).

2.6. Knockdown of the TSPO gene in THP-1 cells

Silencer Select small interfering RNA (siRNA) against the TSPO gene
(s224728) and negative control siRNA were obtained from Thermo
Fisher Scientific (Waltham, MA, USA). The sequence of siRNA against
TSPO was 5′-UCUGCAUGCUUAGAGCAUGtt-3′. THP-1 cells were dif-
ferentiated into macrophages by PMA as described above. The trans-
fection of 1 μM duplexes of siRNA was performed using Nucleofector 2b
(Lonza, Basel, Schweiz) under the condition X001. After transfection,
cells were quickly transferred to 24-well plates at 106 cells/mL with the
complete medium and were incubated at 37 °C under a 5% CO2 atmo-
sphere for 24 h. Knockdown of the TSPO gene in THP-1 cells was ana-
lyzed by qRT-PCR.
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2.7. Flow cytometric analysis of cell-surface marker expression

The expression level of the costimulatory surface molecule CD80 for
THP-1 macrophages and PMDMs was analyzed by flow cytometry. To
prevent nonspecific binding of antibodies at each staining step, cells
(2–5×105) were incubated in staining buffer containing FITC-labeled
anti-CD11b and PE-labeled anti-CD80 mAbs on ice for 20min. Flow
cytometric analysis was performed using a BD FACSVerse flow cyt-
ometer and BD FACS Suite software (BD Biosciences, San Diego, CA,
USA). Data were analyzed using FlowJo (FlowJo LLC., Ashland, OR,
USA).

2.8. IL-6, TNF-α, and IL-10 enzyme-linked immunosorbent assay

IL-6, TNF-α, and IL-10 released into the culture supernatant by LPS
stimulation was measured using an enzyme-linked immunosorbent
assay kit following the manufacturer's instructions (R&D Systems,
Minneapolis, MI, USA).

2.9. Nitrite/nitrate assay

The amount of nitrites plus nitrates in the culture supernatant was
assessed as an indicator of NO release, using a commercially available
colorimetric assay kit (Dojindo, Kumamoto, Japan), according to the
manufacturer's instructions.

2.10. Quantitative qRT-PCR

For the estimation of TSPO expression, total RNA from THP-1
macrophages and monocyte-derived macrophages was prepared using
the RNeasy Plus Mini kit (Quiagen, Hilden, Germany). Genomic DNA
was removed by treatment with DNAse. Complementary DNA was
synthesized from total RNA using the PrimeScript RT Reagent Kit with
gDNA Eraser (Takara Bio Inc.). qRT-PCR was conducted using the
TaqMan Gene Expression System (Applied Biosystems, Foster, CA, USA)
and the ViiA 7 Real-time PCR System (Applied Biosystems) as follows:
95 °C for 10min, 40 cycles of 95 °C for 15 s, and 60 °C for 60 s. Ready-
made primer pairs were utilized for the amplification of GAPDH (in-
ternal control, Hs0275899_g1) and TSPO (Hs00559362_m1). Gene ex-
pression was quantified using the ΔT method [12]. Threshold cycle (CT)
values were calculated, and they are expressed as fold induction defined
by the comparative CT (ΔCT) method.

2.11. Western blot analysis

Cultured cells were lysed with 200 μL of mammalian protein ex-
traction reagent (Thermo Fisher Scientific). Cell lysates were diluted
with 4× Laemmli sample buffer (Bio-Rad, Hercules, CA, USA) supple-
mented with 2‑mercaptoethanol (Bio-Rad). Protein samples were de-
natured at 95 °C for 10min. Protein (30 μg/well) was separated by SDS-
PAGE and was electro-transferred onto nitrocellulose membranes. Blots
were initially incubated in blocking solution (Block Ace, DS Pharma
Biomedical, Osaka, Japan) for 1 h and were then incubated overnight at
4 °C with anti-p38 MAPK, anti-phospho-p38 MAPK, anti-SAPK/JNK,
anti-phospho-SAPK/JNK, anti-p44/42 MAPK (ERK1/2), anti-phospho-
p44/42 MAPK (ERK1/2), and anti-IκBα antibodies (1:1000 dilution).
Membranes were washed and were incubated with HRP-conjugated
anti-rabbit IgG antibody (1:1000 dilution) (Cell Signaling Technology).
HRP-conjugated antibody to GAPDH (1:1000; Cell Signaling
Technology) was used for the detection of the endogenous control. Blots
were detected using the ECL detection system (GE Healthcare, Little
Chalfont, UK). Blot images were acquired using the ChemiDo XRS+
System (Bio-Rad).

