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Abstract

Flavin mononucleotide (FMN) and flavin adenine dinucleotide (FAD) are essential coenzymes in redox reactions. For example, FAD is a
coenzyme for both glutathione reductase and enzymes that mediate the oxidative folding of secretory proteins. Here we investigated short-
term effects of moderately riboflavin-deficient culture medium on flavin-related responses in HepG2 hepatocarcinoma cells. Cells were
cultured in riboflavin-deficient (3.1 nmol/l) medium for up to 6 days; controls were cultured in riboflavin-sufficient (532 nmol/l) medium.
The activity of glutathione reductase decreased by 98% within 4 days of riboflavin-deficient culture. Transport rates of riboflavin increased in
response to riboflavin depletion, whereas expression of enzymes mediating flavocoenzyme synthesis (flavokinase and FAD synthetase)
decreased in response to depletion. The oxidative folding and synthesis of plasminogen and apolipoprotein B-100 was impaired within 4 days
of culture in riboflavin-deficient medium; this is consistent with impaired processing of secretory proteins in riboflavin-deficient cells.
Riboflavin depletion was associated with increased DNA-binding activities of transcription factors with affinity for endoplasmic reticulum
stress elements and nuclear factor kB (NF-kB) consensus elements, suggesting cell stress. Moreover, the abundance of the stress-induced
protein GADD153 was greater in riboflavin-deficient cells compared with controls. Riboflavin deficiency was associated with decreased rates
of cell proliferation caused by arrest in G1 phase of the cell cycle. These studies are consistent with the hypothesis that HepG2 cells have a
great demand for riboflavin and that cell stress develops rapidly if riboflavin supply is marginally low.
© 2005 Elsevier Inc. All rights reserved.
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1. Introduction to generate FAD. Both FMN and FAD are essential
coenzymes in numerous redox reactions. For example,
FAD is a coenzyme for glutathione reductase, which
mediates regeneration of reduced glutathione [1]. Moreover,
FAD is a coenzyme for Erol and sulthydryl oxidases, which
mediate the oxidative folding (formation of disulfide bonds)
of secretory proteins; oxidative folding of proteins in the
endoplasmic reticulum is essential for their subsequent
secretion into the extracellular space [2,3].

Riboflavin is converted to flavocoenzymes to attain
biological activity [1]. In a first step of bioactivation,
riboflavin is phosphorylated by flavokinase to generate
flavin mononucleotide (FMN). In a second step, FMN is
adenylated by flavin adenine dinucleotide (FAD) synthetase
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Consistent with a role for FAD in glutathione recycling
and protein folding, riboflavin deficiency causes cell stress.
First, evidence has been provided that cellular concentra-
tions of reduced glutathione decrease in response to
riboflavin deficiency [4,5]. Reduced glutathione is a scav-
enger of free radicals and reactive oxygen species [6,7] and
regulates protein function by S-glutathionylation [8]. Con-
sistent with these observations, riboflavin-deficient HepG2
hepatocarcinoma cells exhibit an increased incidence of
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oxidative damage to proteins and DNA compared
with riboflavin-sufficient controls (K. C. Manthey and
J. Zempleni, unpublished observation). Second, evidence
has been provided that riboflavin deficiency in human
Jurkat (lymphoid) cells and HepG2 cells impairs the
oxidative folding of secretory proteins [4,5]. Impaired
folding is associated with a decrease of global translational
activity, activation of ubiquitin-dependent degradation of
misfolded proteins and cell cycle arrest and apoptosis. These
events are hallmarks of a cell stress response named the
unfolded protein response [9,10].

Some tissues are more susceptible to developing
riboflavin deficiency than others. For example, Jurkat cells
developed mild symptoms of riboflavin deficiency only if
cultured in severely riboflavin-deficient (0.85 nmol/l)
medium for extended periods (i.e., for about 5 weeks)
[4]. This suggests that lymphoid cells are unlikely to
develop riboflavin deficiency in free-living humans con-
suming moderately riboflavin-deficient diets for short
periods. In contrast, HepG2 cells developed severe ribofla-
vin deficiency if cultured in a medium containing mode-
rately low concentrations of riboflavin (3.1 nmol/l) for 8 days
[5]. This is consistent with the hypothesis that moderately
low riboflavin supply may impair liver cell function.

