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Toll-like receptors (TLRs) 7 and 8 are crucial in host defence against single-stranded RNA (ssRNA) viruses. Such 
viruses cause severe illnesses, which remain a serious medical burden in both industrialised and developing countries. 
TLR7/8 downstream signaling leads to a dramatic cellular stress associated with energy consumption. However, the 
molecular mechanisms of cell survival and adaptation to TLR7/8-induced stress, which give the cells an opportunity 
to initiate proper inflammatory reactions, are not clear at all. Here we report for the first time that ligand-induced ac-
tivation of TLR7/8 leads to the accumulation of hypoxia-inducible factor 1 alpha (HIF-1α) protein in THP-1 human 
myeloid macrophages via redox- and reactive nitrogen species-dependent mechanisms. MAP kinases and phosphoi-
nositol-3K are not involved in TLR7/8-mediated HIF-1α accumulation. Experiments with HIF-1α knockdown THP-
1 cells have clearly demonstrated that HIF-1α is important for the protection of these cells against TLR7/8-induced 
depletion of ATP. Thus, HIF-1α might support both cell survival and the production of pro-inflammatory cytokines 
upon TLR7/8 activation. 
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Introduction

Human innate immune responses to infections are ini-
tiated via recognition of pathogen-associated molecular 
patterns by specific receptors. Toll-like receptors (TLRs) 
are the key pattern recognition receptors that allow cells 
to specifically detect pathogens by recognising the com-
ponents shared by many viruses, bacteria and fungi [1]. 
TLRs lie at the core of resistance to disease, initiating 
most of the phenomena that occur in the course of infec-
tion. TLRs 7 and 8 are crucial in defence against single-
stranded RNA (ssRNA) viruses [2], such as human im-
munodeficiency virus 1 (HIV-1), influenza virus, hepati-
tis C virus and many others. These viruses cause severe 
illnesses, resulting in significant morbidity and mortality 
in both industrialised and developing countries. TLR7/8 
are endosomal receptors [3] expressed in various cell 
types, including myeloid macrophages and neutrophils [4, 

5]. They specifically recognise viral ssRNA [2], with sub-
sequent activation of downstream signaling pathways re-
sulting in the expression and release of pro-inflammatory 
cytokines [1]. TLR7/8 downstream signaling leads to a 
dramatic cellular stress associated with energy consump-
tion. However, the molecular mechanisms of cell surviv-
al and adaptation to TLR7/8-induced stress, which give 
the cells an opportunity to initiate proper inflammatory 
reactions, are not clear at all. Recently it has been found 
that signaling by membrane-associated TLR4, which 
specifically recognises lipopolysaccharide (LPS) shared 
by Gram-negative bacteria, induces the accumulation of 
hypoxia-inducible factor 1 alpha (HIF-1a) [6]. HIF-1a 
is the inducible subunit of the heterodimeric HIF-1 tran-
scription complex, which consists of two subunits, HIF-
1a and HIF-1b [7]. HIF-1a is rapidly accumulated in 
cells exposed to hypoxia or several types of non-hypoxic 
stimuli, such as inflammatory mediators, cytokines, reac-
tive oxygen (ROS) and nitrogen (RNS) species [7, 8]. 
Otherwise HIF-1a protein undergoes rapid ubiquitination 
followed by proteasomal degradation [9]. LPS induces 
accumulation of HIF-1a protein via NADPH oxidase 
(Nox)-associated cross-talk with the mitogen-activated 
protein (MAP) kinase cascade [6].  In general, HIF-1a 
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as a transcription factor, plays a pivotal role in mediating 
angiogenesis, glycolysis and cell adhesion [10], which 
are critical for inflammation. However, it was found that 
HIF-1a protein is an essential factor for protection of 
myeloid cells against LPS-induced depletion of ATP and 
apoptosis [11], a fact that is crucial for TLR4-mediated 
production of pro-inflammatory cytokines. Based on 
these data, one could hypothesize that HIF-1a protein 
might also be involved in TLR7/8 downstream signaling. 
However, if so, then different mechanisms of its stabili-
sation might apply given the endosomal localisation of 
these receptors. 

