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Ariboflavinosis, that is, vitamin B2 deficiency, is a common problem affecting the populations of both developing and
affluent countries. Teenagers, elderly people, pregnant women, and alcohol abusers represent groups that are particularly
susceptible to this condition. This study was aimed to determine the effect of different riboflavin concentrations
(deficiency and supplementation) on macrophages response induced by bacteria or yeast-derived factors i.e.
lipopolysaccharide (LPS) and zymosan, respectively. Mouse macrophage RAW 264.7 cells were cultured for 5 days in
a medium with a riboflavin concentration corresponding to moderate riboflavin deficiency (3.1 nM), physiological state
(10.4 nM), or vitamin pill supplementation (300 nM). On the third or fourth day of deprivation, the medium in some
groups was supplemented with riboflavin (300 nM). Macrophages activation were assessed after LPS or zymosan
stimulation. Short-term (5 days) riboflavin deprivation resulted in the pathological macrophages activation, manifested
especially in a reduction of cell viability and excess release of tumor necrosis factor-α (TNF-α) and high-mobility group
box 1 (HMGB1) protein. Moreover, the levels of inducible nitric oxide synthase (iNOS), nitric oxide (NO), heat shock
protein (Hsp72), interleukin 1β (IL-1β), monocyte chemoattractant protein-1 (MCP-1), and interleukin 10 (IL-10)
decreased after riboflavin deprivation, but medium enrichment with riboflavin (300 nM) on the third or fourth day
reversed this effect. In the riboflavin-supplemented group, LPS-stimulated macrophages showed lower mortality
accompanied by higher Hsp72 expression, reduction of Toll-like receptor 4 (TLR4) and TNF-α, and elevation of NO,
IL-6, and IL-10. Moreover, the TLR6, NO, iNOS, IL-1β, MCP-1, and the keratinocyte chemoattractant (KC) levels
significantly decreased in the zymosan-stimulated groups maintained in riboflavin-enriched medium. We conclude that
short-term riboflavin deficiency significantly impairs the ability of macrophages to induce proper immune response,
while riboflavin enrichment decreases the proinflammatory activation of macrophages.
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INTRODUCTION
Vitamins, which are an important component of our diet, are
also essential factors for the proper functioning of the immune
system (1). The deficiency of selected vitamins could affect the
induction of proper innate as well as adaptive immune responses
and consequently result in enhanced susceptibility to infection.
For example, the deficiency of vitamin B6, which is important
for the proper functioning of the T helper 1 (Th1) response, leads
to the promotion of a T helper 2 (Th2) response. The deficiency
of folate or B12 vitamin, which are important for the proper
functioning of cellular immunity, e.g., response of natural killer
(NK) cells, results in decreased cytotoxic activity of the
immunocompetent cells (1). However, studies with regard to the
effects of riboflavin (vitamin B2) on the course of the immune
response in deficiency states or low-dose supplementation are
limited. Riboflavin deficiency is a common problem concerns
not only developing countries, where a high prevalence of B2

deficiency may occur as a result of poor diet, but also affluent
countries such as the USA or the UK (2). The importance and
commonness of this aspect was emphasized by Powers et al. (2)
who reported that riboflavin deficiency was identified in 41% of
elderly people and 95% of adolescent girls in the UK.
Furthermore, Subramanian et al. (3) reported that vitamin B2
deficiency ranged from 15% to 50% among alcohol abusers.
Pregnant women are also particularly vulnerable to the
development of the state of riboflavin deficiency (4, 5).
The typical symptoms of riboflavin deficiency, described as
oro-oculo-genital syndrome, occur about 3 – 5 months after the
initiation of a riboflavin-deficient diet (6). Ariboflavinosis is
manifested mainly by angular cheilosis, glossitis, pharyngitis,
seborrheic dermatitis, photosensitivity (7), corneal opacity,
lenticular cataracts, fatty degeneration of the kidney and liver,
malabsorption of iron leading to the development of anemia (4),
neurodegeneration (8), increased susceptibility to cancer
development (9), especially esophageal cancer (10). This
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condition may also increase the susceptibility to development of
preeclampsia in the pregnant women (5). Moreover, vitamin B2
deficiency impairs the proliferation of duodenum cells (11) and
induces an inflammation of the mucus membrane (4), resulting
in intensive oxidative stress in the intestinal cells (12). Isolated
riboflavin deficiency is rarely noticed and is usually associated
with a deficiency in other nutrients, including vitamins.
Malabsorption, phototherapy of hyperbilirubinemia, or some
medications such as chlorpromazine or borate can also result in
ariboflavinosis (6). Bearing in mind the frequent occurrence of
riboflavin deficiency, a study of riboflavin supplementation in
instances of dietary deficiency, malabsorption, or riboflavin loss
during therapy seems to be important. For example, strains of
bacteria that overproduce riboflavin enable the production of
riboflavin-enriched food that can improve riboflavin status (1316). Moreover, a riboflavin nanosuspension for intramuscular
long-acting injection could be a solution for malabsorption of
this vitamin (17-18).
Although the symptoms of riboflavin deficiency are frequently
cited, the consequences of such deficiency have not been fully
researched. Further studies explaining the consequences and
molecular mechanisms are necessary, especially in the field of
reversibility of the deficiency symptoms. Bearing in mind the
strong inflammatory base of ariboflavinosis symptoms, as
described above, it appears to be particularly important to verify
the effect of riboflavin deficiency on the function of
immunocompetent cells. In previous publication, we have reported
that macrophages are sensitive to riboflavin deficiency, which
limits their viability and activity at rest, for example, impairment of
phagocytosis and ability to induce respiratory burst were observed
(19). Moreover, Schramm et al. (20) showed that riboflavin
deficiency impairs defense mechanism against Listeria
monocytogenes in mice. However, there are still a limited number
of studies with regard to the effect of riboflavin deficiency on the
function of leukocytes and immune responses.
Considering the above features, we have undertaken this study
to determine the effect of different riboflavin concentrations (both
deficiency and supplementation) on macrophages response
induced by bacteria or yeast-derived factors. Moreover, the
reversibility of short-term riboflavin deprivation was also
assessed. We used three riboflavin concentrations for the study:
3.1 nM (corresponding to a moderate riboflavin deficiency), 10.4
nM (as a physiological state), and 300 nM (as vitamin
supplementation). Special emphasis was laid on the evaluation of
the impact of different riboflavin concentrations on pathogen
recognition by Toll-like receptors (TLR), NFκB (nuclear factor
kappa-light-chain-enhancer of activated B cells) activation, and
the expression and production of crucial inflammatory mediators.
Moreover, the viability of activated cells and the expression of
heat shock protein 72 (Hsp72) were also assessed.

