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Abstract—Hypoxia plays a critical role in progression of atherosclerosis. Local oxygen deficiency in a plaque creates a specific microenvironment that alters the transcriptome of resident cells, particularly of macrophages. Reverse cholesterol
transport from plaque to liver is considered a main mechanism for regression of atherosclerosis. Ubiquitously expressed
ATP-binding cassette transporter A1 (ABCA1) and liver- and small intestine-derived apolipoprotein A-1 (ApoA-1) are two
main actors in this process. We recently reported endogenous apoA-1 expression in human macrophages. While ABCA1 and
ApoA-1 have antiatherogenic properties, the role of complement factor C3 is controversial. Plasma C3 level positively correlates with the risk of cardiovascular diseases. On the other hand, C3 gene knockout in a murine atherosclerosis model
increases both plaque size and triglycerides level in blood. In the present study, we show for the first time that a hypoxiamimicking agent, CoCl2, induces the upregulation of the apoA-1 and C3 genes and the accumulation of intracellular and
membrane protein ApoA-1 in THP-1 macrophages. The MEK1/2-Erk1/2 and MKK4/7-JNK1/2/3 cascades are involved
in upregulation of ABCA1 and C3 via activation of transcription factor NF-κB, which interacts with the HIF-1α subunit of
hypoxia-inducible factor 1 (HIF-1). The three major MAP-kinase cascades (Erk1/2, JNK1/2/3, and p38) and the NF-κB
transcription factor are involved in the hypoxia-induced expression of the apoA-1 gene in THP-1 macrophages.
DOI: 10.1134/S0006297919050079
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Atherosclerosis is a chronic inflammatory disease
associated with the formation of plaques in the arterial
tunica intima. It is developed mainly in distorted arteries
under hemodynamic shear stress [1]. Shear stress can be
caused by a laminar or disturbed blood flow, with the latter leading to vessel damage and subsequent endothelium
activation and thickening of tunica media and intima.
Endotheliocytes trigger expression of adhesive agents,
integrins, selectins, interleukins, interferons, and
cytokines. Concurrent increase of vessel permeability
Abbreviations: ABCA1, ATP-binding cassette transporter A1;
ApoA-1, apolipoprotein A-1; HIF-1, hypoxia-inducible factor
1; LXR, liver X receptor; NF-κB, nuclear factor kappa-lightchain-enhancer of activated B-cells.
* To whom correspondence should be addressed.

