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Abstract
Background—Minocycline exhibits anti-inflammatory properties independent of its antibiotic
activity, ameliorating inflammatory responses in monocytes and macrophages. However, the
mechanisms of minocycline anti-inflammatory effects are only partially understood.

Methods—Human circulating monocytes were cultured in the presence of lipopolysaccharide
(LPS), 50 ng/ml, and minocycline (10–40 µM). Gene expression was determined by RT-PCR,
cytokine and prostaglandin E2 (PGE2) release by ELISA, protein expression, phosphorylation and
nuclear translocation by Western blotting.

Results—Minocycline significantly reduced the inflammatory response in LPS-challenged
monocytes, decreasing LPS-induced transcription of pro-inflammatory tumor-necrosis factor alpha
(TNF-α), interleukin-1 beta, interleukin-6 (IL-6) and cyclooxygenase-2 (COX-2), and the LPS-
stimulated TNF-α, IL-6 and PGE2 release. Minocycline inhibited LPS-induced activation of the
lectin-like oxidized low density lipoprotein receptor-1 (LOX-1), NF-κB, LPS-induced TNF-α
factor (LITAF) and the Nur77 nuclear receptor. Mechanisms involved in the anti-inflammatory
effects of minocycline include a reduction of LPS-stimulated p38 mitogen-activated protein kinase
(p38 MAPK) activation and stimulation of the phosphoinositide 3-kinase (PI3K)/Akt pathway.

Conclusions—We provide novel evidence demonstrating that the anti-inflammatory effects of
minocycline in human monocytes include, in addition to decreased NF-κB activation, abrogation
of the LPS-stimulated LOX-1, LITAF, Nur77 pathways, p38 MAPK inhibition and PI3K/Akt
activation. Our results reveal that minocycline inhibits points of convergence of distinct and
interacting signaling pathways mediating multiple inflammatory signals which may influence
monocyte activation, traffic and recruitment into the brain.

General significance—Our results in primary human monocytes contribute to explain the
profound anti-inflammatory and protective effects of minocycline in cardiovascular and
neurological diseases and may have direct translational relevance.
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1. Introduction
It is well-established that systemic immune responses to infection are associated with
vulnerability and progression of neurodegenerative diseases [1]. Minocycline is a
tetracycline antibiotic with multiple properties in addition to its antibiotic activity, including
free radical scavenging and amelioration of apoptosis, inflammation and protein misfolding
[2]. These properties may be responsible for minocycline therapeutic effects in pre-clinical
models of neurodegenerative disease, including direct neuroprotection and reduction of
microglia inflammatory responses [2–5].

Minocycline blocks, in vivo, bacterial endotoxin (lipopolysaccharide, LPS)-induced
adhesion of leukocytes to cerebrovascular endothelial cells, and tumor necrosis factor-α
(TNF-α) production in the brain [6]. Anti-inflammatory effects of minocycline have also
been reported in vitro in monocytes [7] and in macrophages [8,9]. These results indicate that
the neuroprotective effects of minocycline include reduction of monocyte activation,
trafficing and recruitment into the brain. However, the precise mechanisms of minocycline
anti-inflammatory effects in monocytes are incompletely understood.

To further establish the mechanisms of minocycline anti-inflammatory actions, we studied
the effect of minocycline on LPS-stimulated human circulating monocytes in culture. First,
we determined the anti-inflammatory effects of minocycline in our preparation. Then, we
addressed a number of mechanisms associated with LPS-induced inflammation: a) lectin-
like oxidized low density lipoprotein receptor-1 (LOX-1), a major inducer of vascular
inflammation and leukocyte recruitment [10]; b) nuclear factor κB (NF-κB), a master
regulator of inflammatory responses [11]; c) Nur77, a member of the NR4A subfamily of
nuclear receptors, regulating LPS induction of inflammatory factors and involved in
atherosclerosis and macrophage activation [12,13]; d) lipopolysaccharide-induced TNF-α
factor (LITAF) transcription factor [14,15], an important determinant of sensitivity and
resistance to LPS [16]; e) the participation of p38 mitogen-activated protein kinase (p38
MAPK) [17] and the role of the interacting phosphoinositide 3-kinase/Akt (PI3K/Akt)
pathway [18,19].