2.12. Statistical analysis

In a preliminary study, power analysis showed that a treatment
group size of 6 (6 independent culture treatments) was sufficient to
detect a 50% reduction in surface molecule expression by midazolam,
with a power of 0.8 at an α level of 0.05. Data are expressed as
mean ± standard deviation (SD). Group means were compared using
Student's t-test or ANOVA with a post hoc Tukey test as appropriate. All
tests were two tailed. A P-value of< 0.05 was considered statistically
significant. All statistical analyses were conducted using JMP Pro
Version 11.2 (SAS Institute, Cary, NC, USA).

3. Results

3.1. Midazolam suppressed the LPS-induced pro-inflammatory responses of
THP-1 macrophages

We first examined whether midazolam could influence macrophage
activation via LPS. Stimulation of the human monocyte–macrophage
cell line THP-1 with LPS upregulated the expression of costimulatory
CD80, as determined by fluorescence-activated cell sorting, and in-
creased the media concentrations of IL-6, TNF-α, IL-10 and NO products
(nitrates and nitrites) (Fig. 1), whereas pretreatment with midazolam
significantly suppressed CD80 upregulation and the medium con-
centrations of IL-6, TNF-α, IL-10 and nitrates/nitrites. In addition, the
inhibitory effects of midazolam on LPS-induced upregulation of pro-
inflammatory molecules (activation) increased as the midazolam dose
increased (Fig. 1).

3.2. Midazolam inhibited LPS-induced activation of NF-κB/AP-1 and
prevented the proteolysis of IκBα

The transcription factor NF-κB and AP-1 are master regulators of
inflammatory changes in immune cells, including changes associated
with the expression of genes encoding inflammatory mediators (cyto-
kines and chemokines) and costimulatory surface molecules. Activation
of Toll-like receptors by various pathogen-associated molecules, such as
binding of TLR4 to LPS, enhances NF-κB and AP-1 transactivational
activities, resulting in various pro-inflammatory changes in macro-
phages. We thus analyzed the effects of midazolam on LPS-induced
activation of NF-κB and AP-1 in THP-1 Xblue CD14 cells, which express
SEAP driven by the NF-κB/AP-1 promoter. The detection of SEAP by
addition of Quanti-Blue substrate reagents revealed strong activation of
NF-κB/AP-1 by LPS treatment and dose-dependent inhibition by mid-
azolam pretreatment (Fig. 2A). Thus, midazolam suppressed the in-
flammatory cascade, at least in part, by inhibiting the transduction of
LPS–TLR4 signaling to the nucleus associated with NF-κB and AP-1,
thereby reducing the expression of genes with NF-κB/AP-1 promoters
(including those encoding CD80, IL-6, TNF-α and NO).

In inactivated conditions, IκBα is bound to NF-κB and inhibits the
activation of NF-κB as the negative regulator of NF-κB. Stimulation by
LPS induces the ubiquitination of IκBα and the degradation of IκBα by
proteasome. The release of NF-κB from IκBα and the translocation of
NF-kB into nucleus results in turning on the target genes of proin-
flammtory mediators [13]. To examine whether midazolam affects
these pathways, we investigated the levels of IκBα level in midazolam-
treated THP-1 macrophages. The administration of LPS to THP-1 cells
induced the reduction of cellular IκBα. Treatment with midazolam
prevented the degradation of IκBα induced at 30min after LPS treat-
ment (Fig. 2B).

3.3. Midazolam inhibited the phosphorylation of MAPKs

MAPK activation has been shown to be involved in the activation
pathway induced by LPS [14]. Thus, we assessed the activation status of
MAPKs, including p38 MAPK, SAPK/JNK, and p44/42 MAPK. We
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analyzed the involvement of MAPKs in the suppressive effects of mid-
azolam. To examine whether midazolam inhibits the activation of
MAPKs induced by LPS, we investigated the phosphorylation levels of
p38 MAPK, SAPK/JNK, and p44/42MAPK in midazolam-treated THP-1
cells. Phosphorylation was induced by LPS at 30min. Treatment with
midazolam suppressed activation of p38 MAPK, SAPK/JNK, and p44/
42 MAPK induced by LPS (Fig. 3).

