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Synergistic action of rutin and orthovanadate
on nitric oxide release
from mouse macrophage cells
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The cooperative action of sodium orthovanadate (a putative protein-phosphotyrosine
phosphatase inhibitor) and rutin (an effective superoxide scavenger) on the nitric oxide (NO)
production of J774A.1 mouse macrophage cells has been investigated. Orthovanadate alone
caused a mild but significant increase in NO production of the cells at its highest concentration
used (500 pM). Orthovanadate and rutin together caused a significant increase in the nitrite level
of the supernatants of the J774A.1 cells after a 24-hour incubation period, in a concentration
dependent manner. The optimal doses for orthovanadate and rutin were 50 pM and 100 pM,
respectively. This cooperative action of rutin and orthovanadate was totally inhibitable by
catalase, reduced glutathion, N-acetylcystein, cycloheximide, pyrrolidine dithiocarbamate (a
putative NF-kB inhibitor), genistein and tyrphostin-AG126 (two protein tyrosine-kinase
inhibitors). Superoxide dismutase had no inhibitory effect. Orthovanadate and rutin (only
together) could induce the oxidation of 2°,7’-dichlorofluorescein-diacetate, a marker of hydrogen
peroxide. This effect was inhibitable by reduced glutathion, a hydrogen peroxide specific
scavenger. These findings suggest, that orthovanadate can induce the production of NO by
J774A.1 macrophages not only by inhibition of protein tyrosine-phosphatases, but, using it with
rutin, by increasing the level of hydrogen peroxide in the cells.

Keywords: sodium orthovanadate, rutin, hydrogen peroxide, nitric oxide, J774A.1 cell
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Orthovanadate (VO43*) is known as a protein tyrosine phosphatase inhibitor [1],
that can also potentiate phorbol-12-myristate-13-acetate (PMA) induced superoxide
generation in rat alveolar macrophages upon prolonged incubation [2], stimulates the
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MAP kinase pathway and phosphatidylinositol 3-kinase [3]. Orthovanadate has been
previously reported to induce expression of several genes in mouse C127 cells: actin, c-
Ha-ras and c-jun [4]. The action of orthovanadate on these genes was altered by
hydrogen peroxide (H,0,) and was not affected either by the tyrosine kinase inhibitor
genistein or the PKC activator PMA. Orthovanadate can also potentiate IL-1 beta-
induced nitric oxide (NO) release to the medium from the insulin producing cell line
RINm-5F via inhibition of protein tyrosine phosphatases [5], and cause synthesis of
endothelium-derived NO in pigs via endothelial tyrosine kinases and pertussis toxin-
sensitive G-proteins [6]. NO plays a key role in the defense mechanisms of the immune
system and in the pathogenesis of some inflammatory and non-inflammatory diseases.
In macrophages, the inducible, Ca?/calmodulin independent nitric oxide synthase
enzyme (iNOS) is responsible for the production of high amounts of NO contributing to
the cytotoxic properties of these cells against target cells [7]. Among flavonoids, there
are several compounds with effective NO scavenging activity [8]. Quercetin and its 3-
rutinoside derivative, rutin are known cytoprotective agents against oxidative injury
[9-12]. Also, rutin enhances the production of tumor necrosis factor-alpha of murine
macrophages [13], inhibits phospholipase A2 [14] and topoisomerase IV [15]. The
influence of rutin on the iNOS-inducing action of sodium orthovanadate on J774A.1
mouse macrophages has been investigated.

Materials and methods
Materials

2’.7’-dichlorofluorescein-diacetate (DCFH-DAC) was purchased from Molecular
Probes Inc. (Eugene, Oregon, USA). Lymulus Amebocyte Lysate Test (LAL Test) was
purchased from Whittaker Bioproducts (Walkersville, MD, USA). Diosmin was
purchased from Aldrich Chemie GmbH (Steinheim, Germany). Catalase (E.C. 1.11.1.6.)
and hydrogen peroxide (30%) were purchased from Reanal Finechemical Co.
(Budapest, Hungary). All other reagents and test compounds were purchased from
Sigma Chemical Co. (St. Louis, MO, USA).