2. Materials and methods
2.1. Reagents

Cell culture media and supplements were obtained from Invitrogen (Carlsbad, CA).
Lipopolysaccharide (LPS, Escherichia coli serotype 055:B5) and minocycline were
purchased from Sigma-Aldrich (St. Louis, MO). Primers for real-time PCR were
synthesized by BioServe (Beltsville, MD) and are listed in Table 1; SYBR Green PCR
Master Mix for qPCR was purchased from Applied Biosystems (Foster City, CA); the
remaining reagents for RNA isolation and reverse transcription were from Invitrogen.
Primary antibodies used for Western blot analysis were: rabbit polyclonal anti-NFκB-p65
antibody (1:2000, Millipore, Billerica, MA); mouse polyclonal anti-COX-2 (1:1000,
Cayman Chemical, Ann Arbor, MI); rabbit anti-LOX-1 (1:200) and rabbit anti-Nur77
(1:1500) were from Santa Cruz Biotechnology (Santa Cruz, CA); rabbit anti-phospho-p38
MAPK (1:1000), mouse anti-phospho-Akt (Ser473) (1:1000), rabbit anti-LITAF (1:1000),
rabbit anti-β-actin (1:1000), and rabbit anti-histone H4 (1:1000), all from Cell Signaling
Technology (Danvers, MA). Secondary antibodies for Western blot analysis were: donkey
anti-rabbit IgG (1:5000, Amersham BioSciences, Piscataway, NJ); goat anti-mouse IgG
(1:10,000, Jackson ImmunoResearch, West Grove, PA). SuperSignal West Dura Substrate
for chemiluminescent detection was purchased from Thermo Fisher Scientific (Pittsburg,
PA). All other chemicals were obtained from Sigma-Aldrich unless otherwise stated.
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2.2. Cell culture
Human monocytes from human peripheral blood mononuclear cells were isolated by density
gradient centrifugation of heparinized blood, collected by leukaphoresis of normal
volunteers at the Department of Transfusion Medicine, National Institutes of Health (NIH).
Purified populations of non-activated monocytes were prepared by counterflow centrifugal
elutriation on a Beckman elutriation system [20]. Monocyte preparations were enriched to >
90% as determined by flow cytometry. Monocytes were allowed to attach to cell culture
plates for 2 hours at 37 °C in humidified 5% CO2-95% air atmosphere, and non-adherent
cells were removed.

Human monocytes were seeded at 2 × l06 cells/ml in serum-free Dulbecco’s modified
Eagle’s medium (DMEM), GlutaMAX™-I with 50 µg/ml gentamicin and cultured in 100
mm culture dishes or 6-well plates, at 37°C in humidified 5% CO2-95% air atmosphere. The
next day after platting the cells, monocytes were preincubated with vehicle or minocycline
for two hours. Minocycline was prepared as 4 mM stock in deionized water. After
preincubation with vehicle or minocycline, monocytes were incubated in the presence of
LPS (50 ng/ml). LPS was added for 4 hours previous to PCR analysis and cytokine release
determinations in cell culture supernatants.

For each determination, monocytes from at least three donors were studied individually and
data are presented as means ± SEM. All experiments were approved by the NIH's Office of
Human Subjects Research (OHSR).

2.3. RNA isolation and real-time PCR
Total RNA was isolated individually from lysed human monocytes using 1 ml TRIzol
reagent (Invitrogen), followed by purification using an RNeasy Mini kit (Qiagen, Valencia,
CA) according to the manufacturer’s specifications. Synthesis of complementary DNA
(cDNA) was performed by using 0.5 µg of total RNA and Super-Script III first-Strand
Synthesis kit (Invitrogen). Quantitative real-time polymerase chain reaction (PCR) was
performed on DNA Engine Opticon™ (MJ Research, Waltham, MA) with SYBR Green
PCR Master Mix. PCR was performed in a 20 µl reaction mixture containing 10 µl SYBR
Green PCR Master Mix, 2 µl cDNA and 0.3 µM of each primer for a specific target. The
amplification conditions consisted of one denaturation/activation cycle at 95°C for 10 min,
followed by 40–45 cycles at 95°C for 15 sec and 60°C for 60 sec followed by final
extension step for 10 min at 72°C. Serial dilutions of cDNA from the same source as
samples were used to obtain a calibration curve. The individual targets for each sample were
quantified by determining the cycle threshold (Ct) and by using calibration curves. The
relative amount of the target was normalized with the housekeeping gene 18S rRNA.

