
Abstract. Macrophages have multiple functions in both
inhibiting and promoting hepatocarcinogenesis, which are
dependent on their phenotypes. Thus, we were interested in
clarifying the ‘training’ proinflammatory effects exerted by
barley β-glucan (BBG) on monocyte-derived macrophages
from patients with hepatocellular carcinoma (HCC-Mfs).
After isolation and differentiation HCC-Mfs were treated
with different concentrations of BBG and functional assays
were then conducted after 24 h, and 3 and 5 days of
incubation. The release of reactive oxygen species, arginase
concentration and cell morphology were analyzed. Under the
influence of BBG neoplastic cells slightly elongated and
dendric-like filopodia were observed. In HCC-Mfs, the
significant generation of NO and O2–. was seen on days 3
and 5 of culture, concomitantly with significant depletion
(p<0.05) of arginase activity. In summary, we showed that
HCC-Mfs, ‘trained’ in a BBG microenvironment keep a
highly dynamic plasticity, together with their pro-
inflammatory polarization, expressed by reactive oxygen
species and reactive nitrogen intermediates (RNI)
augmentation.

Differently from irreversible phenotypic changes seen in
lymphocytes after exposure to polarizing cytokines,
macrophage polarization is transient and plastic. In order to
adapt to the microenvironmental conditions of surrounding
tissues, macrophages are able to rapidly switch their
phenotypes. Therefore, exploring the dynamic process of
macrophage polarization and the mechanisms that govern
this process is not only important for our understanding of

macrophage polarization but may also provide new
therapeutic strategies for various diseases including cancer
(1). Hepatocellular carcinoma (HCC) is currently the fifth
most common solid tumor worldwide. It is also the fourth
leading cause of cancer-related deaths (2). Most patients with
HCC suffer from coexisting cirrhosis, which is the major risk
factor, and correlated with hepatitis B or C virus infection
(2). Diethylnitrosamine (DEN) is an experimental
hepatocarcinogen found in a variety of products to which
humans may also be exposed, including tobacco smoke,
meat, and whiskey (3, 4). Although much is known about the
etiological agents of HCC, the cellular and molecular
pathogenesis is not well understood. Moreover the effective
therapy of this cancer is not exist and only palliative
treatments can be offered (5).

In the tumor microenvironment, innate immune cells,
represented by macrophages can be polarized by many
stimuli. Two distinct polarization states have been described
for macrophages: the M1 classically activated and M2
alternatively activated macrophage. The M1 phenotype is
proinflammatory and is characterized by the release of
inflammatory cytokines, reactive nitrogen intermediates
(RNI), reactive oxygen species (ROS) and microbiocidal/
tumoridical activity (6). In contrast, M2 macrophages have
an immunosuppressive and tumor-promoting phenotype. One
novel strategy during tumor therapy is to prevent M2
polarization or reorientate M2-derived tumor-associated
macrophages to the M1 phenotype.

Using an in vitro approach, some authors demonstrated that
short priming of monocytes with β-glucan (contain mixed-
linkages with 1,3- and 1,4 β-D-glucopyranose polymers)
induces trained immune cells that are characterized by an
enhanced inflammatory status (7, 8). Moreover, barley-derived
β-glucan (BBG) binds to dectin-1 to exert immunostimulatory
effects and might be applied in immunotherapy as a potent
nontoxic immunostimulator (8). Thus, in our preliminary
experiment we assessed the ‘training’ effects exerted by BBG
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on monocyte-derived macrophages in vitro under control and
neoplastic conditions. In order to obtain a full representation
of our findings, the study was conducted on macrophages
obtained from cells isolated from blood of healthy individuals
and patients with HCC, and then compared with those from a
rat DEN-induced model of neoplasia.

Materials and Methods
Human monocyte isolation. The study was approved by the Local
Bioethics Committee (no. KE-0254/329/2015) and participants gave
their written informed consent. Six patients with HCC and six
without HCC had been randomly selected from patients admitted to
the Gastroenterology Clinic of Public University Hospital No 4 in
Lublin from Jan to May 2016. The patients with HCC patients were
classified with class B disease (7-9 points), based on the Child-Pugh
score. Human peripheral blood from healthy male donors and
patients with HCC was drawn by venapuncture in EDTA-coated
tubes. The mononuclear cell fraction was isolated by density-
gradient centrifugation using Lymphoprep (Nyegaard & Co, AS,

Oslo, Norway). The number and viability of obtained cells were
determined using R1 Automated Cell Counter (Olympus, Warsaw,
Poland), and then cells were plated into wells of a 96-well plate at
a density of 1.0×106 cells/ml. 

