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Abstract. Vitamin Ks (VKs) are fat-soluble quinone compounds 
known to have various bioactivities. This review describes the 
inflammatory effects of VKs and their related quinone deriva-
tives based on DNA polymerase (pol) inhibition. VK3, but not 
VK1 or VK2 (=MK-4), inhibited the activity of human pol γ, which 
is the DNA replicative pol in mitochondria. Of the intermediate 
compounds between VK2 and VK3 (namely MK-3, MK-2 and 
MK-1), MK-2 was the strongest inhibitor of mammalian pols 
α, κ and λ, which belong to the B-, Y- and X-families of pols, 
respectively. Among the VK3 based quinone derivatives, such 
as 1,4-naphthoquinone (NQ), 2-dimethyl-1,4-naphthoquinone 
(1,2-dimethyl-NQ), 1,4-benzoquinone (BQ), 9,10-anthraqui-

none (AQ) and 5,12-naphthacenequinone (NCQ), NQ was the 
strongest inhibitor of mammalian pols α and λ, in particular, 
DNA repair-related pol λ. Among the all compounds tested, 
NQ displayed the strongest suppression of tumor necrosis factor 
(TNF)-α production induced by lipopolysaccharide (LPS) in a 
cell culture system using RAW264.7 mouse macrophages. NQ 
also suppressed the expression of pol λ protein in these cells, 
after LPS-treated RAW264.7 cells were stimulated to induce 
pol λ expression. In an in vivo mouse model of LPS-evoked 
acute inflammation, intraperitoneal injection of NQ into mice 
suppressed TNF-α production in peritoneal macrophages and 
serum. In an in vivo colitis mouse model induced using dextran 
sulfate sodium (DSS), NQ markedly suppressed DSS-evoked 
colitis. The promising anti-inflammatory candidates based on 
the inhibition of DNA repair-related pols, such as pol λ, by VKs 
quinone derivatives, such as NQ, are discussed.
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1. Introduction

Vitamin K (VK) is a hydrophobic (i.e., insoluble in water) 
human vitamin. It is needed for the synthesis of proteins 
required for blood coagulation (1). Normally, VK is produced 
by bacteria in the intestines and dietary deficiency is extremely 
rare unless the intestines are badly damaged. VK is essentially 
involved in the carboxylation of certain glutamate residues 
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in proteins to form γ-carboxyglutamate residues, which are 
usually involved in binding calcium (2,3). Recently, DNA 
microarray was used to identify the effect of VK status on 
gene expression in rat liver. The expression of genes involved 
in the acute inflammation response was enhanced in rats fed a 
VK-deficient diet relative to the control and VK-supplemented 
diet groups (4).

VK comprises a family of structurally similar, fat-soluble 
2-methyl-1,4-naphthoquinones, including phylloquinone (VK1), 
menaquinone (VK2) and menadione (VK3). The structures are 
shown in Fig. 1. 1,4-Naphthoquinones (NQs) (compound 7 of 
Fig. 1) form a family of compounds characterized by a naphtha-
lene ring that contains two carbonyl moieties at positions 1 and 4 
and that, in the case of VK, is substituted at positions 2 and 3. 
All members of the VK family possess an identical NQ skel-
eton with various isoprenyl chains that distinguish them. VK1 
and VK2 differ only in the prosthetic group at position 3. VK1 
possesses a phytyl group (a partially saturated poly-isoprenoid 
group) at position 3, whereas VK2 possesses a repeating unsatu-
rated trans-poly-isoprenyl group. The IUPAC-IUB Commission 
on Biochemical Nomenclature abbreviates VK2 as ‘MK-n’, 
where ‘n’ signifies the number of unsaturated isoprene units that 
compose the isoprenyl chain at the 3-position. The isoprenyl 
chain of MK-n can vary in length from C5 (n=1) to C65 (n=13); 
for example, menaquinone 4 (MK-4) could also be written as K2 
(20). MK-4 (=VK2) has three isoprene units plus the first satu-
rated group beginning at position 3, totaling four (compound 2 
of Fig. 1). The most common form of VK in animals is VK2 in its 
MK-4 structure, which is produced by intestinal bacteria from 
exogenous NQs and transformed endogenously in our own cells 
(5). VK3 possesses a much simpler structure, with no aliphatic 
chain prosthetic group at position 3 (compound 6 of Fig. 1).