2.4. Western blot analysis
Human monocytes were preincubated for 2 h with minocycline or vehicle followed by
addition of 50 ng/ml LPS or saline for indicated time. To determine NF-κB-p65, LITAF and
Nur77 nuclear translocation, nuclear protein extracts were prepared using a Nuclear
Extraction kit (Pierce, Rockford, IL), according to the manufacturer's instructions. To
prepare whole-cell protein extracts, the cells were lysed in Tris-Glycine SDS lysis buffer
(Invitrogen) and the lysate was boiled for 10 min. Protein concentration was determined
with a BCA Assay kit (Thermo Fisher Scientific). The extracted nuclear or whole-cell
proteins were separated by electrophoresis on 10% SDS-PAGE gels and transferred onto
PVDF membranes. The membranes were blocked for 1 h in casein-based blocking buffer
(Sigma-Aldrich) and incubated overnight at 4°C with the primary antibody followed by
washing and exposure to the secondary antibody for 1 h at room temperature. β-actin and
histone H4 were used as loading controls for whole-cell and nuclear samples, respectively.
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The membranes were exposed to SuperSignal West Dura Substrate for chemiluminescent
detection.

2.5. Measurement of prostaglandin E2 (PGE2) production
Human monocytes were preincubated for 2 h with minocycline or vehicle followed by
addition of 50 ng/ml LPS or saline. The cell supernatants were collected 24 h after the
addition of LPS, and PGE2 concentration was measured by PGE2 EIA kit (Cayman
Chemical) according to the manufacturer's instructions.

2.6. Determination of cytokine release
Human monocytes were preincubated for 2 h with minocycline or vehicle followed by
addition of 50 ng/ml LPS or saline. The cell supernatants were collected 4 h after the
addition of LPS, and the IL-6 and TNF-α concentrations were measured by human ELISA
kit (Invitrogen) according to the manufacturer's instructions.

2.7. Statistical analysis
Statistical significance was determined using GraphPad Prism 5 Software (GraphPad
Software, San Diego, CA). Multiple group comparisons were performed by one-way
ANOVA followed by Newman-Keuls posttest. Differences were considered statistically
significant at P < 0.05. Values are expressed as the mean ± SEM.

3. Results
3.1. Minocycline inhibits LPS-induced inflammatory response

Incubation of primary human monocytes in the presence of LPS upregulated TNF-α, IL-1β
and IL-6 mRNA expression, and TNF-α and IL-6 release (Fig. 1). Minocycline
concentration-dependently reduced the LPS effects (Fig. 1).

LPS produced a major induction in COX-2 mRNA expression, a three-fold increase in
COX-2 protein expression, and a ten-fold stimulation of PGE2 release in primary human
monocytes (Fig. 2). Minocycline concentration-dependently decreased the LPS effects (Fig.
2).

LPS increased LOX-1 gene expression by three-fold and doubled LOX-1 protein expression
in primary human monocytes (Fig. 3). Minocycline concentration-dependently reduced these
effects of LPS (Fig. 3).

3.2. Minocycline prevents LPS-induced activation of NF-κB, Nur77 and LITAF
LPS produced a strong NF-κB activation in primary human monocytes, as evidenced by a
three-fold increase in IκB-α gene expression and NF-κB-p65 nuclear translocation (Fig. 4).
Minocycline concentration-dependently decreased the LPS-induced IκB-α mRNA
expression and completely abrogated the LPS-stimulated NF-κB-p65 nuclear translocation
(Fig. 4).