Rabbit polyclonal anti-iNOS IgG, and goat anti-rabbitphycoerythrin were purchased from Santa Cruz Biotechnology
(Santa Cruz, CA, USA). Elisa kit for HMGB1 and IL-1β were
purchased from IBL International (Hamburg, Germany). RNeasy
Plus Mini Kit was purchased from Qiagen (Hilden, Germany).
High Capacity RNA-to-cDNA Kit, TaqMan Gene Expression
Master Mix and TaqMan Gene Expression Assays were
purchased from Applied Biosystems (Foster City, CA, USA).
Cell culture
Mouse monocyte/macrophage cell line RAW 264.7 was
purchased from the European Type Culture Collection (ETCC;
Sigma-Aldrich, St. Louis, MO, USA). The cells were cultured
under standard conditions (37°C, 5% CO2) in customized
(riboflavin-depleted)
high-glucose
DMEM
medium
supplemented with riboflavin to achieve the required riboflavin
concentration (3.1, 10.4, and 300 nM; forming 3.1, 10.4 and 300
group, respectively). The medium was supplemented with
antibiotics (100 µg/ml streptomycin and 100 U/ml penicillin) and
10% fetal bovine serum. For the experiments, cells were cultured
for 5 days with lipopolysaccharide (LPS) (0.1 µg/ml; Escherichia
coli, serotype 0111:B4) or zymosan stimulation (250 µg/ml) on
day 5. The reversibility of riboflavin deficiency was investigated
in the riboflavin-deprived group, where the medium was changed
from 3.1 nM to 300 nM on day 3 or 4 (3.1 + 300D3, 3.1 + 300D4
group, respectively). Fresh cells were used for cytometric
assessment of apoptosis, RNA isolation, and quantification of
protein levels. Supernatants were frozen (–60°C) for future
cytokine/chemokine or nitric oxide (NO) analysis.
Cell viability
Cell viability was determined using an Annexin V kit
according to the protocol provided by the manufacturer. Analyses
were performed on an FACScan cytometer (FACSCaliburTM; BD
Biosciences) using CellQuest software (Becton Dickinson). For
the analysis of data, 10,000 events were acquired.
Nitrite assay
Nitrite accumulation in the supernatant was evaluated using
the Griess colorimetric method. Briefly, each 50 µl sample of the
culture supernatant was mixed with an equal volume of Griess
reagent (0.1% N-(1-naphthyl)-ethylenediamine, 1% sulfanilamide
in 5% phosphoric acid) and incubated for 10 min at room
temperature. The absorbance was measured at 540 nm (Expert
Plus ASYS/Hitech spectrophotometer), and sodium nitrite was
used as a standard. Each assay was performed in triplicate.
Cytometric analysis

MATERIALS AND METHODS
Chemicals
DMEM medium, antibiotics: streptomycin and penicillin,
fetal bovine serum (FBS), and accutase were purchased from
PAA (Pasching, Austria). Riboflavin, lipopolysaccharide (LPS),
zymosan, Griess reagent were purchased from Sigma-Aldrich
(St. Louis, MO). Annexin V kit, Fc block antibodies,
Cytofix/Cytoperm solution, PerCP-Cy5.5 streptavidin,
Cytometric Bead Arrays were purchased from BD Biosciences
Pharmingen (San Diego, CA, USA). Biotin anti-Hsp72 antibody
StressGen was from Victoria (CA, USA). Phosphor-NFκB
(Ser536) Alexa Fluor 647 Conjugate rabbit monoclonal antibody
was from Cell Signaling Technology (Beverly, MA, USA).

