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ABSTRACT

BACKGROUND Activated macrophages require increased oxygen to destroy foreign
bodies, leading to an increase in the levels of reactive oxygen species (ROS). Therefore,
macrophages would experience hypoxic and oxidative stress conditions at the
same time. Thus, this study was aimed to evaluate the mechanism of the activated
macrophages to overcoming this dual condition.

METHODS The activated macrophages were harvested from the intraperitoneal
cavities of 18 BALB/c mice immunized with 2% sheep red blood cells (SRBCs). The
macrophage suspension was divided into four groups: control, 24, 48, and 72 hours
after-immunization groups. The expressions of hypoxia-inducible factor (HIF)-1a,
HIF-2a, and cytoglobin (Cygb), as markers for hypoxic condition, were measured by
quantitative reverse transcription polymerase chain reaction (qRT-PCR) and enzyme-
linked immunosorbent assay (ELISA), whereas peroxisome proliferator-activated
receptor gamma coactivator (PGC-1a) protein as a marker for mitochondrial biogenesis
and aerobic metabolism was measured with ELISA. The analysis of oxidative stress was
conducted with the water-soluble tetrazolium salt test.

RESULTS The HIF-1a mRNA expression was the highest at 24 hours, whereas the HIF-
200 MRNA showed no increased expression during the observation. The Cygb mRNA
decreased after 24 hours. The highest expressions of HIF-1a and HIF-2a proteins were
detected at 72 hours, whereas the Cygb protein expression increased since 24 hours.
The PGC-1a protein expression increased at 72 hours. The WST test showed the highest
ROS level at 24 hours.

CONCLUSIONS The macrophages were activated by SRBCs underwent dual hypoxia
and oxidative stress condition simultaneously to overcome the foreign bodies.
The macrophages overcame these stress conditions by increasing their aerobic
metabolism.
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Macrophages are the cells involved in the immune
response and are widespread in various tissues, including
the peritoneum." Macrophages play an important
role in the antigen destruction through oxygen burst
and phagocytosis. Macrophages are important in the
antigen-presenting process to lymphocytes.? Therefore,
macrophages are essential to connecting the innate and
adaptive immunities. Macrophages engulf and destroy
foreign bodies, such as bacteria, into phagosomes.?

The foreign bodies will be destroyed by oxidation and
hydrolysis. The oxidation of foreign bodies requires
reactive oxygen species (ROS) in the form of anion
superoxide, which will be converted by hydrogen
peroxide. The peroxide will be transformed into
hypochlorous acid (HOCI), which acts directly on foreign
macromolecules.* For this objective, macrophages need
large quantities of oxygen. The phagosomes will fuse
with the lysosomes, which contain hydrolase enzymes
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that can destroy the foreign body macromolecules.
Lysosomes contain a variety of enzymes, such as
esterases, glucuronidases, glycosidases, cathepsins,
ribonucleases, and deoxyribonucleases.’

On the other hand, the macrophages will synthesize
and secrete various types of protein that act as
cytokines. All these processes require a large amount of
oxygen, which cannot be provided through the existing
general mechanism of cells. This condition causes the
cells to undergo relative hypoxia.® To overcome this
condition, the cells are equipped with transcription
factors, i.e., hypoxia-inducible factors (HIFs). HIFs
exist in three forms: HIF-1, HIF-2, and HIF-3.” Each factor
consists of two subunits: a and B. The a subunit is
specific for a type of HIF, whereas the  subunit is the
same for all HIF types. HIF-1 and HIF-2 are widely studied,
whereas the role of HIF-3 remains unclear.

In cells, the entering oxygen should be distributed
properly, especially to the organelles, i.e., mitochondria,
which consume this molecule in large quantities.
Oxygen can only enter the cells in the form of a complex
with another molecule. This form is realized by a
special protein, the hemoglobin (Hb), which is found
in erythrocytes. Since long ago, an extra erythrocyte
type of Hb, i.e., myoglobin, was found in all type of
striated muscles. Early in this century, the second type
of extracellular Hb, neuroglobin (Ngb), was detected
in the brain. After several years, the third type of extra
erythrocyte Hb, cytoglobin (Cygb), was discovered. This
protein is found in practically all cells other than the
striated muscles and the nervous system.® Supposedly,
Cygb captures the O, released by erythrocyte Hb and
transfers the molecule to the mitochondria. Several
studies suggested that HIF1 can upregulate the
expression of the mRNA and protein of Cygb.?