3.4. Effect of midazolam on the expression of TSPO in THP-1 macrophages
stimulated by LPS

We assessed the effects of the expression of TSPO gene in LPS-
treated THP-1 macrophages and the effects of midazolam. The expres-
sion of TSPO mRNA in THP-1 macrophages did not change after sti-
mulation with LPS. However, the expression of TSPO mRNA was de-
creased in LPS-stimulated THP-1 macrophages by the treatment with
midazolam (Fig. 4).

3.5. Midazolam suppressed LPS-induced activation of PMDMs

We assessed the effects of midazolam on PMDMs. As observed in the
macrophage cell line, LPS treatment in PMDMs upregulated the ex-
pression of CD80 and the release of IL-6 and NO (nitrates/nitrites), and

Fig. 1. The effects of midazolam on the LPS-induced pro-inflammatory re-
sponses of THP-1 macrophages.
The effects of midazolam on the expressions of (A) CD80, (B) IL-6, (C) nitrite/
nitrate, (D) TNF-α, and (E) IL-10 in THP-1 macrophages. THP-1 cells are in-
cubated with midazolam or vehicle control for 24 h and are subsequently sti-
mulated with or without LPS for 24 h. After stimulation with LPS, phenotypic
changes are analyzed. All results are presented as mean ± SD (N=6). THP-1
cells treated with midazolam show less expression of CD80, IL-6, NO, TNF-α,
and IL-10. (A) The effect of midazolam on CD80 expression is analyzed in
CD11b-gated cell samples of THP-1 cells using flow cytometry. *p < 0.05,
control vs. 15 or 30 μMmidazolam. MFI=mean fluorescence intensity. (B) The
effects of midazolam on IL-6 production are analyzed in the culture supernatant
of THP-1 cells using cytokine-specific enzyme-linked immunosorbent assay.
*p < 0.05, control vs. 7.5, 15, or 30 μM midazolam. (C) The effects of mid-
azolam on NO expression are measured in the culture supernatant of THP-1
cells using a colorimetric assay. *p < 0.05, control vs. 7.5, 15, or 30 μM
midazolam. (D) Effects of midazolam on TNF-α production are analyzed using
the culture supernatant of THP-1 cells using cytokine-specific enzyme-linked
immunosorbent assay. *p < 0.05, control vs. 30 μM midazolam. (E) Effects of
midazolam on the production of IL-10 are analyzed using the culture super-
natant of THP-1 cells using cytokine-specific enzyme-linked immunosorbent
assay. *p < 0.05, control vs. 7.5, 15, or 30 μM midazolam.

Fig. 2. The effects of midazolam on LPS-induced activation of NF-κB/AP-1 and
proteolysis of IκBα.
(A) The effects of midazolam on the activation of the transcription factor NF-
κB/AP-1 in THP-1 Xblue CD14 cells. Results are presented as mean ± SD
(N=6). THP-1 Xblue CD14 cells are seeded in 96-well plates at 106 cells/mL.
Pretreatment with midazolam for 24 h and subsequent stimulation with LPS for
24 h are performed. Promoter activity of NF-κB/AP-1 is measured by detecting
accumulation of SEAP in the culture medium. The amount of SEAP in the
culture supernatant is analyzed by 2 h exposure to Quanti-Blue alkaline phos-
phatase substrate and is measured at an optical density of 600 nm. Midazolam
suppresses the activation of NF-κB/AP-1 in THP-1 Xblue CD14 cells. *p < 0.05,
control vs. 7.5, 15, or 30 μM midazolam.
(B) The effects of midazolam on the proteolysis of IκBα in THP-1 cells. The
expression of protein was analyzed by Western blot analysis. THP-1 cells are
incubated with midazolam (15 μM) or vehicle control for 24 h and are subse-
quently stimulated with or without LPS for 30min. Midazolam prevented the
proteolysis of IκBα. Bars represent the relative protein quantification relative to
controls. Results are presented as mean ± SD (N=6). *p < 0.05, control
versus midazolam.
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these responses were suppressed in a dose-dependent manner by mid-
azolam pretreatment (Fig. 5). These results strongly suggest that mid-
azolam can suppress the inflammatory activation of macrophages in
vivo.