VK1 and VK2 are naturally occurring types of VK. VK1 
is synthesized by plants and can be found in such foods as 
spinach, broccoli, lettuce and soybeans. VK2 is primarily 
produced by bacteria in the anterior part of the gut and the 
intestines. The MK-4 and MK-7 forms of VK2 are found in 
meat, eggs, dairy products and natto, which is fermented food 
from soybeans. MK-4 is synthesized by animal tissues; other 
forms of VK2 (mainly MK-7) are synthesized by bacteria 
during fermentation (6). In natto 0% of VK is in the MK-4 
form and in cheese 2-7% is in this form (7). VK2 forms with 
2-13 isoprene units, including MK-1, MK-2 and MK-3, have 
been found in human and animal tissues (8). On the other 
hand, Booth reported that though VK2 derivatives are synthe-
sized in the intestine, intestinal MKs are not believed to be 
the primary source of VK; VK1 is the primary dietary source; 
MK-4 and MK-7 are relatively minor sources in the average 
diet (9). Although VK3 is considered a synthetic analogue, 
Billeter et al found that VK1 can be cleaved to form VK3 by 
bacteria in the intestine (10). After absorption, VK3  is thought 
to become alkylated into biologically active isoprenylated VK2 
(11). However, VK3  cannot exert all of the functions of natural 
VK, a finding that is ascribed to its limited transformation into 
the fat-soluble vitamin forms (12,13).

VKs have quinone as the principle chemical feature. 
Quinones are a class of organic compounds that are formally 
derived from aromatic compounds by exchanging an even 
number of -CH= groups by -C(=O)- groups, with any necessary 
rearrangement of double bonds, resulting in a fully conjugated 

cyclic dione structure. The toxicological properties of quinones, 
which act as alkylating agents, have been examined. For example, 
quinones are known to interact with flavoproteins to generate 
reactive oxygen species (ROS) that can induce biological injury 
(14-17).

In this study, we focus on VKs and their related quinone 
derivatives and review their possible bioactivity, such as anti-
inflammatory effects based on the selective inhibition of DNA 
polymerase [i.e., DNA-dependent DNA polymerase (pol), E.C. 
2.7.7.7] species.

2. Pol and other DNA metabolic enzyme inhibition by VK 
quinone derivatives in vitro

Mammalian pol species. Pol catalyzes the polymerization of 
deoxyribonucleotides alongside a DNA strand, which it ‘reads’ 
and uses as a template (18). The newly polymerized molecule 
is complementary to the template strand and identical to the 
template's partner strand. Pol can add free nucleotides only to 
the 3'-end of the newly formed strand, meaning that elongation 
of the new strand occurs in a 5'- to -3' direction.

The human genome encodes at least 15 DNA polymerases 
(pols) that conduct cellular DNA synthesis (19,20). Eukaryotic 
cells contain 3 replicative pols (α, δ and ε), 1 mitochondrial 
pol (γ) and at least 11 non-replicative pols (β, ζ, η, θ, ι, κ, λ, 
μ, ν, terminal deoxynucleotidyl transferase (TdT) and REV1) 
(21,22). Pols have a highly conserved structure, which means 
that their overall catalytic subunits show little variance among 
species. Enzymes with conserved structures usually perform 
important cellular functions, the maintenance of which provides 
evolutionary advantages. On the basis of sequence homology, 
eukaryotic pols can be divided into 4 main families, termed A, 
B, X and Y (22). Family A includes mitochondrial pol γ, as well 
as pols θ and ν. Family B includes 3 replicative pols (α, δ and ε) 
and pol ζ. Family X comprises pols β, λ and μ, as well as TdT; 
lastly, family Y includes pols η, ι and κ, in addition to REV1.

An assay method to detect pol inhibitors has been estab-
lished (23,24). The substrates of the pols were synthesized 
DNA, such as poly(dA)/oligo(dT)18 (A/T = 2/1) and tritium-
labeled 2'-deoxythymidine 5'-triphosphate ([3H]-dTTP) as 
DNA template-primer substrate and nucleotide [2'-deoxy-
nucleotide 5'-triphosphate (dNTP)] substrate, respectively. 
The [3H]-dTTP incorporated radioactive DNA products were 
collected on DEAE-cellulose paper discs and radioactivity 
was measured in a scintillation counter. Activity without the 
inhibitor was considered 100% and the remaining activity at 
each concentration of the inhibitor was determined relative to 
this value. One unit of pol activity was defined as the amount 
of enzyme that catalyzed the incorporation of 1 nmol dNTP 
(i.e., dTTP) into synthetic DNA template-primers in 60 min at 
37˚C under the normal reaction conditions for each enzyme. 
Pols from mammal, fish, insect and plant, which were purified 
and have high activity, were prepared according to previous 
reports (25).