Activated macrophages require increased oxygen
levels to destroy foreign bodies, leading to an increase
inROS.™Therefore, the macrophages would experience
hypoxic and oxidative stress conditions at the same
time. To date, limited evidence proves this dual
condition. Thus, this study was aimed to evaluate the
mechanism of activated macrophages in overcoming
the dual hypoxic and oxidative stress condition.

METHODS

Animals
The BALB/c mice were obtained from the
Primate Study Center, IPB, Bogor and acclimated in
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the laboratory conditions for 2 weeks and fed with
standard diet ad libitum. A total of 24 male mice were
divided randomly and equally into four groups. The
first was the control, non-immunized group. The
second, third, and fourth groups were immunized with
sheep red blood cells (SRBCs), and their peritoneal
macrophages were harvested 24, 48, and 72 hours
after immunization, respectively. All the protocols in
this study were reviewed and agreed by the Research
Ethical Committee of Faculty of Medicine, Universitas
Indonesia number 292/UN2.F1/ETIK/2016.

Immunization method

The SRBCs were used as antigens and obtained
from the Department of Microbiology FMUI. The SRBCs
were collected from sheep by jugular vein function. The
SRBCs were placed in acid citrate dextrose. The blood
collected was centrifuged at 1,000 g for 10 min. The
buffy coat containing leukocytes was removed, and
the remaining SRBCs were washed thrice extensively
with 0.9% NaCl. The 2% SRBC suspension was prepared
in normal saline, and 0.2 ml of this suspension was
injected intraperitoneally to each mouse, except the
control group.

Macrophage separation

To collect the intraperitoneal macrophages, each
mouse was injected intraperitoneally with 5 ml cold
phosphate-buffered saline (PBS). This operation was
conducted after euthanasia of the corresponding mice
by cervical dislocation. After injection, the abdominal
wall was massaged gently, and the peritoneal cells
were collected by aspiration of the cold PBS within
the peritoneal cavity with Pasteur pipettes. The
collected cells were centrifuged at 176 g (1,500 rpm).
The supernatant was discarded, and the precipitated
cells were resuspended in 1 ml PBS. The number of
cells in the suspension was counted with the improved
Neubauer chamber. The macrophages were separated
from the other cells by the adherence method.™*

Phagocytosis experiment

A total of 200 macrophages in Roswell Park
Memorial Institute medium were plated on cover
slips placed within 5 cm diameter of the Petri dishes,
followed by the addition of 3 pl lipopolysaccharides
(LPS). After 30 min of incubation, the SRBCs were
added in proportion of 10 cells for each macrophage.
All the mixtures in the Petri dishes were incubated in a
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moisture chamber at 37°C for 30 min. After this period,
the cover slips were removed from the Petri dish and
dried in air, followed by methanol fixation. The cover
slips were stained with 3% Giemsa staining solution for
15 min and washed by distilled water. The cover slips
were mounted on the object glass and examined
under the microscope with 400 maghnifications.

Water-soluble tetrazolium salt (WST) assay

The WST assay was used to calculate the
concentration of superoxide anion. The macrophage
monolayer in the microtube was overlaid with 1 ml
Hank’s solution, followed by the addition of 2 pl WST.
This step was followed by an incubation period of 4 h at
room temperature. Then, the supernatant was removed
and used to determine the WST reduction by reading
the optical density (OD) with a spectrophotometer at
450 nm against distilled water as the blank. A higher OD,
as obtained in the absorbance reading, was associated
with higher amounts of WST reduction and thus of
superoxide anions generated by the macrophages.

Reverse transcription polymerase chain reaction (RT-
PCR)

The HIF-1a, HIF-2a, and Cygb mRNA expressions
were measured using RT-PCR method. The reagents
needed included the primer, RNA, KAPA SYBR Fast,
and nuclease-free water. The principle of RT-PCR is
converting mRNA into cDNA and then replicating the
cDNA via PCR cycles that have been set. Table 1 presents
the primer sequences used in this study. B-actin, HIF-1a,
and HIF-2a primers were designed using NCBI.