3.6. TSPO ligands, but not GABAA receptor ligands, suppressed LPS-
induced pro-inflammatory changes in THP-1 cells and PMDMs

We examined whether benzodiazepine receptors contribute to the
suppressive effects of midazolam on macrophage activation by pre-
treating THP-1 cells and PMDMs with various TSPO ligands (Ro5-4864,
etifoxine, and FGIN1-27) and GABAA receptor ligands (vigabatrin and
muscimol) prior to LPS stimulation. Similar to the findings for mid-
azolam, TSPO ligands suppressed LPS-induced upregulation of CD80
(Fig. 6A) and LPS-enhanced release of IL-6 (Fig. 6B). In contrast, GABAA

receptor ligands did not suppress either LPS-induced CD80 upregula-
tion or IL-6 release. TSPO ligands, but not GABAA receptor ligands,
reduced LPS-induced NF-κB/AP-1 activation in THP-1 Xblue CD14 cells
(Fig. 6C). These results suggest that midazolam reduces the expression
of pro-inflammatory factors by activating TSPO signaling, which in turn
blocks transactivation of associated pro-inflammatory genes by NF-κB/
AP-1.

TSPO ligands and GABAA ligands made similar effects on the ex-
pression of CD80 and IL-6 in PMDMs in similar manners with THP-1
cells. TSPO ligands suppressed LPS-induced upregulation of CD80 and
LPS-enhanced release of IL-6, but GABAA receptor ligands did not
suppress either LPS-induced CD80 upregulation or IL-6 release (Fig. 6D,
E).

3.7. Immunosuppressive effects of midazolam were dependent on TSPO

To further examine whether the suppressive effects of midazolam on
LPS-treated THP-1 cells are dependent on TSPO signaling, we compared
the dose dependence of midazolam between WT THP-1 cells and THP-1
cells stably overexpressing TSPO cDNA through lentiviral vector

Fig. 3. The effects of midazolam on the activation of phosphorylation of MAPKs
in THP-1 macrophages.
The effects of midazolam on the activation of phosphorylation of MAPKs in
THP-1 cells. Western blot analysis demonstrates protein expression. THP-1 cells
are incubated with midazolam (15 μM) or vehicle control for 24 h and are
subsequently stimulated with or without LPS for 30min. Midazolam inhibits
phosphorylation of p38 (p-p38) MAPK, phosphorylation of SAPK/JNK (p-
SAPK/JNK) and phosphorylation of p44/42 (p-p44/42) MAPK. Bars represent
the relative protein quantification of p-p38/p38, p-SAPK/JNK/SAPK/JNK, and
p-p44/42/p44/42. Results are presented as mean ± SD (N=6). *p < 0.05,
control vs. midazolam.

Fig. 4. The effect of midazolam on expression level of TSPO mRNA in THP-1
macrophages treated by LPS.
The effect of midazolam on expression level of TSPO mRNA in THP-1 macro-
phages treated by LPS. THP-1 cells were differentiated into macrophages and
were treated with or without midazolam. After 24 h, THP-1 macrophages are
stimulated with 1000 ng/mL LPS or not. Results are presented as mean ± SD
(N=6). The expression of TSPO-mRNA is compared with the negative control
in THP-1 macrophages using qRT-PCR analysis. Midazolam inhibited the ex-
pression of TSPO mRNA level in LPS treated THP-1 macrophages. *p < 0.05,
control versus midazolam.
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transfection. Expression of the TSPO gene was 71% higher in trans-
fected cells than in the other cells (Fig. 7A). Overexpression of TSPO did
not affect the viability or growth rate of THP-1 cells (data not shown),
but it did suppress basal expression of CD80 and IL-6. Moreover, the
suppressive effects of midazolam on LPS-induced CD80 and IL-6 upre-
gulation were enhanced (i.e., midazolam sensitivity was higher) in
THP-1 cells overexpressing TSPO when compared with WT THP-1 cells
(Fig. 7B, C).