Effect of VK quinone derivatives on mammalian pol activity. 
Although many researchers found and reported inhibitors 
against all eukaryotic pol species, mainly nucleotide analogues, 
we have been studying selective inhibitors of each mammalian 
pol derived from natural products, including food materials and 
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nutrients, for more than 15 years (26-28). In fat-soluble vitamins, 
VK3, but not VK1 or VK2, is a potent and specific inhibitor of 
human pol γ (29-33). Therefore, in this review, VKs and their 
related quinone derivatives, which are the 11 compounds in 
Fig. 1, were the focus.

The inhibition of the biochemical action of four mamma-
lian pols, namely calf pol α, human pol γ, human pol κ and 
human pol λ, induced by the administration of 50 µM of each 
compound, was investigated in vitro (34-36). Pols α, γ, κ and λ 
were used as representatives of the B-, A-, Y- and X-families of 
pols, respectively (19-21). As shown in Fig. 2, MK-3, MK-2 and 
MK-1, which are chemically synthesized intermediates between 
VK2 and VK3, inhibited the activity of mammalian pols α, κ 
and  λ, whereas VK2 (=MK-4) and VK1 had no effect on pol 
activity. VK3 selectively inhibited pol γ among the mammalian 
pols tested. Among compounds 1-6 in Fig. 1, the inhibi-
tory effect of these compounds on pols α, κ and λ ranked as 
follows: MK-2 > MK-1 > MK-3 > VK1 = VK2 = VK3; and the 
inhibitory effect of these compounds on pol γ ranked as follows: 
VK3 > MK-1 > MK-2 > MK-3 > VK1 = VK2. The 50% inhibitory 
concentration (IC50) values of MK-2 against pols α, γ, κ and λ 
were 27.6, 68.8, 35.3 and 24.6 µM, respectively (34).

Of the VK3 based quinone compounds 6-11, NQ and 
1,4-benzoquinone (BQ) most strongly inhibited the activities of 
pols α and λ, but other compounds did not have an influence. 
VK3 (1-methyl-NQ) and 1,2-methyl-NQ selectively suppressed 
pol γ activity among the mammalian pols tested and VK3 was 
a stronger pol γ inhibitor than 1,2-methyl-NQ. By contrast, 
9,10-anthraquinone (AQ) and 5,12-naphthacenequinone (NCQ) 
had no effect on the activities of these pols. The inhibitory effects 
of the 11 compounds on the activities of pols α and λ were ranked 
as follows: NQ > BQ > MK-2 > MK-1 > MK-3 > VK1 = VK2 = 
VK3 = 1,2-methyl-NQ = AQ = NCQ.

When activated DNA, via DNA digestion by bovine deoxyri-
bonuclease I and dNTP were used as the DNA template-primer 
and nucleotide substrate, respectively, instead of poly(dA)/
oligo(dT)18 (A/T = 2/1) and dTTP, respectively, the mode of 
inhibition by these compounds did not change (34-36).

Effect of NQ on pols and other DNA metabolic enzymes. 
Among the VKs and their related quinone derivatives 
investigated, NQ displayed the strongest inhibitory effect on 
mammalian pols α and λ (Fig. 2) and is therefore the focus of 
this section. As described briefly in the previous section, ten 