Effects on NO synthesis and viability of J774A.1 cells

J774A.1 mouse macrophage cells (ATCC TIB-67, Rockville, MD, USA) were
maintained in RPMI-1640 (90%), FBS (10%) medium [16]. The potential LPS
contamination of the medium during the propagation of cells was checked by the
LAL Test. For experiments, J774A.1 cells were thoroughly washed with FBS-free
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RPMI-1640 medium and seeded out at the concentration of 103 cells/well in 96-well
plates in RPMI-1640 medium (without phenol-red, named as medium in the text below).

Test compounds rutin, quercetin, genistein, cycloheximide, tyrphostin-AG126
and pyrrolidine-dithiocarbamate (PDTC) were dissolved (0.1 M) in dimethyl sulfoxide
(DMSO), and were further diluted by medium. Sodium orthovanadate, reduced
glutathione (GSH), oxidized glutathione (GSSG) and N-acetylcysteine (NAC) were
dissolved directly in medium. LPS (E. coli, 055:B5) was diluted directly in FBS from a
stock solution of 200 pg/ml, and it was used at the optimal concentration of 100 ng/ml
on the cells.

The total volume of medium was 100 pl/well. After a 24-hour incubation period,
the nitrite content of the supernatants (triplicates in all experiments) was measured by
the Griess reaction adapted for a 96-well plate reader [17]. Briefly, 50 pl of Griess
reagent (1% w/v sulphanilamide and 0.1% w/v naphthylethylenediamine in 5% v/v
phosphoric acid) was added to 50 pl of sample culture medium, and the plates were
read after a 10 minutes incubation time, at room temperature (EIx800 ELISA Reader,
Bio-Tek Instruments, Inc., Winooski, VT, USA). In all experiments, NOG-nitro-L-
arginine (L-NOARG) was used as control at the final concentration of 1 mM [18].

ANOVA and Newman-Keuls test was used to determine the significance between
the means. The differences have been taken as significant in case of P<0.05.

After the experiments, the viability of J774A.1 cells were checked by 3-(4,5-
Dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide (MTT) using the method of
Schmitt et al. [11], and measured at 550/690 nm by EIx800 ELISA Reader. The
viability of untreated cells has been taken as 100%.

Effects on DCFH-DAC oxidation and optical spectra

The effect of rutin and sodium orthovanadate on the oxidation of DCFH-DAC
was measured by the method of Roy et al. [19] with a little modification. Briefly, the
J774A.1 cells (10%/ml in 1.5 ml, 0.01 M PBS, pH=7.4) have been incubated at 37 °C
with DCFH-DAC (at the final concentration of 10 uM) for 2 minutes. The changes in
fluorescence were measured at E =503 nm and E_ =520 nm after adding the test
compounds, using a computer-controlled SHIMADZU-RF2001 spectrofluorimeter. The
effects of GSH on DCFH-DAC oxidation were also measured by the same method.

Optical spectra were recorded by Specord Spectrophotometer (Carl Zeiss GmbH,
Jena, Germany) [25].
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Results
Effects of orthovanadate and rutin on NO synthesis

At the concentrations used none of the compounds affected the Griess reaction.

The lack of FBS in the medium of J774A.1 cells caused no nitric oxide synthesis
of LPS (100 ng/ml) treated cells (data not shown). Therefore, the potential LPS
contamination of the compounds could not cause NO synthesis of the cells. Sodium
orthovanadate (Na;VO,) has been tested alone or in combination with rutin at different
concentrations. Orthovanadate alone was able to induce some NO synthesis only at the
concentration of 500 UM (5 UM nitrite in the supernatants, data not shown). Rutin alone
was unable to induce NO synthesis (data not shown). In combination, the most effective
doses were 50 UM for orthovanadate and 100 UM for rutin (Fig. 1). The absolute values
of the measured nitrite concentrations in the supernatants of the cells varied between 7
and 40 uM, and were always significantly higher than that of the control values
(0—-1.5 pM). The effect of the preincubation time has been also investigated. The
highest nitrite content was measured when rutin and orthovanadate were added at the
same time to the cells (data not shown). In the following experiments, rutin and
orthovanadate were added to the cells at the same time at the concentrations of 100 pM
and 50 pM, respectively. The amount of the released NO in the medium increased with
the increasing incubation period. The plateau has been reached at 48 hour (data not
shown). L-NOARG, used at the concentration of 1 mM, always lowered the nitrite
content of the supernatants of the cells by about 90-100%, without affecting the
viability of cells negatively (data not shown). To reveal which part of the structure of
rutin is responsible to this cooperative effect with orthovanadate, quercetin and diosmin
were also tested in our system. According to our results, quercetin had a similar effect
(Fig. 2), but its effective concentration was lower than that of rutin (10 uM and 100 pM,
respectively). Because of its low solubility, diosmin was added in the concentration
range of 0.08—10 UM to the cells with 50 uM orthovanadate. At these concentrations,
diosmin did not cause significant increase in NO synthesis of J774A.1 cells. At higher
concentrations (50250 pM), diosmin precipitated during the incubation period (24 hours),
but did not induce NO synthesis either with or without orthovanadate (data not shown).