Incubation of primary human monocytes with LPS produced three-fold increases in Nur77
mRNA expression and nuclear translocation (Fig. 5). Minocycline concentration-
dependently reduced the LPS-induced Nur77 gene expression and prevented Nur77 nuclear
translocation (Fig. 5).

LPS significantly enhanced LITAF mRNA and protein expression and its nuclear
translocation in primary human monocytes (Fig. 6). Minocycline concentration-dependently
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reduced the LPS-induced LITAF mRNA and protein expression, and significantly decreased
the enhanced LITAF nuclear translocation elicited by LPS (Fig. 6).

3.3. Mechanisms involved in the minocycline anti-inflammatory effects
Incubation of primary human monocytes with LPS increased p38 MAPK phosphorylation
by eight-fold (Fig. 7). Minocycline concentration-dependently and significantly reduced this
effect (Fig. 7).

Incubation of primary human monocytes with LPS produced a small but significant increase
in Akt phosphorylation (Fig. 8A). Minocycline, when administered alone, time-dependently
enhanced Akt phosphorylation and remarkably increased Akt phosphorylation when co-
incubated with LPS (Fig. 8A).

The PI3K/Akt pathway inhibitor LY294002 significantly decreased Akt phosphorylation in
the presence of LPS (Fig. 8A) and also abrogated the effect of minocycline on Akt
phosphorylation (Fig. 8A). In addition, LY294002 eliminated the inhibitory effect of
minocycline on LPS-induced p38 MAPK phosphorylation (Fig. 7).

In multiple instances, the anti-inflammatory effects of minocycline were partially abrogated
by concurrent incubation in the presence of LY294002 (Fig. 8B). LY294002 significantly
diminished minocycline effects on the LPS-induced IL-6 release, and TNF-α, COX-2, and
IκB-α mRNA expression (Fig. 8B). Conversely, LY294002 did not affect minocycline
effects on the LPS-induced LOX-1, LITAF and Nur77 mRNA expression (Fig. 8B).

Figure 9 represents some of the target mechanisms involved in minocycline amelioration of
LPS-induced inflammation as discussed above.

4. Discussion
The principal findings of our study are: a) minocycline ameliorates the innate immune
response in primary human monocytes challenged with a substantial but subseptic amount of
LPS, including decreased induction of pro-inflammatory cytokines, PGE2 formation and
release, as well as reduced activation of LOX-1, LITAF and Nur77; b) minocycline effects
are mediated, at least in part, by inhibition of NF-κB and p38 MAPK activation, the later
being dependent on the stimulation of the PI3K/Akt pathway.

We selected a subseptic concentration of LPS, capable of mounting a substantial
inflammatory response while being in the same order of magnitude as the concentrations
frequently encountered in chronic infections, periodontal disease and metabolic disorders
[21,22]. Our study, in agreement with previous reports, demonstrates that in monocytes this
concentration of LPS leads to a profound pro-inflammatory response associated with
activation of traditional pro-inflammatory NF-κB and p38 MAPK pathways [11,17,23].

In our study, minocycline substantially reduced LPS-induced NF-κB activation,
demonstrating that this pathway is an important target for its anti-inflammatory effects. We
also found that minocycline ameliorated LPS-induced LOX-1 activation. LPS induces
LOX-1 through a mechanism involving NF-κB activation [24–26], and we demonstrated
that inhibition of LPS-induced LOX-1 expression by minocycline parallels minocycline
inhibition of NF-κB activation. LOX-1 is a multifunctional receptor rapidly induced in
macrophages by oxidized low-density lipoproteins and inflammatory cytokines such as
TNF-α and IL-1β [10,27]. LOX-1 induction stimulates further formation of inflammatory
cytokines and adhesion molecules [10] contributing to vascular inflammation and leukocyte
recruitment and migration, as well as to the pathogenesis of cardiovascular disease [26,28].
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It has been reported that LOX-1 inhibition decreases the levels of the LPS receptor TLR4
[29]. Thus, our results suggest that minocycline may interfere with the positive feedback
loop between TLR4 and LOX-1 stimulation.