Figure 1. Structures of VKs and their related quinone derivatives. 1, Vitamin K1 (VK1); 2, Vitamin K2 (VK2 = MK-4); 3, MK-3; 4, MK-2; 5, MK-1; 6, Vitamin K3 
(VK3 = 1-methyl-NQ); 7, 1,4-naphthoquinone (NQ); 8, 1,2-dimethyl-1,4-naphthoquinone (1,2-dimethyl-NQ); 9, benzoquinone (BQ); 10, 9,10-anthraquinone 
(AQ) and 11, 5,12-naphthacenequinone (NCQ).
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mammalian pol species including pols α, β, γ, δ, ε, ι, η, κ and λ 
and TdT are obtainable; however, pols ζ, θ, μ, ν and REV1 are 
not yet available (Table I). Currently, eukaryotes are thought to 
express at least 15 species of pols (19,20) and we are still in an 
era when most pols are very difficult to obtain in purified form 
in a laboratory. Table I shows the inhibitory effect (IC50 value) 
of NQ against various pol species including the ten eukaryotic 
pols that can be obtained (35). This compound inhibited the 
activity of all of the pols from mammals and 50% inhibition of 
the A-, B-, X- and Y-families of pols was observed at a dose of 
73.0, 6.65-67.2, 5.57-128 and 68.2-72.0 µM, respectively. Calf 
pol α and human pol λ were inhibited most strongly in the 
B- and X-families, respectively. These results suggested that 
the strength of the inhibitory effect of NQ on mammalian pol 
families can be ranked as follows: B-family pols = X-family 
pols > A-family pols = Y-family pol. NQ showed the strongest 
inhibition of pol λ activity among the pols investigated, with 
an IC50 value of 5.57 µM. This compound also inhibited the 
activity of the animal pols from fish (cherry salmon) and insect 
(fruit fly) at almost the same concentrations that inhibited the 
activity of mammalian pols (35).

By contrast, NQ had minimal influence on the activity of 
plant (cauliflower) pol α or prokaryotic pols, such as E. coli 
pol I, Taq pol, or T4 pol (Table I) (35). The three-dimensional 
structures of eukaryotic pols are likely to differ greatly from 
those of prokaryotic pols (18,19). NQ did not inhibit the activity 
of other DNA metabolic enzymes, such as calf primase pol α, 
T7 RNA polymerase, T4 polynucleotide kinase, or bovine 
deoxyribonuclease I. These results suggest that NQ may be 
a selective inhibitor of animal pols, especially the B- and 
X-families of pols containing pol λ.

To test whether NQ-induced inhibition resulted from the 
ability of this compound to bind to DNA or to the enzyme, 

the thermal transition of DNA in the presence or absence of 
NQ was measured (35). The interaction of NQ with dsDNA 
was investigated based on the thermal transition of dsDNA 

Figure 2. Inhibitory effects of VKs and their related quinone derivatives on 
the activity of mammalian pols. Each compound (50 µM) was incubated with 
calf pol α (B-family pol), human pol γ (A-family pol), human pol κ (Y-family 
pol) and human pol λ (X-family pol) (0.05 U each). Pol activity in the absence 
of the compound was taken as 100% and the relative activity is shown. Data 
are shown as the mean ± SE (n=3).

Table I. IC50 values of NQ on the activities of various pols and 
other DNA metabolic enzymes.

Enzyme IC50 value of
   NQ (7) (μM)

Mammalian DNA polymerases  
 A-Family
  Human DNA polymerase γ 73.0±3.7
 B-Family
  Calf DNA polymerase α 6.65±0.35
  Human DNA polymerase δ 67.2±3.5
  Human DNA polymerase ε 61.4±3.2
 X-Family
  Rat DNA polymerase β 128±6.4
  Human DNA polymerase λ 5.57±0.28
  Calf terminal deoxynucleotidyl transferase 55.6±2.88
 Y-Family
  Human DNA polymerase η 72.0±4.2
  Mouse DNA polymerase ι 70.2±4.0
  Human DNA polymerase κ 68.2±3.9

Fish DNA polymerases  
 B-Family
  Cherry salmon DNA polymerase δ 68.4±3.5

Insect DNA polymerases  
 B-Family
  Fruit fly DNA polymerase α 8.30±0.38
  Fruit fly DNA polymerase δ 69.5±3.7
  Fruit fly DNA polymerase ε 64.1±3.4

Plant DNA polymerases - 
 B-Family
  Cauliflower DNA polymerase α >100

Prokaryotic DNA polymerases  
 E. coli DNA polymerase I  >100
 Taq DNA polymerase  >100
 T4 DNA polymerase >100

Other DNA metabolic enzymes  
 Calf primase of DNA polymerase α >100
 T7 RNA polymerase >100
 T4 polynucleotide kinase >100
 Bovine deoxyribonuclease I >100