Animals and experimental design. Ten-week-old female Wistar rats
(Medical University in Białystok, Poland) weighing 200-250 g were
used in this study. Animals were kept in a temperature- and
humidity-controlled room with a 12-h light-dark cycle.

After 1-week period of acclimatization, rats were divided into
two groups: I: control group (n=5) fed with standard diet; and II:
neoplastic group (n=5). For the second group, for HCC induction,
after partial hepatectomy, genotoxic DEN (Sigma Aldrich, Poznan,
Poland) was given. Partial (two-third) hepatectomy was performed
according to the Higgins and Anderson method by excision of left
lateral and right lobes (2/3 partial hepatectomy) (4). All surgical
procedures were carried out under light anesthesia between 
9:00 AM to 12:00 AM to minimize the diurnal effect of liver
regeneration. Diethylnitrosamine was applied at 0.005% in drinking
water for 6 weeks. All procedures were approved by the local
Ethical Commission (decision number 81/2015).
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Figure 1. Concentration of nitrite in medium from cultures of unstimulated (0 μg/ml barley beta glucan-(BBG) or stimulated (10 μg/ml BBG)
macrophages from healthy individuals and patients with hepatocellular carcinoma (HCC) after 24 h, 3 days and 5 days of culture. Results are
expressed as the mean±SD obtained from each individual experiment. Mean values marked with different letters differ statistically (p<0.05).
Comparisons were made using an ANOVA test.



After 6 weeks of DEN administration, hepatocytes were isolated
from both groups of animals as described previously, with minor
modifications (4). Before laparotomy, animals were anesthetized with
intramuscular administration of a mixture of ketamine (90 mg/kg bwt)
and xylazine (10 mg/kg bwt). The liver was perfused in situ through
the portal vein by a Krebs-Ringer buffer: a) containing EGTA; b)
without Ca2+ and chelating agent; or c) with type IV collagenase. 

Isolation of rat blood-derived monocytes. Blood was taken from
each animal during the experimental procedure but before liver
perfusion. The obtained blood was collected into a heparinized
syringe then mononuclear cells were isolated using Lymphoprep
density-gradient centrifugation. Cell count and viability were
assessed using R1 Automated Cell Counter (Olympus) and
viability was found to be >80%. After being counted, cells were
plated into wells of a 96-well plate at a density of 1.0×106
cells/ml and cultured at 37˚C with 5% CO2 for 24 h in
Dulbecco’s modified Eagle’s medium with 10% calf serum. After
incubation, the medium containing non-adherent cells was
removed by aspiration and the plate was washed to obtain
adherent monocytes (9).

Human and rat macrophage differentiation. The adherent cells were
cultured for an additional 48 h to allow monocytes to mature into
functional macrophages. After differentiation, human macrophages
from both groups, healthy individuals and patients with HCC, were
treated with BBG (Sigma-Aldrich, Poznan, Poland) at concentration
of 10 μg/ml or with phosphate buffered saline (PBS; Biomed,
Lublin, Poland) in equal volumes and incubated for 24 h. Functional
assays were then conducted and repeated after 3 and 5 days of
incubation (10).

Rat macrophages after differentiation were stimulated with BBG
at concentrations of 5, 10, 20 μg/ml and incubated for 24 h. All
functional assays were repeated after 3 and 5 days of incubation.
The control used macrophages exposed to culture medium
containing PBS in a similar amount as other treatments.

Functional assays of blood monocyte-derived macrophages. 
Nitrite determination: The accumulation of nitrite in the culture
supernatant of cells after treatment with different concentrations of
BBG for 24 h was measured as described previously (11). Here, 
100 μl aliquots of the culture supernatant were mixed with an equal
volume of Griess reagent (1:1 mixture of naphtylethylenediamine,
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Figure 2. Generation of superoxide anion in medium from cultures of unstimulated (0 μg/ml BBG) or stimulated (10 μg/ml BBG) macrophages from
healthy individuals and patients with HCC after 24 h, 3 days and 5 days of culture. Values are means±SD obtained from each separate experiment.
Mean values marked with different letters differ statistically (p<0.05).



dihydrochloride and 1% sulfanilamide in 5% H3PO4) and incubated
at room temperature for 15 min. The nitrite concentration was
calculated from a NaNO2 standard curve.