We established THP-1 cells in which the expression of TSPO was
knocked down by transfection of siRNA against TSPO, and we analyzed
the effects of midazolam on inflammatory response in WT THP-1 cells
and THP-1 cells lacking TSPO expression. Expression of the TSPO gene
was significantly lower in TSPO knockdown THP-1 cells than in the

Fig. 5. The effects of midazolam on the LPS-induced pro-inflammatory re-
sponses of PMDMs.
The effects of midazolam on the expressions of (A) CD80, (B) IL-6, and (C) NO
in PMDMs. PMDMs are incubated with midazolam or vehicle control for 24 h
and are subsequently stimulated with or without LPS for 24 h. After stimulation
with LPS, phenotypic changes are analyzed. All results are presented as
mean ± SD (N=6). PMDMs treated with midazolam show lower expression of
CD80 and less secretion of IL-6 and NO.
(A) The effects of midazolam on CD80 expression are analyzed in CD11b-gated
cell samples of PMDMs using flow cytometry. *p < 0.05, control vs. 7.5, 15, or
30 μM midazolam. MFI=mean fluorescence intensity. (B) The effects of mid-
azolam on IL-6 production are analyzed in the culture supernatant of PMDMs
using cytokine-specific enzyme-linked immunosorbent assay. *p < 0.05, con-
trol vs. 30 μM midazolam. (C) The effects of midazolam on NO expression are
measured in the culture supernatant of PMDMs using colorimetric assay.
*p < 0.05, control vs. 15 or 30 μM midazolam.

(caption on next page)
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other cells (Fig. 8A). Knockdown of the TSPO gene did not affect the
viability or growth rate of THP-1 cells (data not shown). The suppres-
sive effects of midazolam on LPS-induced upregulation of CD80 and IL-
6 were attenuated in TSPO knockdown THP-1 cells when compared
with WT THP-1 cells (Fig. 8B, C).

4. Discussion

Midazolam inhibited the activation of human macrophages (a
human macrophage cell line and PMDMs) as evidenced by reduced
expression of costimulatory CD80 and lower secretion of the in-
flammatory mediators IL-6, TNF-α, and NO (nitrates/nitrites). In ad-
dition, the secretion of IL-10, which down-regulates inflammatory im-
mune responses, was inhibited by midazolam, [15,16]. LPS signaling
has been shown to independently activate NF-κB, AP-1, and MAPKs,
which are master regulators of inflammatory mediators, such as IL-6,
TNF-α, and NO [14,17–24]. Considering the involvement of MAPKs in
the activation of the LPS signaling pathway, we analyzed the associa-
tion of MAPKs in the suppressive effects of midazolam on LPS-induced
inflammatory changes [3]. The inhibitory effects of midazolam were
identified by analyzing the phosphorylation of MAPKs. We found that
midazolam inhibited the activation of both NF-κB/AP-1 and MAPK
pathways. All assessed TSPO ligands showed the same effects as mid-
azolam on the expression of pro-inflammatory mediators and NF-κB/
AP-1. The suppressive response to midazolam was enhanced by TSPO
overexpression and attenuated by TSPO deficiency.

Collectively, these results strongly suggest that midazolam exerts
anti-inflammatory effects on LPS-stimulated macrophages through
TSPO-mediated suppression of NF-κB/AP-1 and MAPK activation,
which in turn reduces the activation of pro-inflammatory genes, such as
those encoding CD80, IL-6, TNF-α, and NO. This interference with
macrophage activation may contribute to the deleterious side effects
observed following midazolam anesthesia in some critically ill patients
[1,2].

These results confirm previous findings that the production of in-
flammatory mediators by macrophages and neutrophils, including IL-6
and NO, is suppressed by midazolam [3]. In addition, we identified