Here we investigated effects of moderately riboflavin-
deficient culture medium on flavin-related responses in
HepG2 cells. Specifically, (1) we quantified time courses of
glutathione reductase activities and riboflavin transport rates
in HepG2 cells cultured in riboflavin-deficient medium and
(2) we determined whether short-term riboflavin deficiency
affects the following flavin-dependent variables: expression
of genes coding for flavokinase and FAD synthetase,
oxidative folding and synthesis of the secretory proteins
plasminogen and apolipoprotein B-100, activation of stress-
dependent transcription factors and cell cycle progression.

2. Methods and materials
2.1. Cell culture

HepG2 cells (ATCC, Manassas, VA) were cultured in
customized RPMI-1640 containing 3.1 nmol/l riboflavin
(denoted “deficient”) for up to 6 days; control cells were
cultured in medium containing 532 nmol/l [5]. Media
contained 10% dialyzed, riboflavin-depleted bovine growth
serum [4]. Riboflavin concentrations in media were chosen
based on the following lines of reasoning. First, previous
studies provided evidence that HepG2 cells develop severe
riboflavin deficiency if cultured in medium containing
3.1 nmol/l riboflavin for 8 days [5]; this concentration
represents the level of riboflavin observed in plasma from
moderately deficient pregnant women [11]. Second, previ-
ous studies provided evidence that a concentration of
532 nmol/l riboflavin in culture medium is sufficient to
prevent riboflavin deficiency in HepG2 cells [5]; this
concentration represents the level of riboflavin observed in

plasma from individuals taking riboflavin supplements [12]
and in normal portal vein blood [5,13].

2.2. Flavin homeostasis

The activity of glutathione reductase was quantified in
lysed HepG2 cells as described [14] with minor modifica-
tions [4]. Rates of riboflavin transport into HepG2 cells
were quantified using a physiological concentration of
[*H]riboflavin (10 nmol/l) as described [15].

2.3. Reverse transcriptase polymerase chain reaction

The abundance of mRNA coding for flavokinase and
FAD synthetase was quantified using reverse transcriptase
polymerase chain reaction (RT-PCR) as described [16,17];
mRNA coding for glyceraldehyde-3-phosphate dehydroge-
nase was used as a control. The following gene-specific
primers were used: 5'-AGA TGG TGG TGA GCA TAG
GA-3’ and 5-CCA CTG CAC TTG GCC TTA AT-3’ for
flavokinase; 5 -GTT TGC CGA GTC TCA GTT GT-3' and
5'-AAT GCC TGG GAA GAG GTA GA-3 for
FAD synthetase; 5-ACC ACA GTC CAT GCC ATC AC-
3’ and 5-TCC ACC ACC CTG TTG CTG TA-3 for
glyceraldehyde-3-phosphate dehydrogenase. Only values
from within the exponential phase of PCR amplification
were considered for analysis by gel densitometry [17].

2.4. Detection of sulfhydryl groups in plasminogen

Polyethylene oxide-iodoacetyl biotin (Pierce, Rockford,
IL) is a sulthydryl-reactive biotin derivative. Theoretically,
polyethylene oxide-iodoacetyl biotin reacts with sulthydryl
groups in unfolded proteins from cell extracts in vitro,
increasing the molecular weight of the protein and causing a
mobility shift in gel electrophoresis. In contrast, proteins
that are properly folded (i.e., with low abundance of free
sulfhydryl groups) do not react with polyethylene oxide-
iodoacetyl biotin. As a marker for protein folding, we used
plasminogen from HepG2 cell extracts as described below.
Plasminogen has a molecular weight of 91 kDa and contains
21 disulfide bonds. As a control, we used 98% pure
plasminogen from human plasma (MP Biomedicals, Aurora,
OH); some samples of chemically pure plasminogen were
pretreated with 1 mmol/l dithiothreitol for 1 h to convert
disulfide bonds to free sulthydryl groups before incubation
with polyethylene oxide-iodoacetyl biotin.