leads to infiltration of the subendothelial space by low
density lipoproteins (LDL). These molecules are bound
in the intima by proteoglycans of the extracellular matrix
and undergo various modifications like oxidation, proteolysis, etc. Modified LDL are absorbed by macrophages
engaged during endothelium activation, which induces
accumulation of intracellular cholesterol and leads to
transformation of macrophages into foam cells [2].
Attraction of monocytes and thickening of intima by
proliferation of smooth muscle cells leads to growth of
atherosclerotic plaques and sparseness of capillaries that
nourish the artery middle coat. An increased demand for
oxygen triggers vascularization of the intima and plaque,
but new vessels tend to originate at the perimeter of the
plaque, with its center remaining under permanent
hypoxia [3].
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Transcription factor HIF-1 (hypoxia-inducible factor 1) is a key hypoxia mediator. It is a heterodimer of
constitutively expressed subunit HIF-1β and inducible
HIF-1α [4]. Under normoxia, proteins with a prolyl
hydroxylase domain (PHD1, PHD2, PHD3) and
asparaginyl hydroxylase FIH mediate hydroxylationinduced proteasome degradation of HIF-1α. Under low
oxygen, no catalysis occurs, and HIF-1α is stabilized at
the protein level [5]. HIF-1 induces proliferation of
smooth muscle cells and recruitment of monocytes, other
leukocytes, and T-lymphocytes to the plaque [6, 7], lowers the migration activity of macrophages, and detains
them in the intima [3]. Thus, the population of
macrophages and foam cells is constantly growing.
The core pathway of atherosclerosis regression is
now considered to be the reverse transport of cholesterol
in the form of high density lipoprotein (HDL) from
plaque macrophages to the liver. The main proteins
involved are apolipoprotein A-1 (ApoA-1) and ATPbinding cassette transporter A1 (ABCA1). ApoA-1 is the
major protein component of antiatherogenic HDL,
which regulates their plasma level. ApoA-1 is derived
mainly from liver and small intestine and enhances
ABCA1-mediated cholesterol efflux from peripheral tissues. ABCA1 is a ubiquitous cassette transporter that
canalizes the membrane and mediates energy-dependent
lipid efflux from the cell. Earlier, we reported endogenic
ApoA-1 synthesis in human macrophages [8, 9]. The
ApoA-1-homogeneous population of monocytes in
human peripheral blood differentiates into ApoA-1-poor
and ApoA-1-rich macrophages. This protein is localized
in intracellular vesicles and at the external surface of the
plasma membrane. Membrane ApoA-1 is either associated with ABCA1 or localizes unbound in lipid rafts [8].
Flow cytometry studies show that the membrane ABCA1
level is higher in ApoA-1-rich macrophages, and transfection with ApoA-1-specific small interfering RNA
(siRNA) downregulates the transporter. Macrophagederived ApoA-1 thus stabilizes ABCA1 in the plasma
membrane. Also, ApoA-1 was demonstrated to affect
proinflammatory status of the macrophage: its siRNAinduced knockdown results in upregulation of IL-1β and
NOS2 in the presence of lipopolysaccharides [8].
While ApoA-1 and ABCA1 have atheroprotective
properties, the role of complement C3 is highly controversial. Higher C3 levels in plasma are associated with
atherosclerosis and cardiac infarctions, while the level of
anaphylatoxin C3a, a hydrolysis derivate of C3, correlates
with thickening of the intima and carotid middle coat and
the development of acute coronary syndrome [10, 11].
Components of the complement system are present in
atherosclerotic plaques arriving to the intima from blood
and being synthesized by resident cells. Cascade activation in the plaque can follow three pathways. Classically,
it is triggered by oxidized LDL-specific autoantibodies
[12], and alternatively by cholesterol crystals, which ulti-

mately induces the assembly of NLRP3 inflammasome
and production of proinflammatory cytokines [13].
Plaque macrophages express receptors binding anaphylatoxins C3a and C5a, which trigger oxidative burst and
synthesis of TNFα and IL-1. Also, C3a and C5a are
chemoattractants for eosinophils, mast cells, monocytes,
and B- and T-lymphocytes; they increase the permeability of small blood vessels and induce contraction of
smooth muscle cells [10].
A series of studies report the systemic antiatherogenic role of C3. Atherosclerotic plaques in LDL-R- and
C3-knockout mice contain more foam cells [14]. The
same models also with knockout of ApoE exhibit higher
levels of cholesterol and plasma triglycerides and have
plaques 84% larger in size compared to C3-intact knockouts [15]. Inactivated C3b (iC3b) was also shown to play
an important role in antiinflammatory clearance of apoptotic cells. The interaction of macrophages and dendrite
cells with iC3b inhibits NF-κB signaling, lowers the
TGF-β, and increases IL-10 secretion [16].
In this work we studied the expression mechanisms
of the important for atherogenesis genes apoA-1, ABCA1,
and C3 in THP-1 macrophages under hypoxic conditions.