NQ was incubated with each enzyme. Enzyme activity in the 
absence of the compound was taken as 100%. Data are shown 
as the mean ± SE (n=3).
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by measuring the melting temperature (Tm) of dsDNA with 
an excess amount of NQ (100 µM each) using a spectropho-
tometer equipped with a thermoelectric cell holder. A thermal 
transition of Tm was not observed within the concentration 
range of the compound used in the assay, whereas a typical 
intercalating compound used as a positive control (ethidium 
bromide, 15 µM) produced a clear thermal transition. It also 
was investigated whether an excessive amount of nucleic acid 
[poly(rC)] or protein [bovine serum albumin (BSA)] prevented 
the inhibitory effect of NQ to determine whether the inhibitory 
effect resulted from non-specific adhesion of these molecules 
to animal pols, or from selective binding to specific sites (35). 
Poly(rC) and BSA had little or no influence on the pol inhibitory 
effect of NQ, suggesting that this compound selectively binds 
to the target enzyme molecule. These observations indicated 
that NQ does not act as a DNA intercalating agent or a DNA 
template-primer substrate, but that this compound can directly 
bind to the enzyme and inhibit its activity. Collectively, these 
results suggest that NQ may be a potent and specific inhibitor 
of animal pols, especially pol λ.

3. Effects of VK quinone derivatives on cultured macro-
phage cells

In many inflammatory responses, activation of nuclear factor 
(NF)-κB is the rate-limiting step of the inflammatory mecha-
nism (37). The five members of the mammalian NF-κB family, 
namely p65 (RelA), RelB, c-Rel, p50/p105 (NF-κB1) and p52/
p100 (NF-κB2), exist in unstimulated cells as homodimers or 
heterodimers bound to proteins of the IκB family (38). The 
binding of NF-κB to IκB prevents NF-κB from translocating 
to the nucleus, thereby maintaining NF-κB in an inactive 
state. NF-κB proteins are characterized by the presence of 
a conserved 300-amino-acid Rel homology domain located 
in the N-terminus of the protein and this domain is respon-
sible for dimerization with NF-κB, interaction with IκB and 
binding to DNA (38). The translocated NF-κB proteins work 
as transcription factors and regulate the expression of various 
genes that encode proinflammatory cytokines such as tumor 
necrosis factor (TNF)-α and interleukin (IL)-12, which have 
been shown to play important roles in sustained inflammatory 
responses (39-41).

Effect of VK quinone derivatives on LPS-induced TNF-α 
production. Next, it was investigated whether VKs and their 
related quinone derivatives can inhibit the inflammatory 
response in cultured mouse macrophage RAW264.7 cells 
treated with lipopolysaccharide (LPS), which stimulates 
macrophages to release inflammatory cytokines such as TNF-α 
(34-36). The cells were placed in a 12-well plate at a concentra-
tion of 5x104 cells/well and incubated for 24 h. The cells were 
pre-treated with each compound (final concentrations of 5 and 
10 µM) for 30 min before the addition of 100 ng/ml of LPS. 
After stimulation with LPS for 24 h, the cell culture medium 
was collected to measure the amount of TNF-α secreted. The 
concentration of TNF-α in the culture medium was quantified 
by using a commercially available enzyme-linked immuno-
sorbent assay (ELISA) development system.

In RAW264.7 cells, no compound showed cytotoxicity 
at 10 µM because the 50% lethal dose (LD50) values of these 

eleven compounds were >10 µM (34-36). Among VKs and the 
VK2-VK3 intermediates (i.e., compounds 1-6), MK-2 at 10 µM 
significantly suppressed the LPS-stimulated production of 
TNF-α and other compounds hardly suppressed (Fig. 3). In the 
VK3 related quinone compounds (i.e., compounds 6-11), NQ and 
BQ at 10 µM were potent suppressors of TNF-α production and 
1,2-dimethyl NQ moderately suppressed TNF-α production. 
By contrast, VK3, AQ and NCQ displayed hardly any effect 
on TNF-α production. The inhibitory effects of NQ and BQ 
were, respectively, the first and second strongest among these 
11 compounds tested; the order of this effect was NQ > BQ > 
MK-2 > MK-3 = MK-1 = 1,2-dimethyl-NQ > VK1 = VK2 = VK3 
= AQ = NCQ. The effect of these compounds on the suppres-
sion of LPS-evoked TNF-α production showed almost the same 
tendency as the inhibitory effect on mammalian pols α and λ. 
These results suggest that VKs and their related quinone deriva-
tives, such as NQ, might inhibit the activities of mammalian 
pols and then prevent the production of TNF-α in LPS-induced 
macrophages, but not affect the cell growth.