Extranuclear proteins were released from HepG2 pellets
by suspending cells in 10 mmol/l HEPES (pH 7.9),
containing 50 mmol/l sodium chloride, 0.5 mol/l sucrose,
0.1 mmol/l EDTA, 5 ml/l Triton X-100, 0.5 mmol/l sodium
orthovanadate, 10 mmol/l disodium pyrophosphate, 100
mmol/l sodium fluoride, 17.5 mmol/l p-glycerophosphate,
1 mmol/l phenylmethylsulfonyl fluoride and 0.04 ml/l
protease inhibitor cocktail (catalog P-8340, Sigma, St.
Louis, MO). Cell nuclei were removed by centrifugation
(3000xg, 10 min). Proteins in the supernatant were
precipitated with 1.2 mol/l trichloroacetic acid on ice for
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10 min, and protein pellets were washed twice with cold
acetone. Proteins were resuspended in 50 mmol/l Tris-HCI
(pH 8.3), containing 35 mmol/l lauryl sulfate sodium salt,
1 mmol/l phenylmethylsulfonyl fluoride and 90 mmol/l
polyethylene oxide-iodoacetyl biotin; samples were incubat-
ed at room temperature for 90 min. Equal amounts of
proteins were resolved using 3-8% Tris acetate gels
(Invitrogen, Carlsbad, CA) and electroblotted onto poly-
vinylidene difluoride membranes [18]. A goat polyclonal
IgG; anti-human plasminogen antibody (Santa Cruz Bio-
technologies, Santa Cruz, CA) was used to probe plasmin-
ogen, and a mouse monoclonal anti-goat/sheep IgG
peroxidase conjugate (Sigma) was used as secondary
antibody. Bands were visualized by chemiluminescence [18].

2.5. Western blot analyses

GADDI153 in extranuclear extracts was analyzed by
Western blot analysis as described [5]. For analysis of
apolipoprotein B-100, extranuclear extracts were prepared,
resolved by gel electrophoresis and electroblotted as
described in Section 2.4. Apolipoprotein B-100 on blots
was probed using mouse monoclonal IgG; anti-human
apolipoprotein B-100 (Santa Cruz Biotechnologies) and
goat anti-mouse IgG peroxidase conjugate (Sigma). B-Actin
(control) was probed using a goat polyclonal anti-human
B-actin antibody and a mouse monoclonal anti-goat/sheep
IgG peroxidase conjugate. Bands were visualized by
chemiluminescence as described [18].

2.6. Electrophoretic mobility shift assays

The nuclear abundance of transcription factors was
quantified by electrophoretic mobility shift assay (EMSA)
and gel densitometry as described [19,20]. Transcription
factors binding to endoplasmic reticulum stress elements
were probed using the following oligonucleotides, which
contain consensus binding sites for the proteins of interest:
5-GAG GGC CTT CAC CAATCG GCG GCC TCC ACG
ACG GGG CTG G-3' and 5'-CCA GCC CCG TCG TGG
AGG CCG CCG ATT GGT GAA GGC CCT C-3 [21].
Nuclear factor kB (NF-kB) was probed as described before
[20]. As a control we quantified the nuclear abundance of
the transcription factor Oct-1 by using the following
oligonucleotide probes: 5-TGT CGA ATG CAA ATC
ACT AGA A-3' and 5-TTC TAG TTT GCA TTC GAC
A-3" . Some samples were assayed in the presence of a
100-fold molar excess of unlabeled probe or in the absence
of nuclear extract (specificity controls) as described [19,20].

2.7. Cell proliferation and cell cycle analysis

Proliferation rates of HepG2 cells were quantified by
measuring the cellular uptake of [*H]thymidine as described
with minor modifications [22]. For analysis of cell cycle
distribution, DNA was labeled with propidium iodide and
samples were analyzed using flow cytometry [23]. Flow
cytometry experiments were conducted at the Cell Analysis

Facility Center (University of Nebraska Medical Center,
Omaha, NE).

2.8. Statistics

Homogeneity of variances among groups was con-
firmed using Bartlett’s test [24]. Significance of differences
among groups was tested by one-way ANOVA. Fisher’s
Protected Least Significant Difference procedure was
used for post hoc testing [24]. Paired ¢ test was used for
paired comparisons [24]. StatView 5.0.1 (SAS Institute,
Cary, NC) was used to perform all calculations. Differences
were considered significant if P<.05. Data are expressed as
mean+S.D.

3. Results
3.1. Flavin homeostasis

Activities of glutathione reductase in HepG2 cells
decreased significantly from Day 2 to Day 3 in riboflavin-
deficient medium (Fig. 1). Four days after transfer into
riboflavin-deficient medium, glutathione reductase activity
had decreased by 98%2% compared with riboflavin-
sufficient controls (Day 0). Six days after transfer into
riboflavin-deficient medium, glutathione reductase activity
was below limits of detection.