Heat shock protein (Hsp72), NFκB, and inducible nitric oxide
synthase (iNOS; NOS2) were detected by flow cytometry after
labeling with a fluorescent antibody. Briefly, after a 24-hour
incubation period (with or without LPS/zymosan) cells were
detached by treating with accutase for 10 min at 37°C, blocked
with Fc-block (0.5 mg/ml; 1:200; 20 min; 4°C), fixed, and
permeabilized according to the manufacturer's instructions
(Cytofix/Cytoperm). After the fixation and permeabilization
process, cells were treated with an appropriate antibody. For Hsp72
detection, the biotin anti-Hsp72 antibody (0.2 mg/ml; 1:200; 20
min; 4°C) and PerCP-Cy5.5 streptavidin (0.2 mg/ml; 1:200; 20
min; 4°C) were used; for the detection of the phosphorylated form
of NFκB, cells were stained with phosphor-NFκB (Ser536) Alexa
Fluor 647 Conjugate rabbit monoclonal antibody (0.1 mg/ml;
1:100; 20 min); for iNOS detection, rabbit polyclonal IgG (0.2
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mg/ml; 1:100; 20 min; 4°C;) and goat anti-rabbit-phycoerythrin
antibodies were used (0.2 mg/ml; 1:100; 20 min; 4°C). All the
antigens were detected separately. For data analysis, 10,000 events
were collected on an FACScan cytometer (FACSCaliburTM; BD
Biosciences) using CellQuest software (Becton Dikinson).
Cytokine/chemokine levels
For the detection of mouse tumor necrosis factor α (TNF-α),
interleukin 6 (IL-6), monocyte chemoattractant protein-1 (MCP1), keratinocyte chemoattractant (KC), and interleukin 10 (IL-10)
levels in the culture supernatants, single Cytometric Bead Arrays
(CBA) were used. The CBA Kits were used according to the
manufacturer's instructions. Samples were acquired on an
FACScan flow cytometer (FACSCaliburTM; BD Biosciences), and
the analysis of the results was done by using CBA software (BD
Biosciences). The levels of high-mobility group box 1 (HMGB1)
and interleukin 1β (IL-1β) were determined in enzyme-linked
immunosorbent spot assays (IBL International, Hamburg,
Germany) according to the manufacturer's instructions and
measured on a spectrophotometer (Expert Plus, ASYS/Hitech).

Assay ID: Mm00445273_m1), and NOS2 (Assay ID:
Mm00440502_m1). PCR amplification was performed under the
following conditions: denaturation at 95°C for 10 min, followed
by 40 cycles at 95°C for 15 s, and then primer hybridization and
extension at 60°C for 1 min. Glyceraldehyde phosphate
dehydrogenase (GAPDH) was used as a reference gene (Assay
ID: Mm99999915_g1). Four independent replications were
performed for each riboflavin concentration. The relative
transcript expression was calculated using the 2–∆∆Ct method, as
described by Livak and Schmittgen (21).
Statistical analysis
Data were tested for normality of the distribution and because
the data did not show a normal distribution the Mann-Whitney
test was used. The level of statistical significance was set at 0.05.
All data were expressed as mean ± standard deviation (X ± S.D.).

RESULTS
Cell viability

Analysis of gene expression by real-time PCR
Total RNA from RAW 264.7 cells was isolated using an
RNeasy Plus Mini Kit. RNA was reverse transcribed using a High
Capacity RNA-to-cDNA Kit. Real-time polymerase chain
reaction (PCR) was performed using a StepOne Plus system
(Applied Biosystems) and by applying TaqMan Gene Expression
Master Mix and TaqMan Gene Expression Assays for TNF-α
(Assay ID: Mm00443260_g1), IL-1β (Assay ID:
Mm00434228_m1), IL-6 (Assay ID: Mn00446190_m1), MCP-1
(Assay
ID:
Mm00441242_m1),
KC
(Assay
ID:
Mm00433859_m1), IL-10 (Mm00439614_m1), Toll-like receptor
2 (TLR2; Assay ID: Mm01213946_g1), Toll-like receptor 6
(TLR6; Assay ID: Mm02529782_s1), Toll-like receptor 4 (TLR4;

As presented in Fig. 1, cell stimulation with LPS or zymosan
induced an increase in the percentage of apoptotic cells, with no
effects on the number of necrotic cells. In addition, it was noted
that in short-term riboflavin deficiency groups, these effects
were significantly intensified in comparison to the other groups,
and increases were observed in both the number of cells in the
early as well as in the late stage of apoptosis. Moreover,
elevation in the number of apoptotic cells observed in deprived
groups was reversed after supplementation with riboflavin (300
nM) on the third or fourth day (in LPS groups) or on the third
day of deprivation (in zymosan groups). It was also noted that
cells cultured in medium with a high riboflavin concentration
(300 nM) presented a significantly lower percentage of post-LPS