Fig. 6. The effects of benzodiazepine receptor ligands on the LPS-induced pro-
inflammatory responses of THP-1 macrophages and PMDMs.
The various effects of benzodiazepine receptor ligands on the expressions of
CD80 (A) and IL-6 (B) in THP-1 macrophages and on the activation of the
transcription factor NF-κB in THP-1 Xblue CD14 cells (C) are assessed. THP-1
macrophages are exposed or not exposed to benzodiazepine receptor ligands
(midazolam, Ro5-4864, etifoxine, FGIN1-27, vigabatrin, and muscimol). The
concentration of each ligand is 15 μM. After incubation with each ligand for
24 h, THP-1 macrophages (A, B) and THP-1 Xblue CD14 cells (C) are subse-
quently stimulated with 1000 ng/mL LPS. All results are presented as
mean ± SD (N=6). THP-1 cells treated with midazolam, Ro5-4864, etifoxine,
and FGIN1-27 show less expression of CD80, IL-6, and nitrite/nitrate, and those
treated with vigabatrin and muscimol show no change. THP-1 Xblue CD14 cells
treated with midazolam, Ro5-4864, etifoxine, and FGIN1-27 show less activa-
tion of NF-κB, and those treated with vigabatrin and muscimol show no change.
(A) After stimulation with LPS, the expression of CD80 is analyzed using flow
cytometry in CD11b-gated cell samples of THP-1 macrophages. *p < 0.05,
control vs. midazolam, Ro5-4864, etifoxine, or FGIN1-27. MFI=mean fluor-
escence intensity. (B) The secretion of IL-6 is measured in THP-1 cell cultures
using cytokine-specific enzyme-linked immunosorbent assay. *p < 0.05, con-
trol vs. midazolam, Ro5-4864, etifoxine, or FGIN1-27. (C) The amount of SEAP
in the culture supernatant is analyzed by 2 h exposure to Quanti-Blue alkaline
phosphatase substrate and is measured at an optical density of 600 nm. After
stimulation with LPS, THP-1 Xblue cells are exposed to QUANTI-Blue™ phos-
phatase substrate for 2 h. The accumulation of SEAP is measured at an optical
density of 600 nm. *p < 0.05, control vs. midazolam, Ro5-4864, etifoxine, or
FGIN1-27.
Then the effects of benzodiazepine receptor ligands on the expressions of CD80
(D) and IL-6 (E) in PMDMs are assessed. PMDMs are exposed or not exposed to
benzodiazepine receptor ligands (Ro5-4864, etifoxine, FGIN1-27, vigabatrin,
and muscimol). The concentration of each ligand is 15 μM. After incubation
with each ligand for 24 h, PMDMs are subsequently stimulated with 100 ng/mL
LPS. All results are presented as mean ± SD (N=6). PMDMs treated with
etifoxine and FGIN1-27 show less expression of CD80, and treated with Ro5-
4864, etifoxine, and FGIN1-27 show less expression of IL-6. Those treated with
vigabatrin and muscimol show no change. (D) After stimulation with LPS, the
expression of CD80 is analyzed using flow cytometry in CD11b-gated cell
samples of PMDMs. *p < 0.05, control versus etifoxine or FGIN1-27.
MFI=mean fluorescence intensity. (E) The secretion of IL-6 is measured in
PMDMs cultures using cytokine-specific enzyme-linked immunosorbent assay.
*p < 0.05, control versus Ro5-4864, etifoxine, or FGIN1-27.

Fig. 7. The effects of midazolam on the LPS-induced pro-inflammatory re-
sponses of TSPO-overexpressed THP-1 macrophages.
TSPO overexpression suppresses the expressions of CD80 and IL-6 in THP-1
macrophages. THP-1 cells are transduced with a TSPO expression vector, and
control cells are exposed or not exposed to midazolam as indicated after dif-
ferentiation into macrophages. After 24 h, THP-1 macrophages are stimulated
with 1000 ng/mL LPS. Results are presented as mean ± SD (N=6). THP-1
cells stably overexpressing TSPO cDNA suppress basal expressions of CD80 and
IL-6. The suppressive effects of midazolam on LPS-induced CD80 and IL-6 up-
regulation are enhanced in THP-1 cells overexpressing TSPO when compared
with WT THP-1 cells. (A) The expression of TSPO-mRNA is compared with the
negative control in THP-1 cells using qRT-PCR analysis. (B) The effects of
midazolam on CD80 expression is analyzed in CD11b-gated cell samples of
THP-1 cells using flow cytometry. MFI=mean fluorescence intensity. (C) The
effects of midazolam on IL-6 production are analyzed in the culture supernatant
of THP-1 cells using cytokine-specific enzyme-linked immunosorbent assay.
There is a significant difference in the expressions of CD80 and IL-6 between
control and THP-1 macrophages with TSPO overexpression (p < 0.05).
*p < 0.05, control vs. TSPO overexpression at 0, 7.5, 15, or 30 μM midazolam.
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TSPO-mediated inhibition of the activation of LPS-TLR4-NF-κB/MAPKs
pathways. All assessed TSPO ligands recapitulated the effects of mid-
azolam, which is consistent with previous reports implicating TSPO
signaling in the anti-inflammatory response to benzodiazepines
[11,25,26]. Further, TSPO may act in a critical physiological control
mechanism for limiting macrophage-dependent inflammation. In
mouse retina, LPS was found to increase TSPO protein expression by
microglia, and both a synthetic TSPO ligand (PK11195) and an