MATERIALS AND METHODS
Cell cultures. Human acute monocytic leukemia cell
line THP-1 was obtained from the Collection of
Vertebrate Cell Cultures maintained by the Institute of
Cytology of the Russian Academy of Sciences. The cells
were cultivated under 5% CO2 at 37°C in RPMI medium
(Biolot, Russia) containing 10% fetal calf serum (FCS,
HyClone, USA). Differentiation of THP-1 monocytes to
macrophages was induced by adding phorbol-12-myristate-13-acetate (PMA) to the concentration of 50 ng/ml
(81 nM) for over 24 h. The cells were afterwards rinsed
free of PMA and passaged in fresh RPMI medium with
10% FCS for over 48 h. Differentiating THP-1
macrophages were cultivated for three days in total.
Antibodies. Monoclonal murine antibodies against
human β-actin (ab3280) were purchased from Abcam
(GB). Intracellular ApoA-1 protein was detected with
goat polyclonal antibodies against human ApoA-1
described earlier [17] and horseradish peroxidase-conjugated rabbit secondary antibodies against goat IgG
(A5420; Sigma, USA). Surface ApoA-1 was detected with
murine monoclonal antibodies against human ApoA-1
(0650-0050; Bio-Rad, USA) and Alexa Fluor 647-labeled
rabbit secondary antibodies F(ab′)2 against murine IgG
(Abcam).
Signaling pathway inhibitors. Inhibitors of MAPK
and NF-κB were purchased from Biomol (USA), and
LXR agonist from Sigma. One hour prior to administration of CoCl2, the culture medium was supplemented
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with one of the following compounds: p38 inhibitor
SB203580 (EI-286, 12.5 µΜ), JNK1/2/3 inhibitor
SP600125 (EI-305, 10 µM), MEK1/2 inhibitor U0126
(EI-282, 10 µM), NF-κB inhibitor QNZ (EI-352,
10 nM), LXR agonist TO901317 (2.5 µM). The solvent
dimethyl sulfoxide (DMSO) was used as a control in concentrations corresponding to the probes with inhibitors.
RNA extraction. For RNA extraction and subsequent RT-PCR, cells were seeded in 24-well plates with
density 1·104 cells/cm2 and incubated under 5% CO2 at
37°C. After 16- or 24-h incubation with CoCl2, the cells
were lysed with commercial RNA Extract Kit (Evrogen,
Russia), and total RNA was extracted following the
manufacturer’s protocol. Degradation level of total RNA
was verified by electrophoresis in 1% agarose gel using
28S and 18S rRNA bands as relative markers. The concentration and purity of RNA was determined with an
Avaspec-2048 spectrophotometer (Avantes, The
Netherlands). Optical density ratios of RNA samples at
260 and 280 nm were considered as corresponding to
pure RNA if they exceeded 2.0 and 1.7 at 260 and
230 nm, respectively.
Reverse transcription and real-time PCR. In this
study, expression of the β-actin and GAPDH genes was
considered as reference, and apoA-1, ABCA1, C3, IL-8
were the experimental genes. In reverse transcription
assays we used reversed primers for experimental genes
and oligo-dT18; specific primers were used because of the
low mRNA concentrations of the experimental genes and
to avoid reverse transcription of long 3′-untranslated
regions. The reaction mixture (25 µl) contained 2 µg
RNA, specific primers (0.5 µl each) (2 pmol/µl), 0.5 µl
oligo-dT18 (50 pmol/µl), reverse transcriptase M-MLV
(50 U), nucleotides dATP, dGTP, dCTP, and dTTP (0.5
mM each), 5 µl 5× reverse transcription buffer (250 mM
Tris-HCl, pH 8.3, at 25°C, 500 mM KCl, 15 mM MgCl2,
50 mM dithiothreitol). Immediately prior to the reaction,
the mixture was preheated to 42°C for subsequent thermocycling (1.5 h – 42°C, 15 min – 70°C, hold at 4°C).
cDNA obtained was stored at –20°C and used for RTPCR assays.
A commercial kit from Syntol (Russia) was used for
RT-PCR assays. Primers and hybridization probes for βactin [18], GAPDH [19], apoA-1 [19], ABCA1 [20], and C3
[18] have been described earlier. The reaction mixture
(25 µl) contained 0.5 µl primers (10 µM), 0.2 µl Taq
polymerase (1.25 U), 2.5 µl 10× PCR buffer (100 mM
Tris-HCl, pH 8.3, 500 mM KCl, 15 mM MgCl2), 1 µl
cDNA (corresponds to reverse transcription reaction
products obtained from 0.08 µg total RNA), and deionized water to 25 µl. Control wells contained the reaction
mixture for PCR without cDNA. Assays were performed
with a CFX-96 thermocycler (Bio-Rad) under the following conditions: 95°C – 5 min, 50 cycles: 95°C – 25 s,
59.5°C – 45 s (for TaqMan); 95°C – 5 min, 50 cycles:
95°C – 30 s, 60°C – 20 s, 72°C – 30 s (for SYBR Green).
BIOCHEMISTRY (Moscow) Vol. 84 No. 5 2019
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The number of cycles (Ct) necessary to reach fluorescence threshold of 10 standard deviations from the
background fluorescent signal was estimated with the
built-in original software from Bio-Rad. Relative cDNA
contents (in percent of control) were estimated as
(2Ct control – Ct sample) × 100. The estimates for each gene were
normalized based on the geometric mean of the two reference gene expression levels (GAPDH, β-actin) as
described earlier [21] and represented as relative gene
expression levels with the control expression set to 100%.
Western blotting. Cells were triple-rinsed in phosphate buffered saline (PBS), pH 7.6, and lysed in RIPA50 buffer (50 mM Tris-HCl, 150 mM NaCl, 1% NP-40,
1 mM EDTA, 0.1% SDS, 0.01% NaN3, 1 mM phenylmethylsulfonylfluoride (PMSF), pH 7.4). Protein concentrations were measured by the Lowry assay. SDS electrophoresis was done in 12% or 20% polyacrylamide gels.
Proteins were transferred to nitrocellulose membrane in
2 h. A 5% dried skim milk solution in PBS with 0.02%
Tween 20 was used as the blocking buffer. The samples
were incubated in the blocking buffer for 1 h, with primary antibodies for 12 h at 4°C, then with horseradish
peroxidase-conjugated secondary antibodies for 1 h.
Peroxidase was visualized by the ECL (enhanced chemiluminescence) method. Chemiluminescent signal was
detected with the ChemiDoc MP Imaging System (BioRad).
Flow cytometry. For detection of surface membrane
ApoA-1, THP-1 macrophages were fixed in 4%
formaldehyde/PBS solution for 20 min at 4°C and triplerinsed in PBS. The samples were further blocked for
40 min at 22°C in the blocking buffer (1% BSA, 0.02%
Tween-20/PBS). The cells were exposed to murine antibodies against human ApoA-1 in titer 1 : 250 in 1% BSA,
0.02% Tween-20/PBS at 25°C for 2 h. After double-rinsing in the blocking buffer, Alexa Fluor 647-labeled secondary antibodies were added in titer 1 : 1000 in 1% BSA,
0.02% Tween-20/PBS and incubated for 1 h at 25°C in
the dark. The isotype controls used secondary antibodies
only. After rinsing in PBS, the cells were transferred into
tubes for an Epics Altra (Beckman Coulter, USA) flow
cytometer and analyzed using the Beckman Coulter
Navios system.
To detect toxic effects of CoCl2, THP-1 cells were
washed off the plates with Versene solution and stained
live with DNA-binding dyes propidium iodide and YOPRO-1. Propidium iodide does not permeate intact cell
membranes and stains dead cells, emitting in the red
spectrum. YO-PRO-1 permeates cell membranes of
apoptotic but not live cells and emits in the green spectrum. The analyses were done with the Beckman Coulter
Navios system.
Statistical analysis. Results are presented as the
mean ± mean standard error. Statistical confidence of
differences between samples was estimated with Student’s
unpaired t-test. Multiple comparisons were performed
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with Dunnett’s test. Differences were considered significant if p < 0.05. Statistics were calculated in Microsoft
Excel.