The mRNA was isolated from the macrophages
after 2 cycles of freezing and thawing in 0.5 ml
microtube, followed by the addition of 0.8 ml TriPure
Isolation Reagent (Roche). Then, the RNA was isolated
according to the procedure described in the manual
included in the kit. The relative expressions of mRNAs
were realized using real time RT-PCR (EcoSains). Each
reaction mixture contained 5 pl KAPA SYBR Fast
master mix, 0.2 pl KAPA-RT mix, 0.2 pl forward primer,
0.2 pl reverse primer, RNA template (equivalent to 100
ng RNA), and nuclease-free water, achieving a total
volume of 10 pl.

The PCR reaction was conducted using KAPA
SYBR Fast One-Step qRT-PCR kit. According to the
procedure, cDNA was synthesized at 42°C for 5 min
and KAPA RT mix inactivated at 95°C for 5 min. The PCR
cycles and detection (45 cycles) lasted for 10 s at 95°C,
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Table 1. Primer sequences used for PCR

Gene Primer
B-actin F: 5'—~CTA AGG CCA ACC GTG AAA AG-3’

R: 5'-ACC AGA GGC ATA CAG GGA CA-3’
HIF-1a F: 5'—~GCA CTA GAC AAA GTT CAC CTG AGA-3’

R: 5'—~CGC TAT CCA CAT CAA AGC AA-3’
HIF-2a F: 5'—~CTC CAG GAG CTC AAA AGG TG-3’

R: 5'-CAG GTA AGG CTC GAA CGA TG-3'
Cygb?® F: 5'—~CGC AGC CTA CAA GGA AGT G-3’

R: 5'-CCT GAA GAG GGC AGA GTG G-3’

HIF=hypoxia-inducible factor; Cygb=cytoglobin

40 s at 52-54°C, and 30 s at 72°C. Melting curve analysis
was conducted for 15 s at 95°C, 15 s at 55°C, and 15 s
at 55°C. Then, the samples were incubated for 2 min
at 50°C. The PCR reaction was performed in duplo for
each sample using nuclease-free water as the negative
control.

Enzyme-linked immunosorbent assay (ELISA)

The protein expressions of HIF-1a, HIF-2a, Cygb,
and PGC-1a were assayed by Mouse Elabscience ELISA
Kit (China). The assays were performed according to
the sandwich ELISA principle. The micro ELISA plate
provided by the producer has been pre-coated with
specific antibodies for each protein. A total of 100 pl
standard or sample was added to each pre-coated
well and incubated for 9o min at 37°C, followed by the
addition of detection antibodies labeled with biotin for
each protein. Another incubation was performed for 1
h at 37°C, followed by three washes with a washing
buffer. The avidin-horseradish peroxidase conjugate
was added to each well and incubated at 37°C for 30
min. After five serial washings with the same buffer,
90 pl substrate solution was added to each well.
After 15 min of incubation in the same condition,
50 pl stop solution was added, and the color of the
samples turned yellow. The ODs were measured
spectrophotometrically at a wavelength of 450 nm.
The concentrations of proteins were calculated by
extrapolation of the obtained OD from the standard
curve.

Statistical analysis

Statistical analysis was performed using
statistical package for the social science (SPSS)
version 20.0 software. The distribution of all data



Figure 1. Phagocytosis by macrophages: (a) Macrophages
began to engulf SRBC; (b) SRBC in the macrophages

was examined for homogeneity (Levine test) and
normality (Shapiro-Wilk test), followed by analysis
of variance and post-hoc test (parametric) or by
Kruskal-Wallis and Mann-Whitney U test (non-
parametric).

RESULTS

Phagocytosis experiment

The phagocytosis experiment showed that the
activated macrophages interacted with the SRBCs
acting as antigen. LPS was administered in this
experiment to increase macrophage activity. As shown
in Figure 1a, after 15 min of incubation, the macrophage
membrane began to bind to the SRBC membrane.
Furthermore, after prolonged incubation, the SRBCs
were compartmentalized in the macrophages (Figure
1b).

mRNA expressions of HIF-1a, HIF-2a, and Cygb
Figure 2 presents the HIF-1a mRNA expression.
The HIF-1a mRNA expression slightly increased at 24

18 o HiE-10 mRNA

1.4 1 M HIF-2a mRNA
1.2 1 [l Cygb mRNA

0.8 1
0.6 1
0.4+
0.2 4

Control 24 hours 48 hours 72 hours
Figure 2. Relative expression of HIF-1a, HIF-2a, and Cygb
mRNA in peritoneal macrophages of immunized BALB/c mice

*(p<0.005 compared with the control group)
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hours after immunization and then decreased after 48
and 72 hours. No difference was observed between
the immunization groups and the control group.
Figure 2 also shows the HIF-2a mRNA expression. The
HIF-2a mRNA expression decreased at 24, 48, and 72
hours after immunization compared with the control
groups. No significant difference was noted between
the immunization and control groups. Figure 2 displays
the Cygb mRNA expression. The expression of Cygb
mRNA decreased significantly at 48 and 72 hours after
immunization compared with the control (p=0.000).