endogenous benzodiazepine ligand (diazepam binding inhibitor) were
found to decrease inflammatory reactions, such as elevated NO activity
and TNF-α secretion [11]. In the current study, overexpression of TSPO
in macrophages decreased basal CD80 expression and augmented the
inhibitory effects of midazolam on LPS-induced activation. Conversely,
siRNA-mediated knockdown of TSPO has been reported to enhance
LPS-stimulated production of inflammatory cytokines [11,27]. These
findings strongly suggest that TSPO acts as an endogenous negative
regulator of inflammatory mediators in macrophages.

Thus, in most cells, NF-κB is present as a latent, inactive, IκBα-
bound complex in the cytoplasm. LPS-TLR4 signaling induces the
phosphorylation of IκBα protein and the subsequent degradation of
IκBα by proteasome. Release of NF-KB from IκBα leads to the translo-
cation of NF-κB into nucleus and the transcription of pro inflammatory
mediators. We showed that the administration of midazolam or TSPO
ligands inhibited the degradation of IκBα and subsequent activation of
NF-κB induced by LPS-TLR4 signaling. This is the first report that TSPO
ligands can make effects on the phosphorylation and the degradation of
IκBα.

Midazolam suppressed the expression of TSPO gene at the stimu-
lation of macrophages with LPS. We speculate that signaling from TSPO
ligands can negatively regulate the expression of TSPO mRNA. The
mechanism of this phenomenon occurred only at the time of LPS ad-
ministration is unknown from current experiment.

It is controversial whether benzodiazepines can modulate GABAA

receptor activity in immune cells. Several reports have indicated that
GABAA receptor activation can suppress immune cells, including an-
tigen-presenting cells [28–31]. In contrast, GABA signaling reportedly
had no effects on lymphocyte proliferation and cytokine production
[28]. In the current study, none of the assessed GABAA receptor ligands
altered LPS-induced activation of macrophages. However, it is possible
that the functions of various immune cells besides macrophages are
differentially regulated by benzodiazepine receptor subtypes.

The secretions of IL-6 and NO were less susceptible to midazolam in
PMDMs than in THP-1 cells. This can be partly explained by the cellular
heterogeneity of PMDMs. THP-1 cells were part of a cell line and re-
presented a somewhat homogenous cell population, and the influence
of midazolam was clearly detected. On the other hand, the less re-
markable effects of midazolam on in vivo macrophages than on the cell
line suggest that benzodiazepines alone cannot cause dangerous sup-
pressive effects in the entire body. In addition, the suppressive effects of
midazolam on the secretion of IL-6 were more remarkable than the
effects on the activation of NF-kB/AP-1 in THP-1 cells. One possible
explanation for this phenomenon is that midazolam has effects in-
dependent of NF-kB/AP-1. The production of IL-6 from cells can be
regulated at multiple steps, including transcription, stabilization of the
transcript, translation, and secretion from cells [32–35]. Benzodiaze-
pines have been reported to affect other functions of cytokine produc-
tion [36,37].

Consistent with the important physiological role of TSPO in immune
regulation, it has been reported that microglial TSPO expression is
upregulated in inflammatory central nervous system disorders, such as
Alzheimer's disease, Parkinson's disease, and intracerebral hemorrhage
[38–40]. In general, TSPO expression appears to increase during nerve
degeneration and returns to normal when the regeneration process
terminates [41], which is also consistent with involvement in a negative
feedback loop that controls inflammatory responses. Indeed, upregu-
lation of TSPO and endogenous benzodiazepine receptor ligands was
recently reported as a potential compensatory mechanism against ex-
cessive inflammation in sepsis [42]. Exogenous benzodiazepines ad-
ministered as sedative agents, such as in the case of midazolam, may
augment this endogenous negative feedback loop, resulting in amplified
immunosuppression.