Fig. 1. Intensity of apoptosis induced in RAW 264.7 cells after 24-hour LPS (0.1 µg/ml) or zymosan stimulation (250 µg/ml). The
cells were cultured for 5 days in a medium with various riboflavin concentrations, as described in the 'Materials and methods' section.
The figure presents the percentage of apoptotic cells in the early (EA; open parts of bars) and late phases of apoptosis (LA; solid parts
of bars) after LPS (A) or zymosan (B) stimulation. (C) Representative histograms and dot-plots for 3.1 and 300 nM groups after LPS
treatment. Values are means with their standard deviations (n = 5 – 7). Mean values with unlike letters (a-d) were significantly different
(P < 0.05) according to the Mann-Whitney test. Differences were marked for the total number of apoptotic cells.
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Fig. 2. Heat shock protein 72 (HSP72) production in RAW 264.7 cells after 24-hour stimulation with (A) LPS (0.1 µg/ml) or (B) zymosan
(250 µg/ml). The cells were cultured for 5 days in a medium with various riboflavin concentrations, as described in the 'Materials and
methods' section. Results are presented as percentage increase in HSP72 expression after stimulation with LPS or zymosan, calculated
relative to the rest level in the cells without stimulation. Values are means with their standard deviations (n = 5 – 7). Mean values with
unlike letters (a-d) were significantly different (P < 0.05) according to the Mann-Whitney test.

Fig. 3. The Toll-like receptor expression at 0 (the control group; CTR) or 4 hours of (A) LPS (0.1 µg/ml) or (B, C) zymosan stimulation
(250 µg/ml). The cells were cultured for 5 days in a medium with various riboflavin concentrations, as described in the 'Materials and
methods' section. Results present the relative mRNA expression of (A) Toll-like receptor 4 (TLR4); (B) Toll-like receptor 2 (TLR2);
and (C) Toll-like receptor 6 (TLR6). Values are means with their standard deviations (n = 4 – 6). Mean values with unlike letters (a-b
for CTR; A-C for LPS/zymosan groups) were significantly different (P < 0.05) according to the Mann-Whitney test.

apoptosis than control cells (10.4 nM). These results indicated
that riboflavin-deprived cells were more susceptible to LPS- or
zymosan-induced cell death; however, this effect was reversible
after the timely implementation of riboflavin supplementation.
Heat shock protein 72 level
Both approaches, either LPS or zymosan administration,
resulted in an enhanced production of Hsp72. Assessment of
post-activation expression of Hsp72 (measured as percentage
relative to the level in unstimulated cells) showed a significant
reduction in Hsp72 production by riboflavin-deprived cells (Fig.
2). Short-term riboflavin deprivation, interrupted on the third
day by administration of medium enriched with riboflavin (300
nM), resulted in an increase in Hsp72 expression to the level

observed in the control group (10.4 nM + LPS). Moreover, in the
riboflavin-supplemented group (300 nM), Hsp72 level after LPS
stimulation was significantly higher compared to the control
group (10.4 nM). These results indicated that riboflavin
deficiency reversibly reduces the ability of macrophages to
produce protective heat shock proteins and at higher
concentrations may promote Hsp72 expression.
Toll-like receptors expression and nuclear factor κB
phosphorylation
Data showed that the expression of TLRs is reduced in the case
of TLR4 after LPS (Fig. 3A) and TLR6 after zymosan stimulation
(Fig. 3C) and enhanced in the case of TLR2 after zymosan
administration (Fig. 3B). Moreover, LPS-stimulated RAW 264.7
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Table 1. Relative inducible nitric oxide (NOS2) mRNA expression after LPS (0.1 µg/ml) or zymosan (250 µg/ml) stimulation in RAW
264.7 macrophages.
The relative mRNA expression of NOS2 was measured after 0, 2 or 4 h incubation with LPS or zymosan. Values are the mean ± S.D.
Mean values with unlike letters (a-e) were significantly different (P < 0.05) according to the Mann-Whitney test.
Relative NOS2 mRNA expression after stimulation
Riboflavin
(nM)

Control
0

LPS (0.1 µg/ml)
2

Zymosan (250 µg/ml)

4
a

2

4 (hr)

3.1

0.73±0.16

32.19±10.07

159.47±42.11

26.07±4.93

132.41±79.17a

10.4

1.01±0.18

102.70±27.23b

531.52±52.87b

123.60±47.97b

659.83±111.55b

c

a

c

a

c

3.1+300 D4

1.09±0.09

43.99±18.76

389.63±47.31

40.62±3.73

489.93±43.71c

3.1+300 D3

1.27±0.17

51.84±14.69c

421.54±43.16c

63.87±2.89d

596.92±38.27b

300

1.68±0.81

54.50±4.54c

289.13±69.42d

48.34±4.93e

793.73±66.45b

Fig. 4. NFκB activation after
culture in a medium with
various riboflavin concentration
(CTR, control groups), after
LPS (0.1 µg/ml) or zymosan
stimulation (250 µg/ml). RAW
264.7 cells were cultured for 5
days in a medium with various
riboflavin concentrations, as
described in the 'Materials and
methods' section. The results
present the percent of cells
expressing the phosphorylated
form of NFκB detected by flow
cytometry. Values are means
with their standard deviations (n
= 5 – 7). Mean values with
unlike letters (a for CTR; A-B
for LPS/zymosan groups) were
significantly different (P < 0.05)
according to the Mann-Whitney
test.