Here we report for the first time that exposure of 
THP-1 human myeloid macrophages to resiquimoid 
(R848, the specific synthetic TLR7/8 ligand) induced 
HIF-1a accumulation in a time- and concentration-
dependent manner. Similar results were observed in cells 
transfected with the uridine-rich ssRNA fragment of the 
HXB2 region of HIV-1. Pre-treatment of cells with ty-
rosine kinase inhibitor genistein, phosphoinositol (PI)-
specific PLC-1g inhibitor U73122, PKCa/b inhibitor 
Gö6983, Nox inhibitor diphenyleneiodonium chloride 
(DPI) and ROS scavenger N-acetylcysteine (NAC), fol-
lowed by stimulation with R848, resulted in attenuation 
of ROS generation and HIF-1a accumulation. Pre-treat-
ment of the cells with a specific inhibitor of interferon 
and interleukin-associated kinases 1 and 4 (IRAK1/4) 
did not affect ROS production and HIF-1a accumulation 
at early stages of R848 exposure. However, this inhibi-
tor attenuated both effects at later stages of exposure 
to R848, confirming recent evidence about IRAK1/4-
dependent activation of Nox [12]. A decrease in HIF-
1a accumulation also occurred following pre-treatment 
with the nitric oxide synthase (NOS) inhibitor, N-mono-
methyl arginine (NMMA). However, transfection of 
THP-1 cells with the dominant-negative form of ASK1 
(ASK1-KM) or pre-treatment with SB203580, a spe-
cific p38 MAP kinase inhibitor, had no effect on R848-
induced HIF-1a accumulation. These data suggest that 
TLR7/8-dependent accumulation of HIF-1a protein is 
achieved via redox- and RNS-dependent mechanisms. 
This indicates that membrane-associated TLR4 and en-
dosomal TLR7/8 utilize different mechanisms for HIF-
1a accumulation, since the ASK1-p38 pathway does not 
play any role in R848-induced HIF-1a accumulation but 
is crucial in the case of TLR4  signaling [6]. In addition, 
we have shown that HIF-1a knockdown with siRNA in 
THP-1 myeloid macrophages leads to a depletion of ATP, 
a decrease in R848-induced production of interleukin-6 
(IL-6) and tumour necrosis factor alpha (TNFa), and a 
significant increase in caspase-3 activity. This phenotype 
was reversed (restoration of IL-6/TNFa production and 

decrease in caspase-3 activity) via treatment of HIF-1a 
knockdown cells with extracellular ATP. This suggests 
that HIF-1a is important for the protection of THP-1 
cells against TLR7/8-induced depletion of ATP, and 
therefore might support cell survival and the production 
of pro-inflammatory cytokines.   

Results

TLR7/8 ligands induce accumulation of the HIF-1a pro-
tein

TLR7/8 downstream intracellular signaling cascades 
induced by viral ssRNA lead to cellular stress. How-
ever, the molecular mechanisms by which the effector 
cells adapt to such stress, support energy metabolism 
and promote cell survival are not clear. Since survival 
of the cells, which is crucial for the expression of pro-
inflammatory cytokines, is associated with increased 
oxygen consumption, we hypothesised the involvement 
of HIF-1a protein in TLR7/8-mediated signaling. First 
of all, we looked for possible HIF-1α accumulation/acti-
vation in THP-1 human myeloid macrophages stimulated 
with R848—a specific ligand of TLRs 7 and 8. Cells 
were stimulated for 4 h with 0.01, 0.1, 1 and 10 µg/ml 
of R848, followed by analysis of HIF-1α accumulation 
and its DNA-binding activity. It was found that all con-
centrations of R848 tested induced accumulation of HIF-
1a protein; the highest level of accumulation occurred 
in the cells exposed to 0.1 mg/ml of R848 as measured 
by western blot. The levels of TLRs 7 and 8 remained 
unchanged. An increase in HIF-1 DNA-binding activity 
was also observed (Figure 1A).  

R848-induced accumulation of HIF-1a was compara-
ble with that induced by the well-known HIF-1a stabi-
liser cobalt chloride (Figure 1A). Exposure of the THP-1 
cells to R848 or cobalt chloride led to an increase in the 
mRNA of vascular endothelium growth factor (VEGF)  
—the downstream target gene of the HIF-1 transcription 
complex. 

Exposure of the cells to 1, 10, 102, 103 and 104 nM of 
the ssRNA fragment of the HXB2 region of HIV-1 (the 
natural ligand of TLR7/8) resulted in HIF-1a accumula-
tion, in a concentration-dependent manner (Figure 1B). 
In addition, the protein levels of TLR7/8 were also not 
affected.

To investigate whether TLR7/8 ligands influence the 
transcription of HIF-1a, we exposed THP-1 cells to 0.1 
mg/ml R848 or 104 nM ssRNA and performed RT-PCR 
to investigate changes in the level of HIF-1a mRNA. 
In both cases we observed a clear increase in HIF-1a 
mRNA (Figure 1C).

Both R848 and the ssRNA fragment were able to 
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Figure 1 R848 and ssRNA induce accumulation and expression of HIF-1a protein in a concentration-dependent manner. (A) 
THP-1 cells were stimulated for 4 h with 0.01, 0.1, 1 and 10 μg/ml R848, and accumulation and DNA-binding activity of HIF-
1a protein were measured by western blot and ELISA (DNA-binding activity of HIF-1 in non-treated cells was calculated as 
100%), respectively. In addition, THP-1 cells were stimulated with 0.1 μg/ml R848 or 50 μM cobalt chloride for 4 h, and accu-
mulation and DNA-binding activity of HIF-1a protein were analysed. The level of VEGF mRNA was detected by RT-PCR after 
8 h of treatment. (B) THP-1 cells were treated for 4 h with 1, 10, 102, 103 and 104 nM ssRNA and accumulation (western blot) 
of HIF-1a protein was assayed. TLR7/8 levels were also monitored and actin staining was used as a protein loading control 
in all western blot experiments. (C) THP-1 cells were exposed to 0.1 mg/ml R848 or 104 nM ssRNA for 6 h and mRNA levels 
were determined by  RT-PCR. The level of actin mRNA was used as a loading control. Digital data are mean values ± SD of 
at least four individual experiments. *P < 0.01 vs control. All western blot and RT-PCR data are from one experiment repre-
sentative of three that gave similar results. Results of densitometric analysis of the western blot data are expressed as mean 
values ± SD, where n = 3; *P < 0.01 vs control.

