Folic acid inhibits hypoxia-induced inflammation

Figure 2. Effects of folic acid on hypoxia-induced IL-13 and IL-8 production and gene expression in THP-1 cells. THP-1
cells were pretreated with folic acid at 0.4-40 pg/mL for 30 min and then incubated under hypoxic conditions (1%
0,) for 24 h. The protein levels of IL-1pB (A) and IL-8 (B) were measured by ELISA. The mRNA expression of IL-1f3 (C)
and IL-8 (D) was analyzed by qRT-PCR. The results are representative of 5 independent experiments and expressed
as mean + SD. ###P<0.001 compared with control group. *P<0.05, **P<0.01 or ***P<0.001 compared with

hypoxia alone.

the medium was significantly increased after
hypoxic treatment for 24 h and was inhibited in
a dose-dependent manner by treatment with
folic acid (0.4-40 pg/mL) (Figure 2A and 2B).
QRT-PCR further confirmed that hypoxia caus-
ed marked increases in IL-13 and IL-8 mRNA
expression, which were significantly attenuated
by folic acid pretreatment (Figure 2C and 2D).

Folic acid regulates PHD1, HIF-1a, IKKB and
NF-kB in THP-1 cells exposed to hypoxia

PHDs belong to a family of oxygen-sensing pro-
teins. Under low oxygen conditions, the PHDs
activity is inhibited, and the rate of HIF-1x
hydroxylation is suppressed. This leads to HIF-
1a accumulation in the cytoplasm, where it
dimerizes with an HIF-1B3 and translocates to
the nucleus. This complex then transcriptional-
ly activates genes related to hypoxia adapta-
tion and regulation of the inflammatory res-
ponse [23]. PHD1, one of the PHD’s subunits,
also controls NF-kB activity through regulation
of IKKB. Once IKKp is activated, it phosphory-
lates IkBa, leading to its degradation, and also
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enhances NF-kB activity [19]. NF-kB is the mas-
ter regulator of the inflammatory response. Its
major subunit is NF-kB p65 [24].

As shown in Figure 3A, folic acid significantly
inhibited hypoxia-induced activation of HIF-1a
and increased PHD1 activities. Meanwhile, folic
acid markedly suppressed hypoxia-induced
activation of IKKB and NF-kB p65 (Figure 3B).
These data suggest that hypoxia-induced
NF-kB signaling was significantly inhibited by
folic acid in a dose-dependent manner.

Hypoxia induces IL-13 and IL-8 production by
suppressing PHD1 and activating the NF-«B
pathway in THP-1 cells

To further understand the mechanism underly-
ing folic acid’s effect on the NF-kB signaling, we
used octyl-a-ketoglutarate (a-KG), an activator
of PHD, to modulate the pathway. HIF-1la is
activated and PHD1 is suppressed during the
exposure to hypoxia (Figure 4A). Furthermore,
PHD1-mediated repression of IKKB was sup-
pressed, possibly resulting in enhanced IKKf3
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Figure 3. Folic acid inhibits hypoxia-induced activation of NF-kB pathway in THP-1 cells. THP-1 cells were pretreated
with folic acid at 0.4-40 pg/mL for 30 min and then incubated under hypoxic conditions (1% O,) for 24 h. PHD1,
HIF-1a, IKKB and NF-kB p65 protein levels were analyzed by Western blot. B-actin was used as a control. The results
are representative of 3 independent experiments and expressed as mean + SD. #P<0.05 or ##P<0.01 compared
with control group. *P<0.05, **P<0.01 or ***P<0.001 compared with hypoxia alone.

activity and increased NF-kB p65 activity in the
hypoxia conditions (Figure 4B). However, a-KG
(2 mM) significantly inhibited hypoxia-induced
activation of HIF-1a and increased PHD1 activi-
ties even under the hypoxia (Figure 4A). IKKB
and NF-kB p65 were significantly inhibited,
possibly by activated PHD1 (Figure 4B).