RESULTS
CoCl2 is a time- and dose-dependent regulator of
apoA-1 and C3 genes and upregulates ApoA-1 protein in
THP-1 macrophages. To study expression regulation of
apoA-1 and C3 in THP-1 macrophages, we used the
hypoxia-mimetic agent CoCl2. It stabilizes the HIF-1α
protein by inhibiting PHD-containing enzymes that
mediate proteasomal HIF-1α degradation in normoxia
[5, 22]. Plausible cytotoxic effects of CoCl2 were revealed
with flow cytometry. After incubation with CoCl2, the
cells were stained with the DNA-binding dyes propidium
iodide and YO-PRO-1 and analyzed by flow cytometry.
CoCl2 at concentrations of 50-300 µM induces apoptosis
in less than 10% of cells compared to the control. Higher
concentrations are toxic (Fig. 1a). Figure 1b shows cell
distribution by fluorescence levels of propidium iodide
and YO-PRO-1 after incubation with 500 µM CoCl2. As
a result, only 54% of the cells remain viable, and the rest
go through different stages of apoptosis.
Hypoxia is known to positively regulate expression of
IL-8 and ABCA1 in macrophages [6, 23, 24]. In this work,
IL-8 induction in response to hypoxia was used as a positive control. Levels of IL-8 and ABCA1 mRNA reach
their peak values under 100 µM CoCl2 during 16-h incu-