Figure 2 R848 and ssRNA induce release of IL-6 and TNFa. THP-1 cells were treated for 24 h with 0.01, 0.1, 1 and 10 μg/ml 
R848 or 1, 10, 102, 103 and 104 nM ssRNA and the release of IL-6 and TNFa was analysed by ELISA. The absolute values 
representing the quantities of the cytokines released are expressed in ng. Data are mean values ± SD of at least four indi-
vidual experiments. *P < 0.01 vs control.
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induce an inflammatory reaction in THP-1 cells at the 
concentrations used. This was confirmed by a significant 
increase in the release of the pro-inflammatory cytokines 
IL-6 and TNFa in both cases (Figure 2).

Further analysis was conducted using 0.1 mg/ml R848. 
THP-1 cells were treated with this concentration of R848 
for 1, 2, 4, 8 and 16 h. It was found that HIF-1a starts 
accumulating and displaying DNA-binding activity after 
1 h. The protein accumulation peaked after 4 h of expo-
sure to R848. The DNA-binding activity of HIF-1a pro-
tein increased in a time-dependent manner (Figure 3A). 
Treatment of the THP-1 cells with 104  nM ssRNA also 
resulted in HIF-1a protein accumulation after 1 h. Once 
again, ssRNA-induced HIF-1a accumulation peaked at 
4 h, after which it decreased (Figure 3B). No changes 
in the amounts of TLR7/8 were observed in both cases 
(Figure 3).

TLR7/8 trigger HIF-1α accumulation via redox- and 
RNS-dependent mechanisms

Since TLR7/8 are associated with the MyD88 adaptor, 
which is known to promote generation of ROS and RNS 
[2, 6, 13], we hypothesised that redox- and RNS-depend-
ent mechanisms may be employed in TLR7/8-induced 
accumulation of HIF-1a protein. Signaling pathways 
induced by some TLRs, including TLR7/8, lead to the 
activation of tyrosine kinases, such as Bruton’s tyrosine 
kinase (Btk) [14], that interact with MyD88, which binds 
to the TLR TIR domain. This leads to the activation of 
various transcription factors and subsequent downstream 
signaling. Conversely, Btk and other tyrosine kinases 
have been shown to activate PLC-1g, leading to the re-
lease of diacylglycerols (DAG) and PI, with subsequent 
increase in intracellular Ca2+ levels [15, 16]. DAG and 
Ca2+ cause PKCa/b activation, with the eventual phos-
phorylation of p47phox

 [16, 17], and the assembly/activa-
tion of the Nox complex that generates superoxide radi-
cals. To test the involvement of this pathway in TLR7/8-
induced HIF-1a accumulation, we pre-treated THP-1 
cells with 30 mM genistein (tyrosine kinase inhibitor), 30 
mM U73122 (PLC-1g inhibitor), 70 nM Gö6983 (PKCa/
b inhibitor), 30 mM DPI (Nox inhibitor) or 1 mM NAC 
(the ROS scavenger) for 1 h, followed by 4 h of stimula-
tion with 0.1 mg/ml R848. All inhibitors listed caused a 
reduction in R848-induced HIF-1a accumulation. R848-
induced ROS generation was also affected by these 
inhibitors (Figure 4A). These results confirm that Nox 
and the Nox-activating pathway are involved in TLR7/8-
induced HIF-1a accumulation.  

To investigate the involvement of RNS in TLR7/8-
dependent HIF-1a stabilisation, THP-1 cells were pre-
treated with 100 mM NMMA (NOS inhibitor), followed 

Figure 3 R848 and ssRNA induce accumulation of HIF-1a pro-
tein in a time-dependent manner. (A) THP-1 cells were stimulat-
ed with 0.1 μg/ml R848 for 1, 2, 4, 8 and 16 h, and accumulation 
and DNA-binding activity of HIF-1a protein were measured by 
western blot and ELISA (DNA-binding activity of HIF-1 in non-
treated cells was calculated as 100%), respectively. (B) THP-1 
cells were treated with 104 nM ssRNA for 1, 2, 4, 8 and 16 h and 
accumulation (western blot) of HIF-1a protein was assayed. 
TLR7/8 levels were also monitored and actin staining was used 
as a protein loading control in all western blot experiments. 
Digital data are mean values ± SD of at least four individual ex-
periments. *P < 0.01 vs control. All western blot data are from 
one experiment representative of three that gave similar results. 
Results of densitometric analysis of the western blot data are 
expressed as mean values ± SD, where n = 3; *P < 0.01 vs 
control.
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by 4 h stimulation with 0.1 mg/ml R848. We observed a 
decrease in R848-mediated RNS production and reduced 
HIF-1a accumulation (Figure 4A). Pre-treating the cells 
with both 30 mM DPI and 100 mM NMMA produced a 
more significant reduction in HIF-1α levels as compared 
with treatment with either inhibitor alone (Figure 4B). 
These results imply that both ROS and RNS are involved 
in HIF-1a accumulation during R848-induced signaling.  