Effect of NQ on LPS-induced pols expression and inflammatory 
response. Because there was a relationship between the in vitro 
pols α and λ inhibition and LPS-induced TNF-α suppression in 
cultured mouse macrophage RAW264.7 cells by VK quinone 
derivatives, the effect of NQ, the strongest pols α and λ inhibitor 
and TNF-α suppressor, on the inflammatory response in the cells 
was investigated (Mizushina et al, unpublished data). RAW264.7 
cells in a 6-well plate at a concentration of 5x105 cells/well were 
incubated with 10 µM of NQ or DMSO as a vehicle control for 
30 min, followed by treatment with 100 ng/ml of LPS for 30 min. 
After treatment, cells were harvested and the nuclear protein 
extract was prepared. The protein concentration of each extract 

Figure 3. Inhibitory effects of VKs and their related quinone derivatives 
on LPS-induced production of TNF-α in the mouse macrophage cell line 
RAW264.7. These cells were pretreated with 10 µM of each compound as a 
vehicle control for 30 min and then treated with 100 ng/mL LPS for 24 h. The 
TNF-α concentration in the cell medium was measured by ELISA. The relative 
effect in the absence of the compound was taken as 100%. Data are shown as 
the mean ± SE (n=4).
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was obtained and the amount of the β-actin band was used as a 
control in western blotting.

First, the effect of NQ on the protein expression level of 
pols α, γ, κ and λ in LPS-treated RAW264.7 cells was measured 
using western blotting. As shown in Fig. 4, these macrophages 
underwent a more than 3-fold increase in the expression of pol λ 
after LPS stimulation, but that this increase was significantly 
suppressed by 10 µM NQ. By contrast, the protein expression 
levels of other mammalian pols, including pol α, were not 
influenced by LPS and NQ. These results suggest that there is 
a positive correlation between inflammatory induction by LPS 
and pol λ expression; thus, not only the DNA polymerization 
activity, but also the protein expression of DNA repair-related 
pol λ is likely to be important in inflammation.

The inflammatory cytokine TNF-α activates the NF-κB 
signaling pathway by binding to the TNF-α receptor (TNFR) 
and thereby initiates an inflammatory response, resulting in 
various inflammatory diseases (42). Therefore, the inhibitory 
effect of NQ on the LPS-induced nuclear translocation of 
NF-κB in RAW264.7 cells was examined. Using western blot 
analysis, it was revealed that the amount of NF-κB nuclear 
translocation in RAW264.7 cells was 2.5-fold greater after 
LPS treatment and that 10 µM NQ was sufficient to inhibit 
the LPS-stimulated nuclear translocation of NF-κB by 0.7-fold 
(Fig. 4). These results demonstrate that this compound can 
strongly suppress the nuclear translocation of NF-κB by inhib-
iting the production of TNF-α.

Anti-oxidative activity has been reported to be linked to 
anti-inflammatory activity (43); therefore, the anti-oxidative 
activity of NQ against the production of ROS induced by 
TNF-α was investigated according to the method of a previous 
report (44). In RAW264.7 cells, at 10 µM, NQ decreased the 
production of ROS induced by 50 ng/ml of TNF-α to 49.2%, 

suggesting that this compound possesses anti-oxidative activity 
(Mizushina et al, unpublished data).

4. Effects of NQ on inflammation in vivo

Effect of NQ on LPS-induced mouse inflammation. To assess 
the anti-inflammatory effects of NQ in vivo, the inhibitory 
activity of this compound against LPS-induced acute inflam-
mation was investigated (35). Treatment with 250 µg/kg body 
weight (BW) of LPS significantly increased the serum TNF-α 
level (5 ng/ml) and intraperitoneal injection of 20 mg/kg BW 
of NQ strongly decreased this LPS-induced TNF-α produc-
tion to 92.1%. Thus, the in vivo data obtained in the mouse 
study gave the same trend as the data obtained from cultured 
mouse macrophage cells.