cells from the riboflavin-enriched group (3.1 + 300 nM D3 (day 3);
3.1 + 300 nM D4 (day 4) and 300 nM) presented significantly
lower levels of TLR4 compared to the other groups (Fig. 3A). On
the other hand, zymosan-stimulated riboflavin-deficient cells
showed a significant reduction of TLR2 and an increase in TLR6
expression compared to the control group (10.4 nM + zymosan).
Furthermore, the expression of TLR6 after zymosan stimulation
was significantly reduced in the supplemented groups (3.1 + 300
nM D3 and 300 nM) compared to the control group (10.4 nM +
zymosan). These findings suggest that riboflavin deficiency
reversibly impairs proper TLR expression, while at higher
concentrations it reduces expression of TLR4 and TLR6. This
process can affect NFκB phosphorylation after zymosan
stimulation in the riboflavin-supplemented cells (3.1 + 300 D3, and
300) were the level of NFκB phosphorylation were significantly
reduced (Fig. 4). Moreover, as we observed, riboflavin-deprived
macrophages presented excessive NFκB phosphorylation after
LPS-treatment.
Nitric oxide production and inducible nitric oxide synthase
expression
Nitric oxide (NO) production and iNOS expression in LPSor zymosan-stimulated cells depend on the concentration of

riboflavin (Table 1, Fig. 5). Compared to the group maintained
at the 'physiological' riboflavin concentration (10.4 nM), the
riboflavin-deficient cells (3.1 nM) produced significantly less
NO, which was reflected in a significant reduction in either
iNOS gene expression (Table 1) or iNOS protein production
(Fig. 5A). The type of stimulating factor (LPS or zymosan) had
an impact on iNOS expression and NO production in cells
cultured in medium supplemented with riboflavin (300 nM).
LPS stimulation resulted in higher NO production (the same
effect was observed in 3.1 + 300 nM D3 group), while the
production of NO was diminished in zymosan-stimulated
groups, which was the effect of a reduction in either iNOS gene
expression (Table 1) or iNOS protein production (Fig. 5A).
Cytokine/chemokine expression and release
Riboflavin deficiency affected cytokine/chemokine
production, as well in LPS- as in zymosan-stimulated cells (Table
2 and Fig. 6). In the LPS-stimulation model, riboflavin-deprived
cells released significantly less proinflammatory IL-1β, MCP-1,
IL-6, and anti-inflammatory IL-10 (Table 2) compared with
control cells (10.4 nM + LPS). However, the levels of
proinflammatory TNF-α, KC (Table 2), and HMGB1 (Fig. 6)
were significantly elevated. Moreover, riboflavin-enriched cells
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Fig. 5. Inducible nitric oxide
synthase
(iNOS/NOS2)
expression and nitric oxide
(NO) production after LPS (0.1
µg/ml) or zymosan stimulation
(250 µg/ml). The figure presents
(A) the level of iNOS protein
expression measured by flow
cytometry and expressed as a
mean fluorescence intensity
(MFI) at 24 hours of culture
(control) and LPS or zymosan
activation; (B) and nitric oxide
(NO) production after 24-hour
of culture (control) or
stimulation with LPS or with
zymosan. Values are means
with their standard deviations (n
= 5 – 7). Mean values with
unlike letters (a for CTR; A-C
for LPS/zymosan groups) were
significantly different (P < 0.05)
according to the Mann-Whitney
test.

Fig. 6. High-mobility group box
1 (HMGB1) production by
RAW 264.7 cells measured in
supernatant at 24 hours of
culture in control (CTR)
medium, after LPS (0.1 µg/ml)
or zymosan stimulation (250
µg/ml). RAW 264.7 cells were
cultured for 5 days in a medium
with
various
riboflavin
concentrations, as described in
the 'Materials and methods'
section. Values are means with
their standard deviations (n = 5
– 7). Mean values with unlike
letters (a for CTR; A-B for
LPS/zymosan groups) were
significantly different (P < 0.05)
according to the Mann-Whitney
test.

(300 nM) produced significantly less proinflammatory TNF-α
and late IL-6, but significantly more anti-inflammatory IL-10. In
the zymosan-stimulation model, riboflavin-deprived cells
released significantly less proinflammatory IL-1β, MCP-1, KC,
and anti-inflammatory IL-10 (Table 2), while the levels of
proinflammatory HMGB1 (Fig. 6) and TNF-α (Table 2) were
elevated. Moreover, riboflavin-enriched cells (300 nM) produced
significantly less proinflammatory IL-1β, MCP-1, and KC (Table
2). The results described above correspond to the levels of gene
expression (Table 2). In both models, the effects of short-term
riboflavin deficiency were negated by riboflavin enrichment to a
concentration of 300 nM on day 3 or 4 (LPS model) or on day 3
(zymosan model). Riboflavin deprivation reversibly impairs
cytokine/chemokine production leading to increased release of

some pro-inflammatory factors. However, riboflavin enrichment
results in a reduction of the release of proinflammatory factors
and an enhancement of anti-inflammatory mediators.