It has been recently shown that apoptosis signal 
regulating kinase 1 (ASK1)-activated p38 MAP kinase 
contributes to HIF-1a stabilisation during LPS-induced 

TLR4 signaling [6]. To investigate the role of this path-
way in R848-induced TLR7/8-mediated HIF-1a accu-
mulation, we either transfected the cells with 2.5 mg/ml 
dominant-negative form of ASK1 (ASKI-KM) or pre-
treated them for 1 h with 10 mM SB203580 (p38 inhibi-
tor), followed by 4 h of stimulation with 0.1 mg/ml R848. 
In both cases there was no effect on HIF-1a accumula-
tion (Figure 4A and 4C), suggesting that the ASK1/p38 
pathway does not play any role in R848-induced HIF-1a 
accumulation. 

In addition, the roles of PI3-K (shown to be activated 

Figure 4 Redox- and RNS-dependent mechanisms but not the ASK1/p38 pathway are involved in R848-dependent accumu-
lation of HIF-1a protein. (A) THP-1 cells were pre-stimulated with respective inhibitors for 1 h (concentrations are outlined 
in the figure) and then treated for 4 h with 0.1 μg/ml R848. Accumulation (western blot) and DNA-binding activity (ELISA) of 
HIF-1a protein were assayed. The levels of ROS and RNS assayed were normalised against the amount of protein in the re-
spective samples and expressed in % control (the amount of ROS/RNS in non-treated THP-1 cells was calculated as 100%). 
(B-E) THP-1 cells were pre-treated with the listed inhibitors at their respective concentrations for 1 h, followed by 4 h stimula-
tion with 0.1 μg/ml R848. In all cases accumulation of HIF-1a was measured by western blot. TLR7/8 levels were also moni-
tored and actin staining was used as a protein loading control in all western blot experiments. Digital data are mean values ± 
SD of at least four individual experiments. *P < 0.01 vs control. All western blot data are from one experiment representative 
of three that gave similar results. Results of densitometric analysis of the western blot data are expressed as mean values ± 
SD, where n = 3; *P < 0.01 vs control.
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by TLR downstream signaling [18]), ERK (known to 
stimulate NOS activation in macrophages [19]) and 
PKCd (found to play a role in Nox assembly in zymosan-
activated human monocytes [20]) in R848-induced 
TLR7/8 signaling were investigated. Cells were pre-
treated with 30 mM Ly294002 (PI3-K inhibitor), 10 mM 
PD098059 (ERK inhibitor) and 20 mM rottlerin (PKCd 
inhibitor), followed by 4 h of stimulation with 0.1 mg/ml 
R848. These inhibitors had no effect on R848-induced 
HIF-1a accumulation (Figure 4C and 4D).

IL-1 receptor-associated kinases 1 and 4 (IRAK1/4) 
activated by the MyD88 pathway are also known to 
phosphorylate p47phox, resulting in Nox assembly and ac-
tivation [12]. To investigate whether these kinases impact 
TLR7/8-mediated ROS production, we exposed THP-
1 cells to 50 mM IRAK1/4 inhibitor, followed by 4 h 
stimulation with 0.1 mg/ml R848. No effect was observed 
after 4 h (Figure 4E). However, IRAK 1/4 may have an 
effect during the later stages of the signaling process, and 
we have investigated this further. 

None of the inhibitors used had any effect on the lev-
els of TLR 7 and 8 in THP-1 cells (Figure 4).  

To study the dynamics of activation, production and 
involvement of ROS/RNS in accumulation of HIF-1a 
protein, we pre-treated the cells for 1 h with 30 mM gen-
istein (tyrosine kinase inhibitor), 30 mM U73122 (PLC-
1g inhibitor), 70 nM Gö6983 (PKCa/b inhibitor), 30 mM 
DPI (Nox inhibitor), 50 mM IRAK1/4 inhibitor, 1 mM 
NAC (the ROS scavenger) and 100 mM NMMA (NOS 
inhibitor), followed by 16 h stimulation with 0.1 mg/
ml R848. All the inhibitors decreased ROS generation 
induced by R848. NMMA inhibited R848-induced RNS 
production (Figure 4). In addition, all inhibitors reduced 
accumulation of HIF-1a protein. However, the effect 
of genistein, U73122 and Gö6983 was lower than that 
observed after 4 h exposure to R848 (Figure 5). On the 
other hand, the IRAK1/4 inhibitor caused a clear reduc-
tion in R848-induced HIF-1a accumulation. This means 
that at later stages of TLR7/8 signaling, IRAK1/4 (acti-
vated in a Btk-PLC-1g-PKCa/b-independent manner) are 
important for TLR7/8-mediated ROS generation, which 
is critical for the accumulation of HIF-1a protein. None 
of the inhibitors affected the levels of TLR7/8 (Figure 5).