Effect of NQ on DSS-induced colitis in mice. To evaluate the 
therapeutic effects of NQ on colitis, a dextran sulfate sodium 
(DSS)-induced colitis mouse model was used (36). DSS is a 
sulfate polysaccharide that has been very widely used to induce 
inflammation in experimental models of inflammatory bowel 
disease (45,46). The 2.5% (wt/vol) DSS-treated C57BL/6J mice 
were injected orally with either NQ at 20 mg/kg BW or corn oil 
as a vehicle control once daily (total 4 oral injections) and then 
were sacrificed. During the experiment, the BW of the mice 
was measured daily and the relative BW was calculated as the 
BW of a mouse on Day 12 relative to the initial BW of the same 
mouse on Day 0.

As a result, it was found that NQ significantly improved 
the decreased BW of the colitis mice. This compound also 
reduced the DSS-induced shortening of colon length. In a 
histopathological examination with hematoxylin and eosin 
(H&E) staining (Fig. 5A), NQ attenuated the degree of tissue 

Figure 4. Inhibitory effects of NQ on protein expression of pols and nuclear translocation of NF-κB in RAW264.7 cells. The cells were incubated with 10 µM 
NQ (+) or DMSO (-), as a vehicle control, for 30 min and then with 100 ng/ml LPS for 30 min. Nuclear proteins were prepared from the cells and subjected to 
western blot analysis for evaluation of pols α, γ, κ and λ and the nuclear translocation of NF-κB p65. The intensity of each band was analyzed and the values 
relative to treatment without LPS (negative control, taken as 1.0-fold) are represented at the lower edge of the image. Data are shown as the mean ± SE (n=3).
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injury induced by DSS. RNA was isolated from the colon 
epithelia of mice treated with DSS and NQ and the expres-
sion levels of TNF-α mRNA were examined by quantitative 
real-time PCR. In DSS-induced colitis mice, the expression 
level of TNF-α mRNA was elevated and the administration 

of NQ led to a reduction in TNF-α production in the colon 
epithelium. The frozen colon sections obtained from the mice 
were stained with anti-CD11b antibody to detect monocytes 
including macrophages (Fig. 5B) and anti-F4/80 antibody to 
detect macrophages (Fig. 5C). As a result, it was found that 

  A

Figure 5. Inhibitory effects of NQ on DSS-induced colitis in mice. Colitis was 
induced in mice by the administration of DSS. C57BL/6J mice were admin-
istered 2.5% (wt/vol) DSS in their drinking water for 5 days (Day 0-5) and 
subsequently were given drinking water alone. The mice were orally injected 
with NQ at 20 mg/kg BW or corn oil as a vehicle control once daily from 
Day 8-11 (a total of 4 oral injections) and then the mice were sacrificed at 
Day 12. (A) Histopathological evaluation of the colon tissue of mice chal-
lenged with DSS and NQ. H&E staining was performed using colon sections 
obtained from mice treated with DSS and NQ (upper) or water alone and NQ 
(lower). Magnification x100. (B and C) Immunohistochemical staining in 
mice challenged with DSS and NQ. Frozen colon tissue obtained from mice 
treated with DSS and NQ (upper) or water alone and NQ (lower) was stained 
with anti-CD11b antibody (B) and anti-F4/80 antibody (C). The frozen tissue 
also was stained with Alexa Fluor 546-labeled phalloidin to observe the form 
of the colon tissue. The green and red signals represent CD11b and F4/80 or 
phalloidin, respectively. Magnification x400.

Figure 6. The relationship between DNA repair by pol λ and inflammation.
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  B
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NQ significantly attenuated macrophage infiltration into the 
large intestinal submucosa of the mice; therefore, NQ might be 
useful as a therapeutic anti-inflammatory drug.