Superoxide anion generation: Superoxide anion generation was
measured by a nitrotetrazolium (NBT) reduction assay as described
previously (11). Briefly, cultures were incubated with 0.1%
nitroblue tetrazolium (NBT; Sigma) solution at room temperature
for 15 min and then the absorbance was read. Nanomoles of
superoxide produced over the incubation period were calculated
using the extinction coefficient of NBT (21.1 nMol).

Arginase assay: Arginase activity was assessed by the measuring
the concentration of urea generated by the arginase-dependent
hydrolysis of L-arginine. After 5 days of culture, macrophages were
lyzed with 50 μl of 0.1% Triton X-100. After 30 min of incubation,
50 μl of 25 mM Tris-HCl and 10 μl of 10 mM MnCl2 were added,
and arginase was activated by heating for 10 min at 55˚C. 100 μl of
L-Arginine (0.5 M) was hydrolyzed at 37˚C for 120 min. The
reaction was then stopped with 400 μl of H2SO4/H3PO4/H2O (1/3/7
v/v/v). The urea concentration was measured after the addition of
40 μl of α-isonitrosopropiophenone (Sigma-Aldrich) followed by

heating at 100˚C for 40 min. The concentration of urea was
determined by comparison with a standard curve of 1 to 100 μg/ml
urea (12).

3-(4,5-dimethylthiazol-2yl)-diphenyltetrazolium bromide (MTT)
assay. Cell respiration, an indicator of cell viability, was assessed
by the mitochondrial dependent reduction of MTT to formazan.
Briefly, 10 μl of MTT solution was added to each culture. After
incubation at 37˚C with 5% CO2 for 3 h, 100 μl of 10% sodium
dodecyl sulphate (Sigma-Aldrich) was added and cells were further
incubated for 24 h. The amount of formazan was then determined
spectrometrically (13).

Morphological characterization. Every subsequent day of culture,
macrophages were subjected to microscopic analysis of their
morphology, as a qualitative assay.

Statistical analysis. The examined values were compared using
Microsoft Excel and STATISTICA.PL analysis software. Results
were expressed as the mean±SD, and the data obtained were
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Figure 3. Concentration of nitrite in medium from cultures of unstimulated (0 μg/ml BBG) or stimulated (5, 10 or 20 μg/ml BBG) microphages from
control and DEN-treated rats after 24 h, 3 days and 5 days of culture. Values are means±SD obtained from each separate experiment. Mean values
marked with different letters differ statistically (p<0.05).



evaluated by ANOVA and Student’s t-test as appropriate. The level
of significance was set at p<0.05.

Results

Free radical generation by human macrophages. A
significant (p<0.05) increase of nitric oxide generation was
observed in macrophages obtained from healthy humans
after 5 days of culture under the influence of 10 μg/ml of
BBG. In macrophages from patients with HCC, a significant
response to 10 μg/ml of BBG was seen at 3 and 5 day of
culture and was higher than that of macrophages from
healthy individuals. Changes in unstimulated cultures from
both patients and healthy donors were insignificant
throughout the period of culture (Figure 1).

We did not observe any significant response to BBG in
respect to superoxide anion generation in cultures of
macrophages derived from healthy humans. In HCC-derived

macrophages, there was a significant increase of NO
production after 3 and 5 days of culture, however, without
significant differences between stimulated and unstimulated
cultures (Figure 2).
Free radical generation by rat macrophages. Because of poor
response to 10 μg/ml of BBG, we decided to use additional
concentrations 5 and 20 μg/ml of BGG to stimulate rat
macrophages. A significant increase of NO concentration in
comparison with unstimulated cells in cultures of
macrophages from control rats was observed in all
measurements at 20 μg/ml. On the other hand, a significant
response to BBG in cells from DEN-treated rats was noted
only on day 3 of incubation at 20 μg/ml (Figure 3).