The concentrations of the inhibitors used were se-
lected based on data available in the literature and on 
our own experiments, in which we have found that the 
concentrations used are functional in THP-1 cells [6] and 
do not affect the viability of the cells as analysed by the 
MTS test. Successful transfection of the dominant-nega-
tive form of ASK1 and its functionality were verified by 
western analysis and by the measurement of the kinase 
activity of ASK1, respectively [6] (data not shown). 

Figure 5 RNS and ROS are needed to maintain R848-depen-
dent TLR7/8-mediated HIF-1a accumulation at the late stages 
of signaling. THP-1 cells were pre-treated with respective inhibi-
tors for 1 h (concentrations are outlined in the figure) and then 
stimulated for 16 h with 0.1 μg/ml R848. Accumulation (western 
blot) and DNA-binding activity (ELISA) of HIF-1a protein were 
assayed. TLR7/8 levels were also monitored and actin staining 
was used as a protein loading control in all western blot experi-
ments. The levels of ROS and RNS assayed were normalised 
against the amount of protein in the respective samples and 
expressed in % control (the amount of ROS/RNS in non-treated 
THP-1 cells was calculated as 100%). Digital data are mean 
values ± SD of at least four individual experiments. *P < 0.01 vs 
control. All western blot data are from one experiment represen-
tative of three that gave similar results. Results of densitometric 
analysis of the western blot data are expressed as mean values ± 
SD, where n = 3; *P < 0.01 vs control.

R
O

S
 (%

 c
on

tro
l)

250

200

150

100

50

0

*

HIF-1a

TLR7

TLR8

Actin

	 R848 (0.1 μg/ml)	 –	 +	 +	 +	 +	 +	 +	 +	 +      
	Genistein (30 μM)	 –	 –	 +	 –	 –	 –	 –	 –	 –
	 U73122 (30 μM)	 –	 –	 –	 +	 –	 –	 –	 –	 –
	 Gö6983 (70 nM)	 –	 –	 –	 –	 +	 –	 –	 –	 –
	 DPI (30 μM)	 –	 –	 –	 –	 –	 +	 –	 –	 –
	 IRAK1/4I (50 μM)	 –	 –	 –	 –	 –	 –	 +	 –	 –
	 NAC (1 mM)	 –	 –	 –	 –	 –	 –	 –	 +	 –
	 NMMA (100 μM)	 –	 –	 –	 –	 –	 –	 –	 –	 +

R
N

S
 (%

 c
on

tro
l)

1200

800

400

0

*

***
*

**
*

*

*

*

*

*

*

HIF-1a
(% R848)

29
 ± 

3.1
10

0 ±
 11

.7*
84

 ± 
9.4

*
76

 ± 
8.4

*
81

 ± 
6.8

*
62

 ± 
4.9

*
54

 ± 
6.2

*
48

 ± 
3.9

*
37

 ± 
5.6



www.cell-research.com | Cell Research

                                              Sally A Nicholas and Vadim V Sumbayev
979

npg

HIF-1a protein protects THP-1 cells against R848-in-
duced ATP depletion and promotes cell survival support-
ing IL-6 production

To investigate the role of HIF-1a in TLR7/8 signaling, 
we utilised siRNA to knock down this protein. Western 
blot and RT-PCR confirmed that HIF-1a was successful-
ly knocked down (Figure 6A). Furthermore, the siRNA 
used was able to attenuate expression of HIF-1a induced 
by a known stabiliser, cobalt chloride (Figure 6B). Upon 
exposure of HIF-1a knockdown THP-1 cells to 0.1 mg/
ml R848 for 16 h, a strong increase in caspase 3 activity 
was observed along with a dramatic depletion of ATP 
compared with normal THP-1 cells. IL-6 levels were 
significantly lower than those observed in normal THP-
1 cells treated with R848 (Figure 6A).  To investigate 
the dynamics of these processes, normal and HIF-1a 
knockdown THP-1 cells (in the presence and absence of 
extracellular ATP) were treated with 0.1 mg/ml R848 for 
2, 4, 8 and 16 h (Figure 7). IL-6 and TNFa production, 
caspase 3 activity and ATP concentration were measured. 
Caspase 3 activity in THP-1 knockdown cells was dra-
matically increased after 8 h of R848 treatment, and after 
16 h there was an almost 10-fold increase in caspase 3 
activity compared with normal THP-1 cells stimulated 
with R848. Similarly, a strong reduction in production 
of IL-6 and TNFa was observed in HIF-1a knockdown 