We next determined the mechanistic roles of
the inflammatory factors. IL-13 and IL-8 produc-
tion was examined after the a-KG pretreatment
and hypoxic exposure using an ELISA assay.
IL-1B and IL-8 secretion was increased signifi-
cantly after hypoxic treatment for 24 h, but had
a marked suppression caused by o-KG (1 mM)
treatment (Figure 5A and 5B). The gRT-PCR
further confirmed that hypoxia caused marked
increases in IL-1p and IL-8 mRNA expression,
which were significantly attenuated by o-KG
pretreatment (Figure 5C and 5D). The results
above suggest that hypoxia induces IL-1B and
IL-8 production via suppression of PHD1 and
activation of the NF-kB pathway in THP-1 cells.
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Folic acid and a-KG inhibit hypoxia-induced
nuclear translocation of NF-kB p65 in THP-1
cells

To investigate the effects of hypoxia, folic acid
and a-KG on the nuclear translocation of NF-kB,
NF-kB p65 subunit was detected by immuno-
fluorescence and imaged using confocal mic-
roscopy. As shown in Figure 6, the nuclear
translocation of hypoxia-induced NF-kB p65
significantly increased, while NF-kB p65 was
found exclusively in the cytoplasm in normoxia.
Furthermore, the relative expression of NF-kB
p65 was higher in hypoxia than in normoxia. In
addition, when THP-1 cells were pretreated with
folic acid (4 ug/mL) or a-KG (1 mM), nuclear
translocation of NF-kB p65 was markedly re-
duced and the relative expression was decrea-
sed, in striking contrast to the effects of hypo-
xia alone. These results indicate that, under
hypoxic conditions, folic acid has anti-inflam-
matory effects in THP1 cells via inactivation of
the NF-kB pathway.
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Figure 4. Effects of a-KG (PHD activator) on hypoxia-induced activation of NF-kB pathway in THP-1 cells. THP-1
cells were pretreated with a-KG at 1 mM for 30 min and then incubated under hypoxic conditions (1% O,) for 24
h. PHD1, HIF-1a, IKKB and NF-kB p65 protein levels were analyzed by Western blot. B-actin was used as a control.
The results are representative of 3 independent experiments and expressed as mean + SD. #P<0.05, ##P<0.01
or ###P<0.001 compared with control group. *P<0.05, **P<0.01 or ***P<0.001 compared with hypoxia alone.

Discussion

Hypoxia exists in vivo whenever oxygen demand
exceeds oxygen supply. It is generally defined
as levels between 0.5% and 3% oxygen by vol-
ume [25]. We chose to use a concentration of
1% 0, because this level has been used in vari-
ous cell culture models previously [26, 27].
Hypoxia is found to exist in atherosclerotic
lesions, which causes an increase in lipid-load-
ed macrophages and local inflammation, two
steps in the pathogenesis of human atherogen-
esis [18]. Monocytes and lymphocytes are
recruited to the artery wall and express pro-
inflammatory cytokines such as IL-1p3 and ILS8.
IL-1B is a highly inflammatory cytokine, particu-
larly in humans, that promotes systemic and
local inflammation, and causes acute and
extensive damage in atherosclerotic lesions
[28]. IL-8, a chemokine, is produced in several
tissues upon inflammation, ischemia, trauma
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etc., and has been found to be associated with
atherosclerotic lesion formation. IL-8 may be
involved in the recruitment of inflammatory
cells into atherosclerotic plaques [29, 30]. This
study demonstrates that in THP-1 cells hypoxia
initiates an inflammatory response as mea-
sured by inflammatory markers. IL-1p3 and IL8
levels increase, both in levels of secreted pro-
tein and gene-expression. However, folic acid
causes a pronounced effect, decreasing secre-
tion and gene expression of IL-13 and IL-8.

NF-kB, a ubiquitous transcription factor, plays
an important role in immune and inflammatory
responses by regulating genes encoding pro-
inflammatory cytokines (IL-1(3), adhesion mole-
cules, chemokines (IL-8), and enzymes [19].
The NF-kB canonical pathway is predominantly
dependent on IKKB. Once IKK is activated, the
IKK complex phosphorylates IkB-a and dissoci-
ates from IkB-a, thereby freeing NF-kB to trans-
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Figure 5. Effects of a-KG (PHD activator) on hypoxia-induced IL-13 and IL-8 production and gene expression in THP-1
cells. THP-1 cells were pretreated with a-KG at 1 mM for 30 min and then incubated under hypoxic conditions (1%
0,) for 24 h. The protein levels of IL-1 (A) and IL-8 (B) were measured by ELISA. mRNA expression of IL-1j3 (C) and
IL-8 (D) was analyzed by qRT-PCR. The results are representative of 3 independent experiments and expressed as
mean + SD. #P<0.05 or ##P<0.01 compared with control group. *P<0.05, **P<0.01 or ***P<0.001 compared

with hypoxia alone.