An additional novel finding in this study was the discovery that minocycline prevented the
LPS-induced activation of the NR4A nuclear receptor Nur77. Nur77 is another NF-κB target
gene induced in macrophages by inflammatory stimuli including LPS and increasing
activation of inflammatory genes [12]. This being the case, we may hypothesize that
decreased Nur77 activation is an additional mechanism involved in the anti-inflammatory
effect of minocycline. However, NR4A nuclear receptors regulate inflammation in a manner
highly dependent on cell type and context. It was reported that the NR4A nuclear receptors
may also participate in inhibitory loops reducing inflammatory responses [13,30]. Thus, the
reduction of LPS-induced Nur77 activation may also be interpreted as a reduction of an
inhibitory feed back loop, consequence of the reduced inflammatory response produced by
minocycline.

Our studies also reveal another novel mechanism for anti-inflammatory effect of
minocycline, the inhibition of LPS-induced LITAF activation. Initially characterized as an
LPS-dependent major TNF-α inducer, it was later reported that LITAF activation induces
production not only of TNF-α but also of other inflammatory cytokines such as IL-1β and
IL-6 [16], that LITAF is an important factor mediating macrophage activation during acute
and chronic inflammation [15,31], and that its degree of activation determines sensitivity
and resistance to LPS [16].

Minocycline substantially reduced p38 MAPK phosphorylation in response to LPS. Thus,
our results support the hypothesis that p38 MAPK is an important target for the anti-
inflammatory effects of minocycline in circulating monocytes [3,32]. Inhibition of p38
MAPK by minocycline in monocytes parallels the p38 MAPK inhibition by minocycline in
microglia, reported to be partially responsible for its neuroprotective effects [4]. LPS-
induced phosphorylation of p38 MAPK has been proposed as a context-dependent upstream
stimulator of NF-κB activation [33]. However, p38 MAPK and NF-κB may be regulated
independently of each other. For example, LOX-1 induction may be upregulated
independently of NF-κB through p38 MAPK stimulation [34]. Similarly, LPS-induction of
TNF-α and other inflammatory cytokines is the consequence of stimulation of at least two
transcription factors, NF-κB and LITAF, regulated by different mechanisms. Stimulation of
inflammatory cytokines following LITAF phosphorylation and nuclear translocation is
mediated through p38 MAPK phosphorylation, as part of a pathway linking TLR4-MyD88-
LITAF and independent of NF-κB [14,15].

A most important finding of our study is the demonstration that exposure to minocycline
alone significantly enhances Akt phosphorylation, indicative of activation of the PI3K/Akt
pathway. It is known that PI3K/Akt plays an important role in the negative regulation of
LPS-induced acute inflammatory responses and limiting LPS induction of inflammatory
cytokines involving NF-κB nuclear translocation [18,19,35,36]. This indicates that PI3K/Akt
plays a major role in the balance and control of the inflammatory response to LPS.

We confirmed the role of the PI3K/Akt pathway with the demonstration that incubation with
the PI3K/Akt inhibitor LY294002 partially reverses the ameliorating effect of minocycline
on LPS-induced IL-6 release, TNF-α and COX-2 mRNA expression, and NF-κB activation.
Moreover, inhibition of PI3K/Akt pathway completely abolished the effect of minocycline
on LPS-induced p38 MAPK phosphorylation. This indicates that the effect of minocycline
on p38 MAPK activity is exclusively dependent on PI3K/Akt signaling. These results
demonstrate that minocycline activation of the PI3K/Akt pathway plays a significant role in
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its anti-inflammatory effects. Conversely, PI3K/Akt inhibition does not significantly affect
the minocycline effects on LPS-induced LOX-1, Nur77 or LITAF activation, suggesting
additional mechanisms involved in the anti-inflammatory effect of minocycline.