Figure 6 HIF-1a protein protects THP-1 cells against R848-in-
duced ATP depletion and promotes cell survival supporting IL-6 
production. (A) HIF-1a protein expression in THP-1 cells was 
knocked down by transfection with specific siRNA. Normal and 
HIF-1a knockdown THP-1 cells were exposed to 0.1 μg/ml R848 
for 16 h. Accumulation of HIF-1a protein and its mRNA levels 
were measured by western blot and RT-PCR, respectively. In 
addition, caspase 3 activity, the concentration of intracellular 
ATP and IL-6 production were also measured. The levels of ATP 
assayed were normalised against the amount of protein in the 
respective samples and expressed in % control (the amount of 
ATP in non-treated THP-1 cells was calculated as 100%). The 
absolute values representing the quantities of the IL-6 released 
are expressed in ng. TLR7/8 levels were also monitored. (B) To 
verify that the siRNA used could attenuate expression of HIF-1a 
protein induced by the known stabiliser cobalt chloride, we per-
formed a similar exposure of the normal and HIF-1a knockdown 
THP-1 cells to 50 μM CoCl2. Accumulation of HIF-1a protein 
and its mRNA levels were measured by western blot and RT-
PCR, respectively. Actin staining was used as a protein loading 
control in all western blot experiments. Digital data are mean 
values ± SD of at least four individual experiments. *P < 0.01 vs 
control. All western blot and RT-PCR data are from one experi-
ment representative of three that gave similar results. Results 
of densitometric analysis of the western blot data are expressed 
as mean values ± SD, where n = 3; *P < 0.01 vs control.
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THP-1 cells compared with normal cells when treated 
with R848. Time-dependent depletion of ATP in THP-
1 knockdown cells was obvious. Treatment of THP-1 
knockdown cells with extracellular ATP restored ATP 
levels, and also reversed the effects listed above, leading 
to restoration of IL-6 and TNFa production and an at-
tenuation of caspase-3 activity (Figure 7). This suggests 
that HIF-1a is critical for the protection of THP-1 cells 
against TLR7/8-induced depletion of ATP, which might 
support cell survival and the production of pro-inflam-
matory cytokines IL-6 and TNFa.       

 
Discussion

Inflammatory reactions induced by ssRNA viruses via 
TLRs 7 and 8 lead to cellular stress, which is associated 
with activation of dozens of ATP-dependent enzymes. 
This increases consumption of available oxygen and 
makes the effector leukocytes dependent on glycolysis 
[1, 21]. However, the basic biochemical mechanisms 
involved in survival of these cells are not clear. In this 

study we have investigated a possible role for HIF-1a 
protein in cellular adaptation to stress and production of 
pro-inflammatory cytokines during TLR7/8 signaling. 

First of all, we asked whether ligand-induced TLR7/8 
downstream pathways lead to the accumulation of HIF-
1a protein. It was found that both R848, the synthetic 
ligand of TLR7/8, and the uridine-rich fragment of the 
HXB2 region of HIV-1 induce accumulation of HIF-1a 
protein in THP-1 human myeloid macrophages. This cor-
related with an increase in the mRNA and DNA-binding 
activity of HIF-1a in these cells, suggesting that TLR7/8 
downstream signaling induces expression/accumulation 
of transcriptionally active HIF-1a. 

Using pharmacological inhibitors we have shown the 
involvement of Nox-derived ROS as well as RNS in 
TLR7/8-induced accumulation of HIF-1a protein (see 
Results). During TLR7/8 signaling, Nox gets activated in 
the following way. Bruton’s tyrosine kinase (Btk) as well 
as other tyrosine kinases stimulate recruitment of MyD88 
adaptor proteins required for TLR7/8 downstream sig-
naling [22]. In addition, Btk and other tyrosine kinases 

Figure 7 Dynamics of R848-induced changes in IL-6 and TNFa production, ATP levels and caspase 3 activity in normal 
and HIF-1a knockdown THP-1 cells in the absence or presence of extracellular ATP. Normal (◆) and HIF-1a knockdown (in 
the absence (□) and presence (△) of extracellular ATP) THP-1 cells were exposed to 0.1 μg/ml R848 for 2, 4, 8 and 16 h. 
Release of IL-6 and TNFa, concentration of intracellular ATP and activity of caspase 3 were analysed. The levels of ATP as-
sayed were normalised against the amount of protein in the respective samples and expressed in % control (the amount of 
ATP in non-treated THP-1 cells was calculated as 100%). The absolute values representing the quantities of the cytokines 
released are expressed in ng. Digital data are mean values ± SD of at least four individual experiments.  *P < 0.01 vs control.
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activate PI-specific PLC-1g known to release DAG and 
PI, which increases the intracellular Ca2+ concentration 
[13, 16]. Both DAG and Ca2+ activate PKCa/b known to 
phosphorylate the p47phox subunit of Nox [16, 17], lead-
ing to its activation and subsequent ROS production. 
Inhibiting each step of this pathway and NAC-dependent 
scavenging of ROS attenuated both R848-induced ROS 
production and accumulation of HIF-1a. Similarly, 
NMMA-dependent inhibition of RNS production also 
affected stabilisation of HIF-1a during R848-induced 
TLR7/8 signaling. In contrast, ROS but not RNS has 
been previously reported to be involved in the accumula-
tion of HIF-1a during LPS-induced TLR4 downstream 
signaling [6]. In the latter case HIF-1a protein had to be 
phosphorylated by p38 MAP kinase, which was activated 
in an ASK1-dependent manner. Using the dominant-
negative form of ASK1 and SB203580 (a specific inhibi-
tor of p38), we have shown that this pathway does not 
influence TLR7/8-dependent accumulation of HIF-1a 
protein. Thus, TLR4 and TLR7/8 appear to utilize differ-
ent mechanisms for HIF-1a accumulation. 