DISCUSSION
In recent years, numerous studies highlighted the antiinflammatory effects of high, pharmacological doses of riboflavin.
Beneficial effect of this vitamin was disclosed in the field of both
improvement of animal survival in septic shock and reduction in
proinflammatory cytokines release (22-25). However, little
research has focused on the impact of lower riboflavin
concentration, which can be observed in the state of its deficiency

Table 2. Effects of various riboflavin concentrations in culture medium on relative expression and release of inflammatory mediators in RAW 264.7 macrophages after LPS or zymosan stimulation.
The relative mRNA expression of various mediators was measured after 0, 2 or 4 h incubation with LPS or zymosan, the level of released mediators was measured after 24 h of culture. Values
are the mean ± S.D. Mean values with unlike letters (a-d) were significantly different (P < 0.05) according to the Mann-Whitney test.
Mediators
[ng/ml]

Riboflavin
[nM]
3.1
10.4

TNFĮ

3.1+300 D4
3.1+300 D3

KC

1.03±0.28

0.36±0.26

3.1+300 D4

a

b

1.09±0.24

a

0.36±0.26

a

0.57±0.21

a

Relative mRNA expression in RAW 264.7 cells after stimulation
LPS [0.1µg/ml]
Zymosan [250 µg/ml]
2
4
2
4 [hr]
a
a
37.22±1.57
37.16±4.62
45.74±2.33
35.85±4.13
b