Our findings may have important translational value. The anti-inflammatory effects of
minocycline were apparent even at a low concentration of 10 µM used in this in vitro study,
in the same range of the peak plasma concentrations of 6 mg/l (equals 13 µM) achieved after
a single oral administration of 100 to 200 mg of minocycline in humans [37]. A number of
clinical trials have reported beneficial effects of minocycline for the treatment of stroke,
spinal cord injury and multiple sclerosis [38–40]. Conversely, minocycline treatment was
not effective for the treatment of amyotrophic lateral sclerosis (ALS) [41], Parkinson’s
disease [42] or Huntington’s disease [43]. More studies are necessary to test the beneficial
effects of minocycline in selective neurodegenerative diseases.

In conclusion, we report that the inhibition of LPS-induced inflammatory response by
minocycline in primary human monocytes includes not only the well-established NF-κB and
p38 MAPK pathways, but additional mechanisms including inhibition of LOX-1, Nur77 and
LITAF pathways. PI3K/Akt activation plays a partial but important role in minocycline anti-
inflammatory effects by reducing NF-κB and p38 MAPK-associated or independent
mechanisms limiting inflammatory challenge and preserving homeostasis. These
observations expand the proposed mechanisms of minocycline therapeutic effect and
contribute to clarify the minocycline beneficial effects in acute inflammatory diseases,
including amelioration of vascular inflammation and leukocyte recruitment, resistance to
LPS-induced toxicity and reduced development of chronic inflammatory conditions. We
demonstrate these multiple effects in primary human monocytes, further supporting the
therapeutic potential of minocycline in cardiovascular and brain disorders.

Highlights

We study minocycline effects on LPS inflammation in primary human monocytes.

We examine LPS-induction of cytokines, NF-κB, p38 MAPK, Akt, LOX-1, LITAF and
Nur77.

Minocycline significantly inhibits all LPS effects.

Minocycline effects are partly the consequence of Akt activation.

The results clarify novel mechanisms of minocycline anti-inflammatory effects.

Abbreviations

Akt protein kinase B

COX-2 cyclooxygenase-2

IκB-α inhibitor of kappa B alpha

IL-1β interleukin-1 beta

IL-6 interleukin-6

LITAF lipopolysaccharide -induced tumor-necrosis factor alpha factor

LOX-1 lectin-like oxidized low density lipoprotein receptor-1

LPS lipopolysaccharide
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MAPK mitogen-activated protein kinases