The PI3 kinase-downstream pathway, which in theory 
could influence expression/accumulation of HIF-1a, did 
not in any way affect the stabilisation induced by R848 
in a TLR7/8-dependent manner. 

The activation of Nox appeared to occur via varying 
mechanisms at the early vs the later stages of R848-in-
duced TLR7/8 signaling. Genistein, U73122 and Gö6983 
all caused a severe reduction in HIF-1a levels during the 
early stages of TLR7/8 signaling, but had a much milder 
effect on HIF-1a levels later on. In contrast, the inhibi-
tion of IRAK1/4, which were recently reported to phos-
phorylate p47phox and therefore to activate Nox [12], was 
found to attenuate R848-induced ROS production/HIF-
1a accumulation at later stages of TLR7/8 signaling, but 
had absolutely no effect early on. This implies that the 
Btk-PLC-1g-PKCa/b pathway is needed for p47phox acti-
vation at the early stages of R848-induced TLR7/8 sig-
naling, but at later stages IRAK1/4 activation of p47phox 
becomes more crucial.

The experiments with HIF-1a knockdown (achieved 
with the help of specific siRNA) THP-1 cells clearly 
demonstrated that HIF-1a protein is critical for protec-
tion of the cells against R848-induced TLR7/8-depen-
dent depletion of ATP and therefore against programmed 
death. This protection was found crucial for production 
of IL-6 and TNFa. When the level of ATP was restored 
by application of extracellular ATP, HIF-1a knockdown 
did not affect cell survival (as based on the results of the 
caspase 3 assay) or production of IL-6/TNFa. These data 
correspond to recent findings concerning the role of HIF-
1a protein in LPS-induced TLR4-mediated responses 

[11]. Therefore, one could possibly conclude that both 
membrane-associated (TLR4) and endosomal (TLR7/8) 
TLRs induce accumulation/activation of HIF-1a protein 
although different mechanisms are employed. This accu-
mulation might be important for the support of cell sur-
vival as it protects the effector cells against depletion of 
ATP, and might thus contribute to the production of pro-
inflammatory cytokines. 

Materials and methods

Materials
Medium, fetal calf serum and supplements, caspase 3 colori-

metric assay kit, DOTAP transfection reagent, enhanced avian HS 
RT-PCR kit, GenEluteTM mammalian total RNA miniprep kit, and 
all pharmacological kinase/phosphatase inhibitors, HIF-1a-specif-
ic siRNA and the uridine-rich ssRNA fragment of the HXB2 re-
gion of HIV-1 (the sequence is UUG UUA AGU GUU UCA AUU 
GU [23]) were purchased from Sigma (Suffolk, UK). MaxisorpTM 
microtitre plates were obtained from Nunc (Roskilde, Denmark). 
The ELISA-based assay kit for detection of IL-6 was bought from 
R&D Systems (Abingdon, UK). Mouse monoclonal antibody to 
HIF-1a, mouse monoclonal antibody to TLR7, rabbit monoclonal 
antibodies to ASK1 and TLR8, mouse monoclonal antibody to b-
actin, as well as rabbit polyclonal HRP-labelled antibody to mouse 
IgG and goat polyclonal HRP-labeled antibody to rabbit IgG were 
from Abcam (Cambridge, UK). All other chemicals were of the 
highest grade of purity and commercially available.

Cell culture
THP-1 human leukemia monocytic macrophages were pur-

chased from the European Collection of Cell Cultures (Salisbury, 
UK). Cells were grown in RPMI 1640 media supplemented with 
10% fetal calf serum, penicillin (50 IU/ml) and streptomycin sul-
phate (50 μg/ml). 

Plasmids
The plasmid encoding hemagglutinin (HA)-tagged human 

ASK1 with kinase-dead domain (dominant-negative form), ASK1-
KM, was a kind gift of Professor Ichijo (University of Tokyo, To-
kyo, Japan). The plasmid was amplified in Escherichia coli XL10 
Gold® (Stratagene Europe, Amsterdam, The Netherlands) and 
purified using GenEluteTM plasmid purification kit according to the 
manufacturer’s protocol. Purified plasmids were transfected into 
THP-1 cells using DOTAP transfection reagent according to the 
manufacturer’s protocol.

Transfer of ssRNA fragment and HIF-1a siRNA to THP-1 
cells

siRNA specific to HIF-1a was selected as described before 
[24]. siRNA as well as the ssRNA fragment were transfected into 
THP-1 cells using DOTAP transfection reagent [11] according to 
the manufacturer’s protocol.