HIF-1a, HIF-2a, Cygb, and PGC-1a protein levels

Figure 3 presents the HIF-1a protein expression.
The figure shows that the protein levels were low at
24 hours after immunization but then increased after
48 and 72 hours (p=0.000). Figure 3 shows the HIF-2a
protein expression. The level of this protein was low
at 24 hours but then increased after 48 and 72 hours
(p=0.035). Figure 3 also displays the Cygb protein
expression. Compared with the control, the level of
Cygb protein increased after 24, 48, and 72 hours,
with the highest level observed at 72 hours after
immunization (p=0.010). Figure 3 also presents the
PGC-1a protein expression. The level of this protein
was low at 24 hours but increased at 48 and 72 hours
(p=0.006).

Superoxide anion concentration

Figure 4 shows the OD results of WST reduction
at o0, 24, 48, and 72 hours after immunization. The OD
value represents the concentration amount of the
superoxide anion. The highest amount of superoxide

3.5

B HIF-1a protein *
3 HIF-2a protein
Cygb protein
55| ECyebp

[l PGC-1a protein

24 hours 48 hours 72 hours

Control

Figure 3. HIF-1a, HF-2a, Cygb, and PGC-1a protein in peritoneal
macrophages of immunized BALB/c mice *(p<0.005
compared with the control group)
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1.2
[l WST reduction

*
*
*
0.8
0.6
0.4 4
0.2 4
0 T T :

Control 24 hours 48 hours 72 hours

Figure 4. WST reduction by superoxide anions generated
by the peritoneal macrophages of immunized BALB/c mice
*(p<0.005 compared with the control group)

anion was observed at 24 hours after immunization.
The level of superoxide anion decreased after 48 and
72 hours, but the level was still higher than that of the
control group.

DISCUSSION

Active phagocytic cells exhibit a sharp increase
in respiration, an event called the respiratory burst."
Oxygen is needed to destroy the phagocytosed foreign
bodies. As the oxygen supply is still the source, when
a sudden increase in oxygen is needed, the phagocytic
cells are in relative hypoxia. As indicated by Semenza
et al,” the hypoxia state will be overcome at the gene
level by the activity of a number of genes necessary to
combat the situation. A transcription factor, i.e., HIF-1
was proven indispensable to regulating the genes. On
the other hand, oxygen is converted into certain ROS,
such as 0., H,0,, and ClO.. All these compounds pose
danger but are needed to destroy the foreign bodies.
Thus, the phagocytes themselves are threatened by
their own ROS production. Therefore, to avoid failure,
the phagocytes should undergo a process called
oxygen burst.

The macrophages activated by SRBCs will engulf
foreign bodies through oxidation and hydrolysis in
phagosomes. In this study, the WST test provided
high absorbance not only after 24 hours but also in the
next 2 days. This condition indicates that the oxygen
burst process was still in progress, finally triggering
a hypoxic condition. Babior reported that peritoneal
macrophages can produce superoxide anion 2 and 3
days afterisolation." The oxygen burst usually occurred
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in the first 1to 24 hours after. The positive WST reaction
in this period indicated the formation of ROS in the
form of superoxide anion. This radical is formed by
the reduction of oxygen by nicotinamide adenine
dinucleotide phosphate (NADPH), which is catalyzed
by the membrane-bound enzyme NADPH oxidase.™

As a radical, superoxide anion shows no high
reactivity and is immediately converted into hydrogen
peroxide by superoxide dismutase, which is found
in the cytoplasm.®” The product, H,0,, is relatively
non-hazardous except in the presence of a free iron
(Fe**/Fe3*). The active macrophages and granulocytes
contain another enzyme that reduces H O, with CI/I.
The enzyme, myeloperoxidase, produces a very potent
oxidant, that is, a hypochlorite (OCl) or hypoiodic
(OI) molecule. In this manner, the macrophages can
kill microorganisms. Therefore, in this study, oxygen
demand was still high at 24 hours after immunization
as macrophages require energy and antimicrobial
substances to kill foreign bodies. However, the free
radicals were generated as the increased oxygen
demand can stimulate the expression of HIF-1a.®
This finding can explain the higher level of mRNA.
However, in this period, the macrophages also actively
synthesized and secreted several cytokine proteins.