HepG2 cells responded to riboflavin deficiency by
increasing riboflavin transport rates. Transport rates equaled
38+4 fmol riboflavin/(10° cellsx 10 min) in riboflavin-
sufficient cells (Day 0). Transport rates increased by about
two times after cells were transferred into riboflavin-
deficient medium; riboflavin transport rates peaked at about
3—4 days after transfer into riboflavin-deficient medium.
The following temporal pattern of riboflavin transport was
observed [units=fmol riboflavin/(10° cellsx 10 min)]: 53+8
for Day 2; 88+£29 for Day 3; 86424 for Day 4; 73+£10 for
Day 5; 76+24 for Day 6 (P<.05 vs. riboflavin-sufficient
controls, Day 0; n=3). Collectively, data from experiments
with glutathione reductase and transport rates suggest that
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Fig. 1. Time course of glutathione reductase activity in HepG2 cells in
response to transfer from riboflavin-sufficient medium (532 nmol/l, Day 0)
to riboflavin-deficient medium (3.1 nmol/l). *®Bars not sharing the same
letter are significantly different ( P <.05, n=4). Means£S.D. are shown.
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riboflavin deficiency developed in HepG2 cells within
3—4 days of culture in riboflavin-deficient medium. Hence,
for subsequent studies, we used cells cultured in riboflavin-
deficient and riboflavin-sufficient media for 4 days.

Riboflavin deficiency was associated with decreased
abundance of mRNA coding for flavokinase and FAD
synthetase (Fig. 2). After 4 days in riboflavin-deficient
medium, the abundance of mRNA coding for flavokinase
and FAD synthetase decreased to <20% of control values.
The abundance of mRNA encoding glyceraldehyde-
3-phosphate dehydrogenase (control) was not affected by
riboflavin (data not shown).

3.2. Protein synthesis and folding

Riboflavin deficiency impaired the oxidative folding of
plasminogen. Protein extracts from riboflavin-sufficient and
riboflavin-deficient HepG2 cells were treated with the
sulfhydryl-reactive reagent polyethylene oxide-iodoacetyl
biotin. Incubation with polyethylene oxide-iodoacetyl biotin
caused a noticeable increase of the apparent molecular
weight of plasminogen from riboflavin-deficient cells
compared with controls (Fig. 3). The increased molecular
weight is consistent with the availability of free sulthydryl
groups for chemical biotinylation in unfolded plasminogen.
The apparent molecular weight of commercial, chemically
pure plasminogen was similar to the mobility observed for
plasminogen from riboflavin-sufficient cells (Fig. 3). In
contrast, if disulfide bonds in commercial plasminogen
were reduced using dithiothreitol before incubation with
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Fig. 2. The abundance of mRNA coding for flavokinase and FAD
synthetase decreases in response to riboflavin deficiency in HepG2 cells.
Cells were cultured in riboflavin-deficient (3.1 nmol/l) and riboflavin-
sufficient (532 nmol/l) media for 4 days. mRNA abundance was quantified
using RT-PCR. Data are expressed in units of percent mRNA abundance,
using cells cultured in medium containing 532 nmol/l riboflavin as the
reference. *PBars not sharing the same letter are significantly different
(P<.05, n=4). Means*S.D. are shown.
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Fig. 3. The abundance of free sulthydryl groups is greater in proteins from
riboflavin-deficient HepG2 cells (Def.=3.1 nmol/l riboflavin) compared
with riboflavin-sufficient controls (Control=532 nmol/l riboflavin). Cells
were cultured in riboflavin-defined media for 4 days. Sulthydryl groups in
proteins from cell extracts were derivatized with polyethylene oxide-
iodoacetyl biotin; plasminogen was visualized by Western blot analysis
using an antibody to human plasminogen. Commercial, chemically pure
plasminogen (with and without pretreatment with dithiothreitol) was used
as a control. N/A=not applicable.

polyethylene oxide-iodoacetyl biotin, the apparent molecu-
lar weight was similar to plasminogen from riboflavin-
deficient cells.