Western blot analysis
HIF-1a, TLR7 and TLR8 proteins were detected by western 

blot analysis. Briefly, 100 mg of cell lysate proteins were added 
to the same volume of 2× sample buffer (125 mM Tris-HCl, 2% 
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SDS, 10% glycerin, 1 mM DTT, 0.002% bromophenol blue, pH 
6.9) and boiled for 5 min. Proteins were resolved on 7.5% SDS-
polyacrylamide gels and blotted to nitrocellulose membrane. 
Molecular weights were calibrated in proportion to the running 
distance of rainbow markers. Transblots were washed twice with 
Tris-buffered saline (TBS, 50 mM Tris-HCl, 140 mM NaCl, pH 
7.3) containing 0.1% Tween 20 before blocking unspecific binding 
with TBS plus 5% skim milk for 1 h. The primary antibody diluted 
with TBS plus 5% milk was added and incubated for 60 minutes 
at room temperature. Afterwards, nitrocellulose membranes were 
washed five times for 15 min with TBS containing 0.1% Tween 
20. For protein detection, blots were incubated with the respective 
secondary antibodies conjugated with horseradish peroxidase 
(1:1 000 in TBS plus 5% milk) for 60 min, followed by ECL de-
tection. The western blot data for HIF-1a protein were analysed by 
densitometry and normalised against the respective levels of actin. 

Determination of HIF-1 DNA-binding activity
HIF-1 DNA-binding activity was measured by a method simi-

lar to the one described recently with our modifications [6, 8]. A 
96-well MaxisorpTM microtitre plate was coated with streptavidin 
and blocked with BSA as described before. A volume of 2 pmol/
well biotinylated 2HRE-containing oligonucleotide was immobi-
lised by 1 h incubation at room temperature. The plate was then 
washed five times with TBST buffer (10 mM Tris-HCl, pH 8.0, 
150 mM NaCl, 0.05% Tween-20), followed by 1 h incubation 
with 20 μl/well of cell lysate at room temperature.  The plate was 
again washed five times with TBST buffer and mouse anti-HIF-
1a antibody(1:1 000 in TBS plus 2% BSA) was added. After 1 h 
of incubation at room temperature the plate was washed five times 
with TBST buffer and incubated with 1:1 000 HRP-labelled rab-
bit anti-mouse IgG in TBST buffer. After extensive washing with 
TBST, the bound secondary antibody was detected by the peroxi-
dase reaction (ortho-phenylenediamine/H2O2, Kem-En-Tek Di-
agnostics, Copenhagen, Denmark). The reactions were quenched 
after 10 min with an equal volume of 1 M H2SO4 and the colour 
development was measured in a microplate reader as the absor-
bance at 492 nm. DNA-binding activity of HIF-1 was calculated 
as a percentage of the value obtained when analysing lysates of 
non-treated cells (control). 

Measurement of HIF-1a and VEGF mRNA by RT-PCR
Total RNA was isolated using GenEluteTM mammalian total 

RNA miniprep kit, followed by HIF-1a mRNA reverse tran-
scriptase-polymerase chain reaction (RT-PCR) [6, 25]. Primer 
selection was as follows: HIF-1a, 5′-CTC AAA GTC GGA CAG 
CCT CA-3′, 5′-CCC TGC AGT AGG TTT CTG CT-3′; VEGF, 
5′-GTA TAA GTC CTG GAG CGT-3′, 5′-CTC GGA GGG AGT 
CCC AAA-3′; actin, 5′-TGA CGG GGT CAC CCA CAC TGT 
GCC CAT CTA-3′, 5′-CTA GAA GCA TTT GCG GTC GAC GAT 
GGA GGG-3′. Amplification program was as follows: 95 °C, 30 s; 
56 °C, 30 s; 72 °C, 1 min; 20 cycles; 72 °C, 10 min. Products were 
separated on 2% agarose gels and visualized with ethidium bromide.

Measurement of caspase 3 activity 
The activity of caspase 3 was assayed by the colorimetric 

method based on the hydrolysis of the peptide substrate acetyl-
Asp-Glu-Val-Asp-p-nitroanilide (Ac-DEVD-pNA) according to 
the manufacturer’s protocol.

Detection of ROS and RNS generation
Generation of ROS was analysed by luminol-dependent chemi-

luminescence as described before [26]. RNS production was de-
tected by the Griess assay [27].

Detection of intracellular ATP
This was analysed using a luminometric kit (Sigma) according 

to the manufacturer’s protocol. 

Measurement of IL-6 and TNFa production
Production of IL-6 and TNFa by THP-1 cells were analysed by 

ELISA using R&D kits according to the manufacturer’s protocols.

Cell viability assay
Viability of THP-1 cells was detected using the MTS cell viability 

assay kit (Promega) according to the manufacturer’s protocol. 

Statistical analysis
Each experiment was performed at least three times and statis-

tical analysis was done using the two-tailed Student’s t-test. The 
statistical probability (P) was expressed as *P < 0.01. The normal 
distribution of data was checked.
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