In cultures of macrophages from control rats, a marked
(p≤0.05) response to BBG was detected only at maximal
concentration of 20 μg/ml at the first measurement (after 24 h),
and at 10 and 20 μg/ml in at 3 and 5 days of culture. In
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Figure 4. Generation of superoxide anion in medium from cultures of unstimulated (0 μg/ml BBG) or stimulated (5, 10 or 20 μg/ml BBG)
microphages from control and DEN-treated rats after 24 h, 3 days and 5 days of culture. Values are means±SD obtained from each separated
experiment. Mean values marked with different letters differ statistically (p<0.05).



macrophages from DEN-treated rats, after 24 h, generation of
superoxide had only significantly increased under the influence
of 20 μg/ml of BBG (Figure 4). A similar response in
macrophages from DEN-treated rats was observed at the
second time point, whereas on day 5 of culture there was a
marked increase of generation of superoxide anion under the
influence of 10 μg as well as 20 μg of BBG.
MTT assay. BBG did not significantly diminish cell respiration
at the concentrations used (5-20 μg/ml) (data not shown).

Arginase activity assay. For human macrophages, arginase
activity was higher in unstimulated cultures, whereas under the
influence of BBG, activity of arginase decreased significantly
(p<0.05) in both control and HCC groups (Figure 5). In cultures
of macrophages from healthy rats, the changes in arginase
activity were insignificant, whereas in macrophages from DEN-
treated rats, a significant decrease in arginase activity was seen
under the influence of 5 μg/ml of BBG (Figure 6).

In order to evaluate the relationship between pro- and anti-
inflammatory immune response, we calculated the ratio of

urea to nitrite production. This ratio was significantly
enhanced under the influence of BBG in macrophages from
patients with HCC, and was higher in DEN-treated rats in
comparison with the control rat group (Figure 7). 
Morphological changes. Morphological changes of monocytes
and macrophages are shown in Figure 8. Under the influence
of BBG, cells were slightly elongated and dendric-like filopodia
were observed. In the case of HCC cultures, activation of
macrophages was visible in both cultures stimulated with BBG
and unstimulated ones after 5 days of culture. 

Unstimulated rat macrophages were rounded, whereas
under the influence of BBG activation, cells generated long
filopodia, especially in cells from DEN-treated rats after 5
days of culture at all concentrations of BBG.

Discussion

In our experiment, release of NO by macrophages from
patients with HCC without stimulation was lower than that
by macrophages treated with BBG. 
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Figure 5. Concentration of urea as a marker of arginase activity of unstimulated (0 μg/ml BBG) or stimulated (10 μg/ml BBG) macrophages from
healthy individuals and patients with HCC after 5 days of culture. Values are means±SD obtained from each separated experiment. Mean values
marked with different letters differ statistically (p<0.05).



As estimated previously, classically activated M1
macrophages up-regulate expression of pro-inflammatory
cytokines, including TNFα, IL6 and interferon-γ and they
increase the production of ROS and nitrogen intermediates
(RNI) (3, 6). M1 macrophages express inducible NO synthase
(iNOS) and metabolize arginine by releasing NOR (or RNI)
and citruline, whereas M2 macrophages up-regulate arginase
(I and II) to metabolize arginine into urea and L-ornithine (3).
In rat macrophages, in turn, increase of NO generation was
noted in control animals at a dose of 20 μg/ml of β-glucan,
whereas in DEN-treated rats the response was shown only on
the third day under the influence of maximal dose of β-glucan.
Previously, glucan was evaluated for its ability to modify the
hepatic and renal tumorigenesis induced in partially
hepatectomized Sprague-Dawley female rats by DEN. The
results indicated that glucan did not significantly modify the
incidence of the chemically-induced hepatic tumors (14).
Michałek et al. revealed that poly-[1-6]-D-glucopyranosyl-[1-
3]-D-glucopyranose (PGG)-glucan activated rat macrophages

but they did not study generation of NO by these cells (15).
We observed a decrease of arginase activity in human

macrophages from both healthy and HCC groups stimulated
with BBG. According to Geelhaar-Karsch et al., arginase
activity does not reflect the differentiation state of human
macrophages, but seems to be a reasonable functional test to
detect enhanced M2 macrophage activation (16). In the case
of rat macrophages, we noted a significant decrease of
arginase activity only in macrophages from DEN-treated rats
under the influence of 5 μg of BBG. 