Previous studies suggested that HepG2 cells respond to
severe riboflavin deficiency with decreased expression of
the apolipoprotein B-100 gene [5]. The present study
suggested that the abundance of cellular apolipoprotein
B-100 also decreased after short-term riboflavin deficiency.
Specifically, if HepG2 cells were cultured in riboflavin-
deficient medium for 4 days, the abundance of apolipo-
protein B-100 decreased by 85+4% compared with
riboflavin-sufficient controls (Fig. 4). The abundance of
p-actin (control) was not affected by riboflavin deficiency
(data not shown). Collectively, these studies suggest that
culturing HepG2 cells in riboflavin-deficient medium for
only 4 days is sufficient to impair the oxidative folding of
secretory proteins and that impaired protein folding
attenuates protein synthesis.
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Fig. 4. Riboflavin deficiency decreases the abundance of apolipoprotein
B-100 in HepG2 cells. Cells were cultured in riboflavin-deficient
(3.1 nmol/l) and riboflavin-sufficient (532 nmol/l) media for 4 days.
Apolipoprotein B-100 was quantified by Western blot analysis and gel
densitometry. Inserts depict representative Western blot images. “*Bars not
sharing the same letter are significantly different (P <.05, n=4).
Means+S.D. are shown.
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3.3. Cell stress

The binding activity of nuclear transcription factors with
affinity for endoplasmic reticulum stress elements was
greater in riboflavin-deficient cells than in riboflavin-
sufficient controls, as judged by EMSA (Fig. 5, Lanes 1
and 2). No bands were detectable if samples were incubated
in the presence of a 100-fold molar excess of unlabeled
probe (Lane 3) or in the absence of nuclear extract (Lane 4);
DNA-binding activity of Oct-1 (specificity control) was not
affected by riboflavin (Lanes 5 and 6). These observations
suggest that binding of transcription factors to endoplasmic
reticulum stress elements increased specifically in response
to riboflavin deficiency. Binding to endoplasmic reticulum
stress elements was 99438 arbitrary units in riboflavin-
deficient cells and 31£36 arbitrary units in riboflavin-
sufficient controls, as judged by using gel densitometry
(P<.01, n=5). In previous studies, we provided evidence
that ATF6 accounts for some of the binding to the
endoplasmic reticulum stress element [5]. Activation of
ATF6 is consistent with endoplasmic reticulum stress
caused by accumulation of unfolded proteins [25,26].

Previous studies suggested that cell stress causes nuclear
translocation of the transcription factor NF-kB; transloca-
tion of NF-kB is associated with transcriptional activation of
anti-apoptotic genes, mediating survival of stressed cells
[27]. In the present study, DNA binding activity of NF-xB
in nuclear extracts was assessed using EMSA. DNA binding
activity was greater in extracts from riboflavin-deficient
cells compared with riboflavin-sufficient controls (Fig. 6,
Lanes 1 and 2). No bands were detectable if samples were
incubated in the presence of a 100-fold molar excess of
unlabeled probe (Lane 3) or in the absence of nuclear extract
(Lane 4); DNA-binding activity of Oct-1 (specificity
control) was not affected by riboflavin (Lanes 5 and 6).
These observations suggest that nuclear activity of NF-xB
increased specifically in response to riboflavin deficiency.
Binding to NF-kB was 270423 arbitrary units in riboflavin-
deficient cells and 165+47 arbitrary units in riboflavin-

Riboflavin (nmoliL)

532 31 31 N/A 532 3.1
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1 2 3 4 5 6

Fig. 5. Riboflavin deficiency enhances binding of transcription factors to
endoplasmic reticulum stress elements in HepG2 cells. Cells were cultured
in riboflavin-deficient (3.1 nmol/l) and riboflavin-sufficient (532 nmol/l)
media for 4 days. Binding to endoplasmic reticulum stress elements was
visualized using EMSA; binding to an Oct-1 site was used as a control.
N/A=not applicable. Lanes 1 and 2=binding to an endoplasmic reticulum
stress element by nuclear extracts from control cells and riboflavin-deficient
cells, respectively; Lane 3=100-fold molar excess of unlabeled endoplas-
mic reticulum stress element; Lane 4=endoplasmic reticulum stress
element in the absence of nuclear extract; Lanes 5 and 6=Dbinding to a
consensus binding sequence for Oct-1 by nuclear extracts from control cells
and riboflavin-deficient cells, respectively.
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Fig. 6. The DNA binding activity of NF-kB increases in response to
riboflavin deficiency in HepG2 cells. Cells were cultured in riboflavin-
deficient (3.1 nmol/l) and riboflavin-sufficient (532 nmol/l) media for
4 days. Binding of NF-«B to response elements was visualized using
EMSA; binding to an Oct-1 site was used as a control. N/A=not
applicable. Lanes 1 and 2=binding to a consensus sequence for NF-xkB
by nuclear extracts from control cells and riboflavin-deficient cells,
respectively; Lane 3=100-fold molar excess of unlabeled consensus
binding site for NF-xB; Lane 4=consensus binding site for NF-kB in the
absence of nuclear extract; Lanes 5 and 6=binding to a consensus binding
sequence for Oct-1 by nuclear extracts from control cells and riboflavin-
deficient cells, respectively.