b

Apoptosis level, %

a

bation (Fig. 2). These conditions are therefore optimal
for hypoxia response induction in THP-1 macrophages.
CoCl2 upregulates apoA-1 mRNA over the entire concentration range at incubation times of 16 and 24 h (Fig. 3a).
The quantities of intracellular (Fig. 3b) and surface protein ApoA-1 (Fig. 4) also increase. Expression of C3
mRNA as well increases under 100 µM CoCl2 during
16-h-, but not 24-h incubation. On 24-h incubation, the
gene expression lowers at concentrations of 200 µM and
higher (Fig. 3c).
Role of signaling cascades MEK1/2-Erk1/2,
MKK4/7-JNK1/2/3, and MKK3/6-p38 and transcription factors NF-kB and LXRs in CoCl2-dependent activation of ABCA1, C3, and apoA-1 genes in THP-1
macrophages. Transporter ABCA1, a key regulator of
cholesterol efflux from macrophages, is known to be positively regulated by HIF-1α at the mRNA level [24].
However, the regulation mechanism remains unstudied.
Transcription factor NF-κB plays a pivotal role in the
adaptation of macrophage to hypoxia [25]. In a hypoxic
environment, macrophages induce signaling that involves
stress-activated MAP kinases Erk1/2 [26], p38 [27], and
JNK [28]. Low oxygen-mediated activation of these
kinases was also reported for other cell types [29-32].
To define the role of MAP kinases and transcription
factor NF-κB in CoCl2-dependent expression of ABCA1,
C3, and apoA-1 in THP-1 macrophages, inhibitors of p38
(SB203580), JNK1/2/3 (SP600125), and MEK1/2
kinases (U0126) and of transcription factor NF-κB
(QNZ) were added to the culture medium 1 h prior to