5. Discussion

The relationship between the bioactivity and the structures of 
VK quinone derivatives. This review described the bioactivities 
of VKs and their quinone derivatives of compounds 1-11 in 
Fig. 1. Among the intermediates between VK2 (MK-4) and VK3, 
such as compounds 2-6, MK-2 showed the strongest effects 
on inhibition of mammalian pols α and λ and LSP-induced 
TNF-α prevention in the inflammatory response (Figs. 2 
and 3); therefore, the length of the isoprenyl chain of MK-n at 
the 3-position of VK2 is essential for these inhibitory activities. 
On the other hand, NQ showed the strongest of these effects 
among all 11 compounds tested. NQ, VK3 and 1,2-dimethyl-
NQ have none, one and two methyl groups in addition to their 
NQ backbone, respectively. BQ, NQ, AQ and NCQ consist of a 
polycyclic aromatic hydrocarbon, such as benzene, naphthalene, 
anthracene, or tetracence, respectively and these compounds are 
four major quinone derivatives that have two ketone groups at 
positions 1 and 4. Thus, the quinone ring structure based on 
NQ, which has no methyl side group, must be very important for 
the bioactivity. As reported previously, the phenolic compound 
curcumin, which is a known anti-inflammatory agent, is a 
pol-λ-specific inhibitor (27,47,48). Intriguingly, pol λ is also the 
principle molecular target of VKs and their quinone derivatives 
based on NQ.

DNA repair-related pol inhibition and anti-inflammation. 
Inflammatory mediators, such as LPS and DSS, quickly stimu-
late ROS (46) and ROS are known to mediate oxidative DNA 
damage. As shown in Fig. 6, DNA repair pols such as pol λ 
induce protein expression and increase DNA polymerization 
activity to repair the damaged DNA. Furthermore, we consider 
that pol λ might have a great effect on inflammatory responses, 
such as TNF-α production, NF-κB activation, secretion of 
cytokines [e.g. interferons and interleukins], tissue damage 
and cell death. The results summarized in this review suggest 
that inhibition of DNA repair by pol λ is related to anti-
inflammatory pathways and that pol λ inhibitors such as NQ 
might be chemotherapeutic drugs for inflammatory diseases. 
The detailed molecular mechanism underlying the correlation 
between DNA repair inhibition by pol λ and anti-inflammatory 
responses is not yet known; therefore, experiments with small 
interfering RNA (siRNA) targeting pol λ would help in further 
analyses.

As mentioned above, eukaryotic cells reportedly contain 15 
pol species belonging to four families (3,4). Among the X-family 
of pols, pol λ has an unclear biochemical function, although it 
seems to work in a similar way to pol β (49). Pol β is involved 
in the short-patch base excision repair (BER) pathway (50-53), 
as well as playing an essential role in neural development (54). 
Pol λ was found to possess 5'-deoxyribose-5-phosphate (dRP) 
lyase activity, but not apurinic/apyrimidinic (AP) lyase activity 
(55). Pol λ is able to substitute for pol β during in vitro BER, 
suggesting that pol λ also participates in BER. Northern blot 
analysis indicated that transcripts of pol β are abundantly 
expressed in the testis, thymus and brain in rats (56), whereas 

pol λ is efficiently transcribed mostly in the testis (57). Bertocci 
et al reported that mice in which pol λ expression is knocked 
down are not only viable and fertile, but also display a normal 
hyper-mutation pattern (58).

As well as causing inflammation, DSS influences cell prolif-
eration and has physiological effects on florid epithelial cells 
in colitis, because it has colonic tumor promoter activity (45). 
Therefore, anti-inflammatory agents are expected to suppress 
DNA replication/repair/recombination in nuclei in relation to 
the action of DSS. Because pol λ is a DNA repair-related pol 
(49), the molecular target of the VK quinone derivatives, such 
as NQ, is in good agreement with this expected mechanism of 
anti-inflammatory agents. As a result, any inhibitor of DNA 
repair-related pol λ might also be an inflammatory suppressor.

6. Conclusion

This review summarizes data showing that a positive correlation 
between mammalian pol inhibitory activity and the anti-inflam-
matory response. The inflammatory mediators, such as LPS and 
DSS, induce ROS and ROS mediates oxidative DNA damage. 
As shown in Fig. 6, DNA repair-related pols, such as pol λ, 
induce the protein expression and increase the activity of these 
pols to repair the damaged DNA. Furthermore, we consider that 
pol λ has effects on the inflammatory responses, such as TNF-α 
production, NF-κB activation, secretion of cytokines, damage of 
tissues and cell death. These phenomena suggest that the inhibi-
tion of pol λ activity is related to the anti-inflammation and pol 
λ inhibitors, some VKs and their related quinone derivatives, 
such as NQ, could be chemotherapeutic drugs for inflammatory 
diseases.
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