NF-κB nuclear factor kappa B

PGE2 prostaglandin E2

PI3K phosphoinositide 3-kinase

TLR4 toll-like receptor 4

TNF-α tumor-necrosis factor alpha
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Fig. 1.
Minocycline suppresses LPS-induced cytokine gene expression and release. (A) Primary
human monocytes were pretreated with 0, 10, 20, 40 µM minocycline (Mino) for 2 h and
then treated with LPS (50 ng/ml) for another 4 h. IL-6, TNF-α and IL-1β mRNA levels (A),
and IL-6 and TNF-α release (B) were determined by RT-PCR and specific ELISA as
described in Materials and Methods, respectively. Data are presented as means ± SEM of at
least three different monocyte preparations assayed individually. Individual groups were
compared by one-way ANOVA followed by Newman-Keuls posttest. *P<0.05, **P<0.01,
***P<0.001 compared with LPS; ###P<0.001 compared with Saline.
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Fig. 2.
Minocycline decreases LPS-induced COX-2 mRNA and protein expression, and PGE2
release. Human monocytes were pre-incubated for 2 h with vehicle or minocycline (Mino)
and subsequently exposed to 50 ng/ml LPS. COX-2 mRNA expression (A) was quantified
by RT-PCR after 4 h of incubation with LPS; COX-2 protein expression (B) and cumulative
PGE2 release (C) in monocytes exposed to LPS for 24 h was determined by Western blot
and EIA as described in Materials and Methods, respectively. Representative Western blot
(B) is shown. Data are presented as means ± SEM from three independent experiments.
Statistical significance was determined with one-way ANOVA followed by Newman-Keuls
posttest. *P<0.05, ***P<0.001 compared with LPS; ###P<0.001 compared with Saline.
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Fig. 3.
Minocycline reduces LPS-induced LOX-1 mRNA and protein expression. Human
monocytes were pre-incubated for 2 h with vehicle or minocycline (Mino) and subsequently
exposed to 50 ng/ml LPS. LOX-1 mRNA expression (A) was quantified by RT-PCR after 4
h of incubation with LPS; LOX-1 protein expression (B) in monocytes exposed to LPS for
24 h was determined by Western blot as described in Materials and Methods. Representative
Western blot (B) is shown. Data are presented as means ± SEM from three independent
experiments. Statistical significance was determined with one-way ANOVA followed by
Newman-Keuls posttest. *P<0.05, **P<0.01, ***P<0.001 compared with LPS; ###P<0.001
compared with Saline.
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Fig. 4.
Minocycline decreases LPS-induced IκB-α mRNA expression and NF-κB nuclear
translocation. Human monocytes were pre-incubated for 2 h with vehicle or minocycline
(Mino) and subsequently exposed to LPS. IκB-α mRNA expression (A) was quantified by
RT-PCR after 4 h of incubation with LPS; nuclear proteins were extracted from monocytes
exposed to LPS for 2 h and used to measure NF-κB p65 protein expression (B) by Western
blot to determine NF-κB nuclear translocation. Representative Western blot (B) is shown.
Data are presented as means ± SEM from three independent experiments. Statistical
significance was determined with one-way ANOVA followed by Newman-Keuls posttest.
*P<0.05, **P<0.01, ***P<0.001 compared with LPS; ###P<0.001 compared with Saline.
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Fig. 5.
Minocycline decreases LPS-induced Nur77 mRNA expression and nuclear translocation.
Human monocytes were pre-incubated for 2 h with vehicle or minocycline (Mino) and
subsequently exposed to LPS. Orphan nuclear receptor Nur77 mRNA expression (A) was
quantified by RT-PCR after 4 h of incubation with LPS; nuclear proteins were extracted
from monocytes exposed to LPS for 2 h and used to measure Nur77 protein expression (B)
by Western blot to determine Nur77 nuclear translocation. Representative Western blot (B)
is shown. Data are presented as means ± SEM from three independent experiments.
Statistical significance was determined with one-way ANOVA followed by Newman-Keuls
posttest. *P<0.05, ***P<0.001 compared with LPS; #P<0.05, ###P<0.001 compared with
Saline.
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Fig. 6.
Minocycline decreases LPS-induced LITAF receptor mRNA and protein expression, and
nuclear translocation. Human monocytes were pre-incubated for 2 h with vehicle or
minocycline (Mino) and subsequently exposed to 50 ng/ml LPS. LITAF mRNA expression
(A) was quantified by RT-PCR after 4 h of incubation with LPS; LITAF protein expression
(B) in monocytes exposed to LPS for 24 h was determined by Western blot. Nuclear
proteins were extracted from monocytes after 2 hr-incubation with LPS and used to measure
LITAF protein expression (C) by immunoblotting to determine LITAF nuclear translocation.
Data are presented as means ± SEM from three independent experiments. Statistical
significance was determined with one-way ANOVA followed by Newman-Keuls posttest.
*P<0.05, **P<0.01, ***P<0.001 compared with LPS; ##P<0.01, ###P<0.001 compared with
Saline.
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Fig. 7.
Minocycline inhibits LPS-induced p38 MAPK phosphorylation. Minocycline (Mino) was
added 2 h before LPS treatment and, after 30 min, p38 MAPK phosphorylation was
measured by immunoblotting. LPS increased phosphorylation of p38 MAPK, and
pretreatment with minocycline inhibited this expression in a concentration-dependent
manner. The PI3K/Akt pathway inhibitor LY294002 (LY, 10 µM) blocked the minocycline
effect. Representative immunoblot is shown. Data are presented as means ± SEM from three
independent experiments. Statistical significance was determined with one-way ANOVA
followed by Newman-Keuls posttest. *P<0.05, ***P<0.001 compared with LPS; ###P<0.001
compared with Control; $$$P<0.001 compared with LPS+40 µM Mino.
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Fig. 8.
The anti-inflammatory effects of minocycline are partly mediated through Akt activation.
(A) Minocycline (Mino) enhances Akt activity. Human monocytes were treated with
minocycline (40 µM) alone, LPS (50 ng/ml) alone, or in combination (with minocycline
being added 1 hr before LPS). The phosphorylation of Akt was determined at different time
points as described in Materials and Methods. Minocycline alone or in combination with
LPS increased phosphorylation of Akt in a time-dependent manner, and pretreatment with
specific PI3K/Akt pathway inhibitor LY294002 (LY, 10 µM) prevented this effect. *P<0.05,
**P<0.01, ***P<0.001. (B) Monocytes were pretreated for 2 h with LY294002 (LY, 10 µM)
before minocycline (40 µM) followed by LPS (50 ng/ml) incubation. After 4 h of LPS
treatment, IL-6 release was quantified in culture medium by specific ELISA, and the mRNA
expression of TNF-α, COX-2, IκB-α, LOX-1, LITAF and Nur77 (C) was quantified by RT-
PCR as described in Material and Methods. Data are presented as means ± SEM from three
independent experiments. Statistical significance was determined with one-way ANOVA
followed by Newman-Keuls posttest. **P<0.01, ***P<0.001 compared with
LPS; ##P<0.01, ###P<0.001 compared with Control; $P<0.05, $$$P<0.001 compared with
LPS+Mino.
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Fig. 9.
Scheme for the proposed pathway involved in minocycline anti-inflammation in primary
human monocytes. The pro-inflammatory effects of LPS in primary human monocytes are
the consequence of binding to its TLR-4 receptor, which in turn enhance LITAF production,
p38 MAPK and Akt activation, and the nuclear translocation of the transcription factors NF-
κB, Nur77 and LITAF. This results in the release of pro-inflammatory cytokines (TNF-α,
IL-1β, IL-6), COX-2 expression and release of its product PGE2 and transmembrane
receptor LOX-1 production. Minocycline abrogates the pro-inflammatory effects of LPS by
a number of mechanisms including inhibition of p38 MAPK activation, LITAF
transcription, and LITAF, NF-κB and Nur77 nuclear translocation, and activation of PI3K/
Akt pathway. Akt-dependent inactivation of p38 MAPK may be partially responsible for
minocycline anti-inflammation effect in human monocytes.
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Table 1