sufficient controls, as judged by using gel densitometry
(P<.05, n=3). In previous studies, we used Western blot
analysis, reporter—gene constructs and enzyme-linked im-
munosorbent assay to confirm the validity of EMSA with
regard to NF-xB activity [20].

The transcription factor GADD153 plays a role in cell
growth arrest and apoptosis [28], decreasing the prolifera-
tion rate of stressed cells. Increased expression of the
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Fig. 7. The abundance of GADDI153 increases in response to riboflavin
deficiency in HepG2 cells. Cells were transferred from riboflavin-sufficient
medium (532 nmol/l, Day 0) to riboflavin-deficient medium (3.1 nmol/l).
At timed intervals, GADDI153 and P-actin (control) were quantified by
Western blot analysis and gel densitometry. Inserts depict representative
Western blot images. “°Bars not sharing the same letter are significantly
different (P <.05, n=4). Means+S.D. are shown.
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Fig. 8. Riboflavin deficiency causes GO/G1 phase arrest in HepG2 cells.
Cells were cultured in media containing 3.1 and 532 nmol/L riboflavin for
4 days. Cell cycle phase distribution was quantified by flow cytometry.
Representative flow cytometry charts are depicted. The insert provides a
table with percent cell cycle phase distributions. n.d.=not detectable.
Significantly different from riboflavin-sufficient controls (P <.01, n=3).

GADDI153 gene in response to stress is mediated by
endoplasmic reticulum stress elements [10,28]. In the
present study, the abundance of GADDI53 increased by
about three times within 4 days of transfer of HepG2 cells
into riboflavin-deficient medium, as judged by gel densito-
metric analysis of Western blots (arbitrary units): 167 in
riboflavin-sufficient controls (Day 0) versus 52+9 in
riboflavin-deficient cells (Day 4) (Fig. 7). The abundance
of B-actin was not affected by riboflavin (control).

3.4. Cell cycle arrest

Riboflavin deficiency arrested HepG2 cells in G0/G1
phases of the cell cycle. Analysis by flow cytometry
suggested that 74% of cells arrested in GO/G1 phases of the
cell cycle after 4 days in riboflavin-deficient medium,
whereas only 61% of riboflavin-supplemented controls were
in GO/G1 phase (Fig. 8). The relative abundance of cells in
G2/M phases of the cycle decreased from 6.7% to “not
detectable” in response to riboflavin deficiency. Consistent
with these findings, proliferation rates (as judged by
thymidine uptake) decreased by about 30% in response to
riboflavin deficiency: 20,288+3841 cpm thymidine/(10°
cellsx6 h) in riboflavin-deficient cells versus 28,378+
2978 cpm thymidine/(10° cells X6 h) in riboflavin-sufficient
controls (P<.05, n=5).

4. Discussion

The present study is consistent with the hypothesis that
HepG2 cells have a great demand for riboflavin and that cell
stress develops rapidly if riboflavin supply is marginally
low. Here we made the following observations. The activity
of glutathione reductase decreased significantly 3—4 days

after transfer of HepG cells into riboflavin-deficient
medium. This was paralleled by increased riboflavin
transporter activities and decreased expression of genes
coding for flavokinase and FAD synthetase. The oxidative
folding and synthesis of plasminogen and apolipoprotein
B-100 was impaired within 4 days of culture in riboflavin-
deficient medium; this is consistent with impaired process-
ing of secretory proteins in riboflavin-deficient cells.
Riboflavin depletion was associated with increased DNA
binding activities of transcription factors with affinity for
endoplasmic reticulum stress elements and NF-xB consen-
sus elements, suggesting cell stress. Moreover, the abun-
dance of GADDI153 was greater in riboflavin-deficient cells
compared with controls. Riboflavin deficiency was associ-
ated with decreased rates of cell proliferation caused by
arrest in GO/G1 phases of the cell cycle.