locate to the nucleus and activate transcription
of target genes [31]. Hypoxia can activate
NF-kB in an IKK-dependent manner. Some
studies imply that IKKB is a key physiological
link between the hypoxic response and inflam-
mation because IKKB contains an evolutiona-
rily conserved LxxLAP consensus motif for
hydroxylation by PHDs. Moreover, silencing of
PHD1 augments NF-kB activation more effi-
ciently than silencing of PHD2 or PHD3 [26].
The present study demonstrates that hypoxia
inhibits PHD1 and upregulates HIF-1a, KK},
and NF-kB p65 in THP-1 cells. When cells were
pretreated with the a-KG, PHD1 was activated
even though cells were under hypoxic condi-
tions. Additionally, HIF-1«, IKKB and NF-kB p65
were suppressed, and the inflammatory media-
tors (IL-1B and IL-8) were inhibited compared
with the hypoxia only. These results suggest
that hypoxia may act by inhibiting PHD1 activity,
increasing the activity of cellular IKKB/NF-kB
pathway, and subsequently upregulating IL-13
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and IL-8 in THP-1 cells. We found that the effect
of folic acid on this signaling pathway was simi-
lar to the effect of a-KG. This may imply that
folic acid acts by activating PHD1, thereby
inhibiting the IKKB/NF-kB pathway to regulate
the inflammatory response. Others have sh-
owed that folic acid may affect the NF-«kB path-
way as well [12, 13, 32]. However, further stud-
ies are needed to determine how folic acid
affects this pathway. For the first time we have
demonstrated the inhibitory effects and under-
lying mechanisms of folic acid on hypoxia-
induced inflammation in THP-1 cells.

Folic acid is an important vitamin for humans. It
is thought that folic acid prevents cardiovascu-
lar events by lowering homocysteine. However,
there is still no consensus on the relation
between folic acid and homocysteine. We
hypothesized that folic acid alone might cause
an anti-inflammatory effect. Previous evidence
shows that folic acid can significantly attenuate
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Figure 6. Effects of folic acid or a-KG on hypoxia-induced nuclear translocation of NF-kB p65. THP-1 cells were
pretreated with folic acid (4 pg/mL) or a-KG (1 mM) for 30 min and then incubated under hypoxic conditions (1%
0,) for 24 h. The NF-kB p65 subunit was detected by immunofluorescence and imaged using confocal microscopy.
FITC-labeled NF-kB p65 (green) and DAPI-labeled nuclei (blue) in the cells were visualized.

LPS-induced NO, TNF-a, and IL-13 production in
RAW264.7 cells [13]. Maternal folic acid sup-
plementation during pregnancy protects aga-
inst LPS-induced preterm delivery, fetal death
and intrauterine growth retardation through its
anti-inflammatory effects [12]. Additionally,
folic acid supplementation may markedly
reduce the circulating level of IL-8 in healthy
overweight subjects [11]. Folic acid has been
found to possess anti-inflammatory effects,
but its concentration differs in various studies.
We and others have performed dose-response
studies, showing that the most effective con-
centration of folic acid to reduce inflammatory
mediators is about 40 pg/mL, while the least
effective concentration is about 0.2 uyg/mL [13,
32]. Our study demonstrates that folic acid pro-
nouncedly inhibits hypoxia-induced IL-13 and
IL-8 production, as measured by proteins levels
and gene-expression in THP-1 cells. The most
effective concentration of folic acid in sup-
pressing IL-13 and IL-8 under hypoxia is 40 ug/
mL. The effect of folic acid may be attributed to
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regulation of the PHD1, IKK, and NF-kB, where
the NF-kB pathway may reverse hypoxia-
induced IL-1B and IL-8 production.

In summary, this study reveals that hypoxia ini-
tiates an inflammatory response as measured
by inflammatory markers (IL-13 and IL-8) in
THP-1 cells, via inhibition of PHD1 and upregu-
lation of HIF-1«, IKKB, and NF-kB p65. In addi-
tion, folic acid has pronounced anti-inflamma-
tory effects, inhibiting secretion and gene-
expression of IL-13 and IL-8 via regulation of the
NF-kB inflammatory signaling pathway. These
findings may represent one of the mechanisms
by which folic acid exerts a protective effect in
atherogenesis and progression of vascular
disease.
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