Effects of specific inhibitors and scavengers

The effects of GSH, GSSG, NAC, cycloheximide, PDTC, tyrphostin-AG126,
genistein, catalase and superoxide dismutase (SOD; E.C. 1.15.1.1.) were investigated
giving them together with rutin (100 uM) and orthovanadate (50 uM) to the cells.
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Fig. 1. Effect of sodium orthovanadate in combination with rutin on the nitric oxide production of J774A.1

cells. The mean values of triplicates + standard deviations (S.D.) are represented of a representative of at

least five experiments with similar results. The differences between the nitrite content of the supernatants
were significant (P<0.05) in cases of 100 UM rutin, as compared to the control value
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Fig. 2. Effect of quercetin plus orthovanadate (50 pM) on the NO synthesis of J774A.1 cells. The means *

S.D. values of triplicates of a representative of two experiments with similar results are shown. The

differences between the nitrite content of the supernatants were significant (P<0.05) in case of 10 pM
quercetin plus 50 UM orthovanadate, as compared to the control value
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The hydrogen peroxide scavengers GSH, NAC [20-22], and catalase could inhibit the
effect of rutin+orthovanadate without affecting the cell viability negatively (Fig. 3A, B).
Cycloheximide, PDTC, genistein and tyrphostin-AG126 [23, 24] also inhibited the NO
synthesis dose dependently, induced by rutin and orthovanadate (data not shown).
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Fig. 3. Effects of GSH, GSSG, NAC (panel A) and catalase (panel B) on the rutin (R, 100 uM) plus
orthovanadate (V, 50 pM) induced NO synthesis of J774A.1 cells. Means of triplicates + S.D. values of a
representative experiment are shown. Similar results have been obtained in at least three experiments. The
differences between the nitrite contents were significant (P<0.05) in all cases of rutin+orthovanadate, as
compared to the control values. The differences between the nitrite contents were significant at the highest
concentrations of the drugs (except for GSSG), as compared to the values of rutin+orthovanadate
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Only PDTC caused a significant decrease in the cell viability at the concentration of
500 pM, that could be inhibitory to the NO synthesis by itself (4% of viability, as
compared to the control). SOD had no effect on the action of rutint+orthovanadate at the
concentrations used (4—500 U/ml; data not shown).

Effects of hydrogen peroxide

In the further experiments, hydrogen peroxide (H,O,) was used alone, or in
combination with rutin, orthovanadate and rutin+orthovanadate, at different concentrations.
Hydrogen peroxide alone did not cause NO synthesis of J774A.1 cells, but the cell viability
decreased with its increasing concentration (4% of viability at the highest concentration of
5mM H,0,). In combination with orthovanadate (50 UM), hydrogen peroxide was able to
induce NO synthesis at the optimal concentration of 20 uM H,0O, (Fig. 4). At higher
concentrations (100 and 500 UM of H,0O,), the cell viability dramatically decreased. In case
of rutin (100 uM) + orthovanadate (50 uM), hydrogen peroxide lowered the production of
NO with decreasing cell viability (under 20% of viability, as compared to the control cells).
These effects of hydrogen peroxide with orthovanadate could be inhibited by catalase, PDTC,
cycloheximide, tyrphostin-AG126 and genistein in a dose dependent manner, similarly to
rutin+orthovanadate (data not shown).

Effects on the LPS induced NO synthesis

Rutint+orthovanadate increased the NO production induced by LPS. The same
effect was seen in case of orthovanadate plus LPS. In contrast, rutin alone decreased the
NO production induced by LPS (Fig. 5).