38.22±4.14

c

24.68±4.74

c

24.35±5.78

c

25.29±2.99

a

4731±531

21678±2186

d

29944±2731

a
b

b

a

653.9±133.0

531.8±160.6
602.9±127.9

c

13.85±2,17

79.48±22.14

b
b

3.1+300 D3

1.12±0.10

22.47±1.25

300

1.04±0.51

30.33±3.67

264.53±35.64

0.89±0.17

a

a

1.00±0.08

6.16±0.71

3.1+300 D3

1.21±0.15

7.03±0.75

9.37±0.83

c
c
c

201.48±30.47

61.27±34.31

b

283.01±25.21

c

214.92±27.73
268.52±21.37

bc
bc

300

1.16±0.11

7.21±0.21

299.71±26.99

3.1

0.82±0.13

5.09±2.19

136.03±18.92
b

a

10.4

1.01±0.17

8.86±2.41

22.67±5.07

3.1+300 D4

1.09±0.23

5.89±1.83

65.89±12.85

3.1+300 D3

1.11±0.37

6.93±1.62

30.86±7.27

c

b
b

1.08±0.03

6.88±0.23

3.1

2.78±1.34

a

13.5±1.47

10.4

1.07±0.19

19.13±1.14

17.91±8.83

b
b

3.1+300 D4

1.24±0.82

21.23±1.39

3.1+300 D3

1.41±0.58

23.47±3.62
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or enrichment by taking vitamin pills. This work shows that even
small changes in the riboflavin concentration have an impact on
the functioning of immune system through its action on the key
immunocompetent cells, that is, the macrophages.
Our current and previous study (19) demonstrates that RAW
264.7 macrophages are sensitive to changes in riboflavin
concentration and present signs of its deficiency within only 5
days. As we presented previously (19), a culture of RAW 264.7
cells in a marginally low riboflavin concentration (3.1 nM) led to
impaired proliferation of quiescent cells and increased cell death
by apoptosis. Moreover, riboflavin deprivation affects
macrophage ability to adhere and impairs cell response by a
reduction of phagocytosis and respiratory burst (19). In the current
study, we focused on assessing the impact of riboflavin on
macrophage activation by bacterial or yeast agent. This study
reports three important aspects that are exerted by riboflavin
deficiency and supplementation on activated macrophages. First,
a reduction in the riboflavin concentration impairs the ability of
macrophages to pathogen recognition via a reduction in TLR2
expression and TLR4 production (data not shown). This process
impairs the response of macrophages by decreasing the iNOS
expression and releasing lower amount of inflammatory factors,
such as NO, IL-1β, MCP-1, IL-6, and IL-10. This suggests that the
riboflavin deficiency impairs the first line of immune defense.
Moreover, a culture of macrophages in a marginally low riboflavin
concentration results in pathologic activation, leading to excessive
release of strong proinflammatory cytokines such as HMGB1 and
TNF-α, enhancement of cell death by apoptosis, a weakening of
the expression of the protective protein Hsp72, and, in the case of
LPS stimulation, also increased NFκB activation. Second, the
negative consequences of riboflavin deficiency are eliminated by
enriching the medium with riboflavin (up to 300 nM) on the third
(zymosan-stimulated group) or third/fourth day of deprivation
(LPS-stimulated cells). Third, a short-term cell culture in
riboflavin-enriched medium (300 nM) had a protective effect on
LPS-stimulated macrophages, which was reflected in a reduction
of cell death by apoptosis and by enhanced expression of the
chaperone protein Hsp72 in both LPS and zymosan models. In
addition, weak anti-inflammatory effects were observed upon cell
cultures in riboflavin-supplemented environments. In the zymosan
model, macrophages expressed significantly less TLR6 and iNOS
(and consequently produced less NO); moreover, as a result of
decreased gene expression, cells released significantly less crucial
inflammatory factors such as IL-1β, MCP-1, or KC. In the case of
LPS-stimulated macrophages, riboflavin enrichment resulted in a
reduction of proinflammatory TNF-α and an elevation of late IL6 and NO, as well as anti-inflammatory IL-10.
Due to the expression of TLRs, immunocompetent cells,
including macrophages, have the ability to recognize pathogenassociated molecular patterns (PAMPs) exhibited by various
groups of organisms such as bacteria, viruses, mycobacteria,
parasites, and fungi (26). TLR4 is the principal receptor for the
recognition of bacterial LPS, which interacts with the CD14 and
MD2 coreceptors, while zymosan recognition depends on
heterodimers of TLR6 and TLR2. The downstream signaling
pathway of TLR4 and TLR6-TLR2 is mediated by several protein
complexes and leads to the phosphorylation and translocation of
NFκB to the nucleus, where as a transcription factor it activates
gene expression and mediates the production of inflammatory
mediators such as the cytokines/chemokines (TNF-α, IL-6, MCP1) and NO (26, 27). In this study, riboflavin deprivation diminished
TLR4 and TLR2 protein production with no effect on CD14 or
TLR6 (data not shown). Study of gene expression indicated
significantly lower TLR2, but no TLR4 expression (Fig. 3A and
3B). This result may suggest that the reduction of TLR2 production
was due to lower gene expression, while the diminished TLR4
level was the result of disruption in posttranscriptional processing.