These observations are physiologically important, based
on the following lines of reasoning. First, riboflavin-
deficient HepG2 cells exhibit an increased incidence
of oxidative damage to proteins and DNA compared
with riboflavin-sufficient controls (K. C. Manthey and J.
Zempleni, unpublished observation). Second, decreased
secretion of proteins by riboflavin-deficient HepG2 cells
might impair various processes in the extracellular space.
For example, apolipoprotein B-100 and plasminogen play
essential roles in lipid transport and blood clotting,
respectively. Effects of riboflavin status on protein secretion
in vivo remain to be determined. Third, GO/G1 phase arrest
of riboflavin-deficient cells is likely to decrease the renewal
of tissues that depend on rapid cell proliferation.

These findings have practical implications for nutrition-
ists and health care professionals. Evidence has been
provided that plasma concentrations of riboflavin may
decrease in pregnancy [11] and in response to treatment
with antimalarial drugs [1]. Moreover, riboflavin deficiency
has been observed in preterm newborns treated with
phototherapy [29] and in patients with cystic fibrosis [30].
Finally, hypothyroidism impairs the conversion of riboflavin
to its coenzyme forms [31,32]. Afflicted individuals are
likely to develop signs of riboflavin deficiency as described
here. Consistent with this notion, the riboflavin-deficient
medium used in the present study contained a concentration
of riboflavin (3.1 nmol/l) similar to that observed in plasma
from moderately deficient pregnant women [11]. However,
we shall point out that liver cells are supplied with water-
soluble nutrients through the portal vein in vivo and that
riboflavin concentrations are greater in portal blood
compared with peripheral blood [13]. Hence, the applica-
bility of the findings reported here to in vivo situations is
somewhat unclear. Notwithstanding this uncertainty, the
current study provides proof of principle (i.e., moderate
riboflavin deficiency causes cell stress after only 4 days in
riboflavin-defined medium).

This study provides evidence that riboflavin deficiency
causes cell cycle arrest, but the mechanism mediating
GO/G1 arrest remains uncertain. We speculate that one or
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more of the following mechanisms participate in mediating
cell cycle arrest of riboflavin-deficient cells. First, progres-
sion through G1 phase of the cell cycle depends on D-type
cyclins [33]. Translation of cyclin DI mRNA decreases in
response to accumulation of unfolded proteins [28] as
observed in riboflavin-deficient cells [4,5]. Second,
GADDI153 is an important mediator of cell cycle arrest
[34]; the present study provided evidence that the abun-
dance of GADDI53 increases in response to riboflavin
deficiency. Third, riboflavin deficiency increases the inci-
dence of DNA damage in HepG2 cells (K. C. Manthey and
J. Zempleni, unpublished observation). DNA damage
triggers signaling cascades mediating cell cycle arrest;
GADD153 may participate in these events [35].

HepG2 cells responded to riboflavin-deficient culture
conditions by increasing transport rates of riboflavin. The
identity of the riboflavin transporter in human cells is
unknown. Hence, we could not quantify transporter
abundance by using Western blot analysis in the present
study. Apparently, metabolic trapping of riboflavin by
conversion to FMN and FAD does not play an important
role in the sequestration of flavins in HepG2 cells. This
notion is based on our observation that the abundance of
mRNA coding for flavokinase and FAD synthetase de-
creased in response to riboflavin deficiency. The up-
regulation of transporter activity was not sufficient to
overcome riboflavin-deficient culture conditions, as judged
by low activities of glutathione reductase in cells cultured in
medium containing 3.1 nmol/l riboflavin.

Collectively, the present study is consistent with the
hypothesis that HepG2 cells have a great demand for
riboflavin. Signs of riboflavin deficiency and cell stress
were observed within 4 days of transfer into moderately
riboflavin-deficient medium. Previous studies suggested that
HepG2 cells develop signs of severe deficiency within
8 days of culture in riboflavin-deficient medium [5]. In
contrast, lymphoid cells are relatively resistant to develop-
ing signs of riboflavin deficiency even if cultured in
severely deficient medium for 5 weeks [4]. In previous
studies, we speculated that cells secreting large quantities of
protein might have a greater demand for riboflavin
compared with cells secreting small quantities of protein
[5]. We further speculate that the increased demand for
riboflavin in response to protein secretion is due to the role
of FAD as a coenzyme for Erol and sulfhydryl oxidases
[2,3]. Future studies of riboflavin requirements and defi-
ciency should take into account that some tissues have a
greater demand for riboflavin than others.
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