Effects on the cell viability

The investigation on the toxicity of rutin+orthovanadate toward the J774A.1 cells
(MTT-test) have revealed, that the cell viability did not affect the NO producing
capability of the cells above ~20% of viability (giving the viability of untreated control
cells as 100%; data not shown).

Effects on DCFH-DAC oxidation

The studies on the effects on DCFH-DAC oxidation have revealed, that DCFH-DAC
was not oxidized by rutin and orthovanadate in a cell free system (data not shown).
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Fig. 4. Effect of hydrogen peroxide (H,O,) on the NO production of J774A.1 cells. H,O, was used in
combination with rutin (R, 100 pM), orthovanadate (V, 50 pM) or rutin+orthovanadate (R+V, 100 uM and
50 UM, respectively). Means of triplicates = S.D. values of a representative experiment are shown. Similar
results have been obtained in at least three experiments. The differences between the nitrite content of the
supernatants were significant (P<0.05) in case of 20 uM H,O, plus 50 uM orthovanadate, as compared to
the control value. The inhibitory effects of H,O, on NO synthesis induced by rutin+orthovanadate were
significant in cases of 500 uM H,0, and 100 uM H,O,, as compared to the value of rutin+orthovanadate.
The differences between the nitrite contents were significant (P<0.05) in case of rutint+orthovanadate,
as compared to the control value
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Fig. 5. Effect of rutin and orthovanadate on the NO synthesis of J774A.1 cells. Means of triplicates + S.D.

values of a representative experiment are shown. Similar effects have been obtained in at least three

experiments. The differences between the nitrite contents of the supernatants were significant (P<0.05) in

case of L+R+V, L+V, L, V+R and L+R, as compared to the control value. The difference between the nitrite
content of L and L+R was also significant
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The same effect was seen with J774A.1 cells using rutin or orthovanadate alone,
but the mixture of these two compounds caused a significant increase in
the amount of oxidized DCF (Fig. 6A). Surprisingly, the overdose of orthovanadate
(I mM) over rutin (0.1 mM) did not cause DCFH-DAC oxidation (Fig. 6A).
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Fig. 6. Effects of rutin (R), orthovanadate (V) and reduced glutathione (GSH) on the oxidation of

DCFH-DAC. J774A.1 cells (10° cells/ml) have been incubated with 10 uM DCFH-DAC in 0.01 M PBS for

2 minutes before adding the drugs at the concentrations signed. The oxidation was followed at E,=503 nm

and E, =520 nm. The concentrations of V in panel A were 0.5 mM (a), 0.01 mM (b), 1 mM (c) and 0 mM

(d; control). The concentrations of GSH in panel B were 0 mM (a; control), 0.1 mM (b), 0.2 mM (c),

0.3 mM (d), and 1 mM (e). Data from single experiments are shown. Similar results were obtained in at least
two independent experiments
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This effect shows that orthovanadate can react with hydrogen peroxide produced by its
reaction with rutin. In the reaction mixture, the concentration of DMSO was 1%, and it
did not affect the oxidation of DCFH-DAC (data not shown). GSH could inhibit the
action of rutin+orthovanadate, in a dose dependent manner (Fig. 6B).

Absorption spectra

The absorption spectrum of rutintorthovanadate against rutin (both in PBS)
revealed that these two compounds form a complex in their solution (Fig. 7), similarly
to the ferrous-ion-rutin complex [25]. There are new maximum sites in the spectrum of
rutin: 278 nm, 310 nm and 408 nm.

Discussion

The action of orthovanadate and rutin on nitric oxide synthesis of J774A.1 mouse
macrophage cells has been investigated. Among the compounds tested only rutin
(quercetin-3-rutinoside) and its aglycone counterpart, quercetin were able to induce NO
synthesis in synergy with orthovanadate. Neither rutin nor orthovanadate caused
significant NO production of the cells, using them alone. The inhibitory action of
cycloheximide, a protein synthesis inhibitor [26] and that of L-NOARG [18] means
that the inducible form of nitric oxide synthase (iNOS) has been activated.
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Fig. 7. Absorption spectra of rutin (50 uM) alone against 0.01 M PBS (R-PBS) and rutin plus orthovanadate
(50 uM and 100 pM, respectively) against 0.01 M PBS [(R+V)-PBS] or against 50 uM rutin [(R+V)-R], as
recorded by SPECORD spectrophotometer
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Diosmin, another rutinose containing antioxidant flavonoid (3’,5,7-tetrahydroxy-4’-
methoxyflavone-7-rutinoside) [27], neither caused NO synthesis alone nor in
combination with orthovanadate. These data suggest that the rutinose side chain did not
play a key role in the action of rutin.