Fig. 1. Cytotoxic effects of CoCl2. a) Flow cytometry. Each dot represents a sum of quadrants J+– and J++. The graph is plotted based on
three independent experiments. Error bars correspond to the mean standard error. b) Scatter dot plot showing the distribution of THP-1
macrophages over fluorescence levels of YO-PRO-1 and propidium iodide under 500 µM CoCl2. Axes YO-PRO-1 FL1 and PI FL5 INT represent YO-PRO-1 and propidium iodide fluorescence levels, respectively. Quadrants correspond to percentage of cells in different states: live
cells (J– –); cells in early (J+–) and late (J++) apoptosis; dead cells (cell debris; J–+).
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administration of CoCl2. The LXR agonist (TO901317)
that strongly upregulates ABCA1 [24] and apoA-1 mRNA
[9] in macrophages was used as a positive control.
Inhibitors of MEK1/2 and JNK1/2/3, but not of
p38, arrest the CoCl2-dependent expression activation of
ABCA1 (Fig. 5a) and C3 (Fig. 5b). Apart from abolishing
the effect of CoCl2, inhibitor of NF-κB downregulates
both genes in CoCl2-intact cells. The LXR agonist, as
expected, strongly enhances ABCA1 expression by itself
and in combination with CoCl2. The opposite effect of
the agonist is observed for C3 gene; its expression lowers
compared to the control in either presence or absence of
CoCl2. The Co2+-mediated induction of apoA-1 expression is dependent on all three major MAP kinase cascades
(Fig. 5c). Inhibition of JNK kinases dampens the effect of
hypoxia on the apoA-1 expression, while inhibition of p38
and MEK1/2 kinases was associated with reversal of the
impact of Co2+ (Fig. 5c). The inducing effect of Co2+ was
also reversed by the inhibitor of NF-κB but not by the
LXR agonist. Although the 5′-regulatory region of apoA1 does not contain NF-κB-binding sites, NF-κBdependent regulation of apoA-1 in macrophages was
reported earlier [9]. NF-κB probably regulates apoA-1 via
interaction with ligand-activated nuclear receptor
PPARα (a negative regulator of apoA-1 in macrophages)
leading to inactivation of both transcription factors.
In summary, induction of the cell response to hypoxia activates the apoA-1, ABCA1, and C3 genes and also
triggers accumulation of intracellular and surface-bound
ApoA-1 protein in THP-1 macrophages. CoCl2-dependent regulation of ABCA1 and C3 gene expression engages
signaling cascades NF-κB, MKK4/7-JNK1/2/3, and
MEK1/2-Erk1/2, but not MKK3/6-p38. The CoCl2dependent induction of apoA-1 expression is mediated by
all three studied MAP kinase cascades and transcription
factor NF-κB. Activation of nuclear receptor LXRα
upregulates ABCA1 and apoA-1 in either the presence or
absence of CoCl2 but has the opposite impact on the
expression of C3.

DISCUSSION
Local hypoxia of atherosclerotic plaques has been
described in the literature [33]. Hypoxic microenvironment is among the inducers of monocyte differentiation
into macrophages, particularly via activation of proinflammatory genes [34]. Hypoxia-induced and inflammatory signalings are largely similar, which is particularly
obvious from the hierarchical interaction of transcription
factors NF-κB and HIF-1α, the major modulators of cell
adaptation to hypoxia. NF-κB not only facilitates the
cytokine-dependent induction of gene HIF1A under
hypoxia, but also mediates its constitutive expression
[35]. In turn, HIF-1α upregulates the p65 subunit of NFκB and IKKα [36]. Interestingly, NF-κB activation
BIOCHEMISTRY (Moscow) Vol. 84 No. 5 2019
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Fig. 2. CoCl2 is a dose- and time-dependent expression regulator
of IL-8 (a) and ABCA1 (b) genes in THP-1 macrophages. Realtime PCR. Cells were incubated at the indicated CoCl2 concentrations for 16 and 24 h. Error bars correspond to the mean standard error. The data are derived from three independent experiments. Statistically significant differences between mRNA samples in the control and CoCl2 treatments are marked with asterisks (Student’s t test, * p < 0.05).

under hypoxia may be partly mediated by a mechanism of
HIF-1α stabilization. IKKβ kinase that induces dissociation of the NF-κB/IκBα complex contains conserved
motif LxxLAP involved in proline hydroxylation. The
same motif of HIF-1α is hydroxylated by PHD-containing enzymes in normoxia. Inhibiting of PHD1 and PHD2
leads to accumulation of IKKβ in the cell and subsequent
activation of NF-κB [37].
In this work, we have shown that inhibition of NFκB not only reverses the CoCl2-dependent upregulation
of the ABCA1 and C3 genes, but also downregulates them
without the induction of response to hypoxia. In the
murine macrophage model, it was shown that expression
of ABCA1 increases after treatment with TNFα in the
NF-κB-dependent manner [38]. It was also shown that
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Fig. 3. CoCl2 is a dose- and time-dependent expression regulator of apoA-1 (a) and C3 (c) genes and a factor of intracellular ApoA-1 protein
accumulation in THP-1 macrophages (b). a, c) Real-time PCR. Cells were incubated under the indicated CoCl2 concentrations for 16 and
24 h. Error bars correspond to the mean standard error. The data are derived from three independent experiments. The Y-axis shows the
mRNA level in percent, with 100% being the level in intact cells. Statistically significant differences between mRNA levels in the samples are
marked with asterisks (Student’s t test, * p < 0.05). b) Western blotting. Cells were incubated under the indicated CoCl2 concentrations for
16 h. The plot represents data from three immunoblots quantified with densitometry. The Y-axis shows relative ApoA-1 levels, with 100% corresponding to intact cells. Values are normalized to β-actin levels.