All these processes need high energy, which
can only be provided by increasing the energy
metabolism. The high level of HIF-1a protein could
also be caused by the inhibition of HIF-1a degradation.
Normally, in the oxygen-sufficient conditions, HIF-1a is
oxidized by prolyl hydroxylase domain (PHD), followed
by degradation through the ubiquitin-protease system.
However, in this case, although given the high level
of oxygen, the macrophages remained in hypoxia
conditions. This condition is a mechanism of adaptation
to the oxygen burst process, which still occurred at 24
hours after immunization as evidenced by the WST test
at 48 and 72 hours after immunization. However, the
higher level of HIF-1a proteins not necessarily resulted
from the presence of ROS or decreased hydroxylation.
The ROS also led to PHD inactivation via the oxidation
of ferrous iron in the catalytic domain, resulting in HIF-a
accumulation.’°

In the more later period (48 and 72 hours), the
levels of HIF-1a and HIF-2a were still high despite the
low mRNA level of both proteins. This finding indicates
that the hypoxic conditions still persisted owing to
the still high levels of both HIFs. Both HIFs were not
synthesized de novo, as indicated by the low level



of correspondence mRNA. In this later period, the
macrophages began to engage in adaptive immunity.
At the same time, the antigen processed was
presented at the surface of the cell membrane in the
major histocompatibility complex Il to the appropriate
lymphocytes. The macrophages must synthesize
several cytokine proteins in a high-energy-consumption
process. When the macrophages are activated by
foreign bodies or antigens, they secrete cytokines,
such as tumor necrosis factor, interleukin (IL)-1, IL-
6, IL-8, and IL-12.*> In another study, the secretion
of cytokines involved mitochondrial activities.” As is
known, the high energy needed to be represented
by ATP can only be fulfilled by aerobic metabolism,
which needs oxygen and mitochondria as the site of
the aerobic metabolism. This condition means that the
macrophages require a type of molecule that can store
and release oxygen. The need for such molecule is
indicated by the presence of Cygb, which was detected
in high levels during the observation period. This study
has shown that Cygb is also under the control of HIF-
10.%

PGC-1a is reported as a marker of biogenesis of
mitochondria.?* In our observation, the level of PGC-
1 was lower than that of the control at 24 hours and
was much higher in the later period. We cannot explain
why no biogenesis of mitochondria occurred in the 24
hours period despite the oxygen burst. However, the
mechanism of high uptake of oxygen in the oxygen
burst is totally independent of mitochondrial function.
The uptake mechanism is facilitated by the membrane-
bound NADPH oxidase.” In the later period, the WST
value was still high, and such finding was mainly
caused by the active mitochondria. The WST positive
reaction, which is based on the reduction, can be
also caused by the active mitochondria, especially by
specific intramitochondrial dehydrogenases.”>*® The
high level of PGC-1 itself also indicated the need for
higher aerobic metabolism as the PGC-1a is @ marker
of the biogenesis or formation of new mitochondria.
This study indicated that during an immune response,
the macrophages underwent two types of stresses,
i.e., hypoxia and oxidative stress. Both conditions need
highly fine regulation and support from antioxidant
and prooxidant substances. Such finding means that
in any immune response, immunization, or infection,
the subject needs appropriate nutrition support, which
includes the antioxidant and prooxidant nutrition.
This study is specific for peritoneal macrophages, that
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is, not all macrophages originated from all the tissues.
Therefore, this study would provide better results if
the macrophages were examined elsewhere, such as
the lymphoid tissue. In addition, tissues that are always
exposed to foreign objects, i.e., the lung tissues, also
need to be examined, because they contain lung
macrophages. Moreover, the lung tissues are very
important as an entry point of tuberculosis and other
airborne infectious diseases.

Conclusions

In general, this experiment suggests that the
macrophages activated by SRBCs experience dual
hypoxia and oxidative stress conditions to overcome
the foreign bodies. The macrophages overcome
these stress conditions by increasing their aerobic
metabolism.
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