As rutin has a strong superoxide scavenging activity at neutral pH [28, 29], and
because of the fact, that DCFH-DAC is not sensitive to the superoxide anion [30, 31],
the role of superoxide anion in the action of rutin+orthovanadate could be complately
excluded. This is also supported by the facts, that GSH and NAC [20, 21] could inhibit
the action of rutin+orthovanadate on J774A.1 cells, and GSH inhibited DCFH-DAC
oxidation. However, vanadate can potentiate PMA induced superoxide generation [2],
SOD [32] was unable to inhibit the action of rutin+orthovanadate on J774A.1 cells. In
contrast, catalase, a hydrogen peroxide scavenging enzyme [33], could inhibit the
production of NO, parallel with increasing cell viability. These results suggest that the
first step of induction of NO synthesis by rutin+orthovanadate is the production of
hydrogen peroxide outside the cells.

The possibility of reaction between these two molecules (rutin+orthovanadate) is
supported by their complex formation ability, and by their joint action on DCFH-DAC
oxidation. The fact, that a higher dose of orthovanadate over rutin (about 10-times) did
not cause DCF formation means, that the product(s) of the reaction between rutin and
orthovanadate (presumably H,O,) can react with VO43—, as well. Hydrogen peroxide
can react with orthovanadate forming peroxovanadate that can activate the cells
thereafter [34]. Among the targets of these oxidative agents, there is nuclear factor-kB
(NF-kB) [35]. However, pervanadate inhibits the I-kB degradation and NF-kB
translocation to the nucleus in TNF-a treated cells [36, 37], pervanadate alone can
activate NF-kB by an alternative pathway, without proteolytic degradation of I-kB [38].
After activation, NF-kB can induce the transcription of several genes, for example that
of inducible nitric oxide synthase (iNOS) in macrophages [39, 40].

The role of NF-kB in mediating the action of rutin+orthovanadate is supported by
the fact, that PDTC could inhibit the NO production of the cells activated by
rutin+orthovanadate. However, the reason of the toxicity of PDTC at its highest
concentration is not yet cleared. This toxicity was seen only with orthovanadate, and did
not occure in case of PDTC plus 100 ng/ml LPS (data not shown).

The inhibitors of protein tyrosine kinases blocked the NO synthesis caused by
rutin+orthovanadate, in a dose dependent manner. As genistein also has a hydrogen
peroxide scavenging activity [23, 42, 43], its effective inhibitory dose was lower than
that of tyrphostin-AG126 [24]. Since protein tyrosine kinase inhibitors can directly
inhibit the activation of NF-KB [37], the activation of NF-KB by hydrogen peroxide and
orthovanadate and/or peroxovanadate can be prevented by genistein and tyrphostin-
AGI126.
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The synergistic action of rutin+orthovanadate on the LPS induced NO production
means, that there is another pathway leading to activation of J774A.1 cells. This might
be the common target NF-KB that can be activated by oxidative stress [35, 39] and by
LPS [41, 44].

According to these results, it seems that the protein tyrosine phosphatase
inhibitory effect of orthovanadate is different from the H,O, production (that raises
outside the cells), and it is additive to its synergistic action with rutin [1].

Both quercetin and rutin are prooxidants, but only quercetin showed capability to
autooxidation, and production of hydrogen peroxide [45]. But, these results suggest,
that under some circumstances, rutin can decompose, similarly to quercetin. The first
step in the action of rutin plus orthovanadate toward the induction of iNOS by J774A.1
macrophages might be the vanadate catalysed autooxidation of rutin, followed by the
activation of NF-KB.

The action of rutintorthovanadate on the activity of phospholipase A2,
topoisomerase IV and phosphatidylinositol 3-kinase, and that of the production of
cytokines (interleukin-1 and tumor necrosis factor-alpha) remained to be investigated.
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