The present study has some limitations. First, the physiological
functions of TSPO in vivo remain unclear. TSPO knockout (KO) mice
(lacking TSPO throughout the entire body) were found to be viable and

Fig. 8. The effects of midazolam on the LPS-induced pro-inflammatory re-
sponses of TSPO-knockdowned THP-1 macrophages.
THP-1 cells transfected with siRNA against TSPO and control cells are exposed
or not exposed to midazolam and are stimulated with or without LPS. Results
are presented as mean ± SD (N=6). The suppressive effects of midazolam on
LPS-induced CD80 and IL-6 upregulation are attenuated in TSPO knockdown
THP-1 cells when compared with WT THP-1 cells. (A) The expression of TSPO
mRNA is compared with the negative control in THP-1 cells using qRT-PCR
analysis. (B) The effects of midazolam on CD80 expression are analyzed in
CD11b-gated cell samples of THP-1 cells using flow cytometry. MFI=mean
fluorescence intensity. (C) The effects of midazolam on IL-6 production are
analyzed in the culture supernatant of THP-1 cells using cytokine-specific en-
zyme-linked immunosorbent assay. There is a significant difference in the ef-
fects of midazolam on the expressions of CD80 and IL-6 between control and
TSPO knockdown THP-1 macrophages (p < 0.05).
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showed no apparent abnormalities, including in steroidogenesis, at
least when healthy [43,44]. Thus, TSPO does not appear necessary for
life or basic physiological functions, although the reactions of these
animals to disease, injury, and other triggers for immune activation
were not studied in detail. Furthermore, differences in immune re-
sponses between KO and WT mice have not yet been examined.

Second, there may be some concern about the concentrations of
midazolam used in the current study. We showed dose-dependent
changes (0–30 μM) in the effects of midazolam on the expression of
inflammatory mediators from THP-1 cells and PMDMs (Figs. 1 and 4).
Clinically relevant plasma concentrations of midazolam in the induc-
tion of anesthesia are thought to range between 0.12 and 2.25 μM (0.04
and 0.85 μg/mL), and these levels are lower than the levels used in vitro
in this study. We selected the concentration (15 μM) of midazolam as a
proof of principle that was supported by the analysis of CD80 at a lower
concentration (2.25 μM), which is more clinically relevant. It has been
reported that midazolam binds to plasma proteins, and the free-drug
fraction was found to be 4–6% in vivo [45,46], and it decreased by
infusion of lipoproteins [47]. We administered midazolam in an in vitro
system. We used complete medium with 10% fetal bovine serum to
maintain macrophages in current experiments, and there was a possible
effect on the unbound medium concentration of midazolam. The con-
centration of midazolam used in our study has been used previously in
various experiments analyzing the in vitro effects of benzodiazepine on
immune cells [3,5]. Furthermore, the molecular mechanisms of mid-
azolam associated with TSPO were supported by the findings of the
genetic analysis using THP-1 cells overexpressing TSPO and THP-1 cells
deficient in TSPO expression.

It has been reported that prolonged midazolam infusion causes an
increase in the plasma concentration because of progressively reduced
clearance. To achieve deep sedation, such as that associated with a
Ramsay Sedation Scale score higher than 6, 6.75 μM (2.2 μg/mL) of
midazolam is required [48]. Furthermore, hypothermia treatment in
patients with brain injury can depress cytochrome P450 function;
therefore, the plasma midazolam concentration may exceed 30 μM
(10 μg/mL) [49]. Thus, in critical care settings requiring deep sedation,
in vivo concentrations may reach levels sufficient to suppress macro-
phage-mediated immune responses.

In conclusion, the use of midazolam for sedation and analgesia in
critical care may suppress macrophage-mediated immune responses.
These effects likely occur via TSPO-induced suppression of NF-κB
transcriptional activation for genes encoding pro-inflammatory med-
iators, such as CD80, IL-6, TNF-α, and NO.
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