NF-κB knockdown in epithelium of small intestine precludes higher transcription of C3 gene in response to IL1β [39]. Obviously, TNFα and IL-1β signalings can be
considered hypoxia-specific, as in both cases NF-κB is
the main modulator.
Another important element of hypoxia-induced signal cascades is MAP kinases. We demonstrated that
kinases MEK1/2 and JNK1/2/3, but not p38, are
involved in the regulation of the ABCA1 and C3 genes in
THP-1 macrophages in response to hypoxia. Ample evidence suggests interactions between the MEK1/2Erk1/2, HIF-1, and NF-κB pathways. HIF-1 activation
is known to recruit the p300/CBP complex. MAPK inhibition was shown to disturb interaction with HIF1α/p300. Overexpression of MEK1 results in transactivation of both proteins [40]. Apart from interaction with
co-activators, the transcription activity of HIF-1α
depends on certain posttranslational modifications.
Phosphorylation of Ser641/643 residues in HIF-1α by

Erk1/2 kinase arrests its exportin CRM1-geared efflux
from the nucleus. This allows the buildup of the nuclear
fraction of active HIF-1α [41]. Also, Erk1/2, but not
p38, is involved in transactivation of NF-κB subunit p65.
This interaction upregulates the MIP-2 gene in murine
macrophages under hypoxia [42]. Activation of
JNK1/2/3 under low O2 has been reported for
macrophages [28] and other cell types [30]. Induction of
apoA-1 in hypoxic macrophages depends on the activation of proinflammatory MAP kinase cascade p38, apart
from the Erk1/2 and JNK1/2/3 cascades. Hypoxia is a
known enhancement factor for phosphorylated p38 (in
active form) in hippocampus cortex neurons [43].
Hypoxia enhances activation of p38 in macrophages in
the presence of palmitic acid, which causes endoplasmic
reticulum stress [44]. The arrest of p38 and Erk1/2 cascades leads to an increase of normal apoA-1 expression
and reversal of the stimulating effect of Co2+. Previously
[45, 46], we demonstrated enhancement of the apoA-1
BIOCHEMISTRY (Moscow) Vol. 84 No. 5 2019
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In our design, the synthetic LXR agonist TO901317
that strongly upregulates the ABCA1 gene was used as the
positive control. As expected, it increased the ABCA1
mRNA level in THP-1 macrophages independently and in

ABCA1 mRNA level,%

a

b

Fig. 4. CoCl2 induces accumulation of membrane surface ApoA-1
protein in THP-1 macrophages. Flow cytometry. Plots reflect
changes in surface ApoA-1 quantities under the indicated CoCl2
treatments. ApoA1+ marks ApoA-1-rich macrophages. The plot
shows medians of surface ApoA-1 content distributions in cells at
different CoCl2 concentrations. Statistically significant deviations
from the control (zero concentration of CoCl2) are marked with
asterisks (Student’s t test, * p < 0.01). Cell percentage corresponds
to that of ApoA-1-rich macrophages in different CoCl2 treatments (color-coded).