The aspect of impaired maturation of proteins in the state of
riboflavin deficiency was previously shown by Manthey et al. (28).
However, in both the cases, zymosan and LPS recognition is
impaired. Contrary to our expectations, a reduction in TLRs did not
decrease the NFκB phosphorylation, which was elevated in the
LPS-treated riboflavin-deficiency group (Fig. 4). However, it
should be borne in mind that unlike the cytokines, the secretion of
which depends on new protein synthesis, NFκB is stored in the cell
cytoplasm and subsequent protein synthesis is not needed for its
activation. In addition, NFκB activation may be accomplished by a
number of factors, such as endotoxins TNF-α, IL-1β, mitogens,
viral, protein, or chemical agents (29). Therefore, it can be assumed
that the increase in NFκB phosphorylation is not a result of direct
response to stimulation by LPS via TLR4, but probably is a result
of indirect activation by factors not included in this study.
Moreover, this study demonstrated that LPS or zymosan activation
was accompanied by an increase in release of HMGB1, which was
reversed by riboflavin enrichment. HMGB1 is a ubiquitous nuclear
DNA-binding protein that can be secreted actively by both
stimulated monocytes and macrophages, and passively by necrotic
or damaged cells (30). As a late mediator of inflammation,
HMGB1 acts as a pro-inflammatory cytokine that amplifies the
inflammatory response (31), and is important in the pathogenesis
of sepsis (32), lung inflammation (33), and arthritis (34). HMGB1,
through interaction with a RAGE receptor (the receptor for
advanced proteolytic glycation end products) (35), leads to LPSindependent NFκB activation (36) and elevation of certain
proinflammatory cytokines such as TNF-α. Moreover, as presented
by Andersson et al. (37), TNF-α release occurs in two peaks at 3
and 8 – 10 hours, with elevated mRNA expression 8 – 10 hours
after HMGB1 stimulation. Given that LPS induced excessive
HMGB1 release about 8 hours after stimulation (31) and that
enhanced apoptosis promote HMGB1 release (38), the
significantly higher NFκB phosphorylation and elevated level of
TNF-α secreted in our study by riboflavin-deprived macrophages
(Table 2) may be because of secondary activation by HMGB1, both
released by apoptotic cells and actively upon LPS stimulation.
Moreover, in normal conditions, NFκB activation and excess TNFα production is inhibited by IL-10 (39), the secretion of which is
impaired in a riboflavin-deficient state. Enhancement of TNF-α
secretion is one of the mechanisms by which LPS induces
apoptosis in macrophages (40); the level of TNF-α correlated
positively with the percentage of apoptotic cells in our study,
which, as reported by Qin et al. (38), can induce the release of
HMGB1. Furthermore, it should be noted here, that the prolonged
cellular stress (as e.g. starvation) can leads to translocation of
HMGB1 to the cytosol, and consequently to the autophagy
induction by participation in Beclin-1-Bcl2 complex dissociation
(41). The autophagy process was not study in this paper. However,
a decreased abundance of TLR4 or TLR2 receptors impairs the
ability of macrophages to recognize PAMPs and leads to diminish
the acute phase of the antibacterial or antifungal immune response.
This argument is justified by analysis of the other inflammatory
factors released by stimulated macrophages upon the state of
riboflavin deficiency. Riboflavin-deficient RAW 264.7 cells
presented lower iNOS expression and NO production in response
to either LPS or zymosan stimulation (Fig. 5). This effect was
effectively eliminated on the third or fourth day of riboflavin
deficiency by riboflavin administration in a concentration
corresponding to vitamin pill supplementation. NO is an
omnipresent intracellular messenger in all vertebrates. Under
physiological conditions, NO is synthesized continuously through
nNOS and eNOS; however, at low levels. NO modulates the blood
flow, thrombosis, neural activity, skeletal muscle contractile force
and development, total body Na+ content, and body fluid
homeostasis (42-43) as well as development of endotoxin tolerance
(44). However, the concentration of NO can rapidly increase
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through enhanced iNOS expression under certain circumstances
(e.g., inflammation). This temporary NO excess is crucial for
proper host defense, as NO acts as an antibacterial, antiparasitic,
and antiviral agent (42). Bearing in mind the immunomodulatory
effect of riboflavin seems to be appropriate to undertaken the study
on the impact of riboflavin status on development of endotoxin
tolerance.
With regards to the beneficial effects of NO in innate immune
systems, the results of our study indicate impaired macrophage
effectors function through lowered NO output in stimulated
riboflavin-deficient cells. Such decreased NO production might be
a result of the inhibited activity of iNOS through a shortage of
flavin. iNOS is a homodimeric flavoprotein in which each
monomer consists of two domains: an N-terminal oxygenase and
a C-terminal reductase domain that has bound FAD and FMN as
cofactors. This reductase domain with FAD and FMN provides the
electron transport necessary to drive the reaction of NO
production which then occurs in the oxygenase domain (45).
Riboflavin is a precursor of FAD and FMN (4), so the state of
riboflavin deficiency reduces the intracellular level of both the
cofactors. However, it is more probable that the impaired NO
production affects iNOS expression. LPS-induced iNOS
expression runs via a complex of intracellular signaling cascades,
including adaptors such as IRAK and MyD88, which activate
downstream molecules, including TRAF6. This pathway activates
signaling pathways including the mitogen-activated protein kinase
(MAPK) pathway and the NFκB pathway, which activate iNOS
transcription (46). Furthermore, iNOS promoters exhibit binding
sites for numerous transcriptional factors (such as Ap-1, IRF-1,
NFκB, NF-IL6, STAT-1α) (47). This is the reason why the
induction or inhibition of iNOS expression may occur through a
wide variety of signal transduction pathways. For example, it has
been shown that erstressin, a molecule activator of the unfolded
protein response (UPR), leads to the downregulation of cytokineinduced iNOS expression (48). Consistent with our findings, the
affected NO production seems to be a result of inappropriate iNOS
expression and UPR, and this in turn results from improper TLR4
or TLR2 expression. These findings could, moreover, explain the
lowered levels of IL-6, MCP-1, and IL-10 observed in our study
in the riboflavin-deficient group. Cytokine expression is regulated
on a variety of levels, from transcription to protein folding and
maturity. Proper folding of proteins depends on the appropriate
level of flavoproteins present on HepG2 cells cultured in a
riboflavin-depleted medium. Short-term riboflavin deprivation
induced the UPR (28, 49). On the other hand, it should be noted
that the response of macrophages cultured in an enhanced
riboflavin environment suggests that vitamin B2, even at such low
concentrations as those we observed in the use of vitamin pills,
may exert a weak anti-inflammatory effect. This effect is not as
strong as in the case of pharmacological doses of riboflavin,
however, vitamin B2 can provide support for the proper
functioning of macrophages in the site of inflammation. These
data are consistent with the results reported previously by others,
which presented beneficial effects of high dose of riboflavin in
reduction of inflammation (22-25), or cancer progression after
treatment with irradiated riboflavin (50), as well as can partly
justify an anti-inflammatory effect of plant extracts with a
significant share of flavonoids (51, 52).
In conclusion, our study provides evidence that riboflavin is
essential for the proper functioning of macrophages, and its
appropriate concentration determines the correct course of
macrophage activation in response to the pathogen. Riboflavin
deprivation disrupts macrophage activation, leading to a decrease
in the capacity for pathogen recognition and the generation of an
appropriate immune response. Moreover, the deprivation state
induced a pathologic, excessive proinflammatory response
resulting in the intensification of apoptosis and the release of

damage factors (TNF-α, HMGB1). The negative consequences of
short-term riboflavin deprivation are reversible if enrichment
occurs sufficiently quickly. Moreover, riboflavin supplementation
to the level observed after vitamin pill intake improves the viability
of macrophages and exerts a weak anti-inflammatory effect.
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