List of PCR primers used in the study

Gene Accession # Forward primer (5′–3′) Reverse primer (5′–3′)

18S rRNA X03205 GTAACCCGTTGAACCCCATT CCATCCAATCGGTAGTAGCG

COX-2 NM_000963 GATTGCCCGACTCCCTTGG AACTGATGCGTGAAGTGCTG

IκB-α NM_020529 CGGACTGCCCTTCACCTC ACATCAGCCCCACACTTCAA

IL-1β NM_000576 GTCATTCGCTCCCACATTCT CTACTTCTTGCCCCCTTTGA

IL-6 NM_000600 CCAGTACCCCCAGGAGAAGAT GAGGATGTACCGAATTTGTTTGTC

LITAF NM_004862 CTCTTCCCGTCCCTGATGA TGTTAATAGCCCCCTCCTTGTA

LOX-1 NM_002543 CTTTGATGCCCCACTTATTTAG GGTTTGCCTTCTTCTGACAT

Nur77 NM_002135 ACGGCTACACAGGAGAGTTTGA GGTGGCTGAGGACGAGGAT

TNF-α NM_000594 CCAGCTGGAGAAGGGTGAC AGGCGTTTGGGAAGGTTG

rRNA, ribosomal RNA; COX-2, cyclooxygenase-2; IκB-α, inhibitor of kappa B alpha; IL, interleukin; LITAF, Lipopolysaccharide-induced tumor
necrosis factor-alpha factor; LOX-1, Lectin-like Oxidized Low-density Lipoprotein Receptor 1; Nur77, nuclear receptor subfamily 4 group A
member 1; TNF-α, tumor necrosis factor alpha.
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