gene under arrest of the Erk1/2 cascade in human
hepatoma line HepG2. This effect was found to be associated with phosphorylation of transcription factor complex FOXO1/LXRβ interacting with the B and C sites of
the hepatic enhancer of apoA-1 gene [45]. Moreover,
damage of B or C sites of the hepatic enhancer of apoA-1
reverses the effect of hydrogen peroxide (oxidative stress)
on activity of the 5′-regulatory region of the apoA-1 gene
in HepG2 cells [46]. Considering (i) high similarity
between proinflammatory cytokine-activated signaling
pathways in hypoxia and in oxidative stress [25, 31-37,
44] and (ii) the interaction of transcription factors
FOXO1 and LXRβ with B and C sites of the hepatic
enhancer of the apoA-1 gene not only in HepG2 cells but
in human macrophages as well [9], we suggest that the
reversal of the effect of Co2+ on apoA-1 expression, when
MAP kinase cascades p38 and Erk1/2 are blocked, is
mediated by changes in phosphorylation level of transcription factors LXRβ and FOXO1. Further research is
necessary to elucidate this question.
BIOCHEMISTRY (Moscow) Vol. 84 No. 5 2019
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Fig. 5. Role of MAP kinase cascades MEK1/2-Erk1/2,
MKK4/7-JNK1/2/3, and MKK3/6-p38 and transcription factors NF-κB and LXRs in CoCl2-dependent activation of ABCA1
(a), C3 (b), and apoA-1 genes (c) in THP-1 macrophages. Realtime PCR. Cells were incubated with one of the following compounds – SB203580 (12.5 µM), SP600125 (10 µM), U0126
(10 µM), QNZ (10 nM), TO901317 (2.5 µM) – for 1 h prior to
administration of CoCl2 (100 µM). The data are derived from
three independent assays. The Y-axis shows mRNA levels in percent, with 100% corresponding to DMSO-treated cells. Error
bars correspond to the mean standard error. Statistically significant differences between mRNA levels in compared groups are
marked with asterisks (** p < 0.05, Dunnett’s test). Statistically
significant differences from mRNA level in DMSO-treated cells
are marked with # symbol (# p < 0.05, Student’s t-test).
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Fig. 6. Hypothetical regulation of the ABCA1, C3, and apoA-1 genes in human macrophages under hypoxia. (For details see “Discussion” section.)

combination with CoCl2, thus suggesting independent
action of LXR and NF-κB/HIF-1 reported earlier [38]. Of
interest is the reverse effect of TO901317 on expression of
the C3 gene. We previously reported the TO901317dependent upregulation of the C3 gene in THP-1
macrophages after 5-day differentiation in culture [18]. In
the present study, THP-1 macrophages were cultivated for 3
days. This effect can be compared with the TNFα-induced
mechanism of apoA-1 expression regulation that we
described earlier. The TNFα treatment results in more than
a 5-fold increase of apoA-1 expression in THP-1 monocytes, while it grows only 1.5-fold in THP-1 macrophages.
Time-dependent apoA-1 expression in THP-1 monocytes
was also shown. A 5-fold increase in expression is observed
after 24-h incubation with TNFα, while after 48-h incubation the apoA-1 expression drops to the control level [9].
We can now consider the mechanism of positive regulation of expression of the apoA-1, ABCA1, and C3 genes
in macrophages in response to hypoxia (Fig. 6). Elevated
levels of C3 mRNA and plausibly its protein product
result in the production of anaphylatoxin C3a. Binding to
its receptor on the macrophage surface membrane, C3a

induces expression of C3 and activates uptake of modified
LDL (mLDL) by the cells [18]. Although endogenous
ApoA-1 stabilizes ABCA1 and has antiinflammatory
properties, its level does not correlate with the intensity of
reverse cholesterol transport [8]. On the other hand,
transmission of the expression vector of the human apoA-1
gene into macrophages of mice with apoA-1 knockout
results in noticeable reduction of plaques [47]. Also,
knockouts of ABCA1 and ABCG1 were shown to disturb
chemotaxis in macrophages [48]. Considering the
impaired migration activity of hypoxic macrophages, this
effect is likely negated by endogenous ApoA-1 via stabilization of ABCA1. Therefore, if induction of C3 expression in hypoxia can be considered atherogenic, the role of
highly expressed apoA-1 and ABCA1 remains controversial and demands further study.
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