We found significant differences only in macrophages
from patients with HCC, where in unstimulated culture the
ratio was significantly higher than in cultures stimulated with
BBG. In DEN-treated rats, in turn, both ratios in stimulated
and unstimulated cultures were higher than in those with
human macrophages but without differences between groups
studied. M2 polarized macrophages express a high level of
arginase that competes with iNOS for L-arginine, the
common substrate of both, suppressing the production of NO
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Figure 6. Concentration of urea as a marker of arginase activity of Mfs unstimulated (0 μg/ml BBG) unstimulated (0 μg/ml BBG) or stimulated
(with 5, 10 or 20 μg/ml BBG) from control and DEN rats after 5 days of culture. Values are means±SD obtained from each separated experiment.
Mean values marked with different letters differ statistically (p<0.05).



and converting L-arginine into urea (17). Indeed, the balance
between iNOS and arginase activity is tightly regulated
during repair (18). Geelhaar-Karsh et al. considered the
urea/nitrite ratio as a marker of differentiation of human
macrophages, however, this has not yet been considered in
tumor progression (16).

We did not observe any significant response to BBG with
respect to superoxide anion generation in cultures of
macrophages derived from human controls both stimulated
with BBG and unstimulated in comparison with macrophages
from patients with HCC, where a significant increase was
observed after 3 and 5 days of culture, however, without
significant differences between stimulated and unstimulated
cultures. In the study of Fan et al., glucan addition did not
alter the basal ROS levels of murine macrophages (19).
However, according to Vetvicka and Vetvickova, barley
glucan insignificantly increased superoxide production in
human HL-60 cells after 24 h of incubation (20). We

observed significant changes during cultivation only in
macrophages from patients with HCC but without differences
between cultures treated or not with BBG.

In regard to superoxide anion generation in control rats, a
significant response to BBG was detected only at maximal
concentration (20 μg/ml) at the first measurement, and at 10
and 20 μg/ml at the second and third measurements. In
DEN-treated rats, generation of superoxide anion
significantly increased at the first time point only under the
influence of 20 μg/ml of BBG. In the study of Fan et al.
barley glucan did not change ROS generation during 48 h
culture (19). On the other hand, in the report of Michałek et
al. it was found that PGG-glucan stimulated increased
respiratory burst in rat peritoneal and alveolar NR8383
macrophages cell line (15).

We established that during 5 days of culture, the
concentrations of BBG that we used did not act
cytotoxically, neither on human nor on rat macrophages. In
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Figure 7. Ratio between urea and nitrite generation of macrophages from rats and humans unstimulated or under the influence of 10 μg/ml of BBG.
Values are means±SD obtained from each separate experiment. Mean values marked with different letters differ statistically (p<0.05).



the study of Jang et al., BBG did not exert any cytotoxic
effect on macrophages at concentrations of 1 to 100 μg/ml
for 24 h (21). Chanput et al. also did not observe cytotoxicity
of BBG at a concentration of 100 μg/ml on human
monocytic leukemia cell line after up to 24-h incubation
(22). In numerous animal models, β-glucans have shown

broad anti-infective and antitumoral activities, including
activation of macrophages, and no undesirable side-effects
of BBG have yet been reported in humans and rats (20, 23).

Taking into account our results, we conclude that primary
human and rats macrophages ‘trained’ in a BBG-containing
microenvironment maintain a highly dynamic plasticity,
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Figure 8. Phase-contrast micrography of monocyte-derived macrophage morphology from patients with HCC after 3 days of incubation without
stimulation (A) and under the influence of 10 μg/ml of β-glucan. In unstimulated culture, morphologies included mostly rounded cells, and some
spherical and elongated forms with long filopodia. In culture with β-glucan, there were a few rounded cells. Mostly, well-spread and elongated forms
with long filopodia were seen. Arrows indicate microvilli present in activated forms of macrophages. Original magnification ×40 (Olympus CK-40).



which was clearly visible in cultures of macrophages from
patients with HCC. These morphological changes of HCC-
derived macrophages take place together with their
proinflammatory polarization, as reflected by ROS and RNI
augmentation. In vitro models such as the one used in our
study for macrophage polarization can be further explored in
studies to investigate the influence of ‘trained’ human
macrophages on isolated HCC cells in a quasi vivo cell
culture system.
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