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Abstract

Ferulate is a phenolic compound abundant in wheat germ and bran and has been investigated for its beneficial

activities. The aim of the present study is to evaluate the efficacy of ferulate against the oxidative stress-induced

imbalance of protein tyrosine kinases (PTKs), protein tyrosine phosphatases (PTPs), and serine/threonine protein

phosphatase 2A (PP2A), in connection with our previous finding that oxidative stress-induced imbalance of PTKs

and PTPs is linked with proinflammatory nuclear factor-kappa B (NF-κB) activation. To test the effects of feru-

late on this process, we utilized two oxidative stress-induced inflammatory models. First, YPEN-1 cells were pre-

treated with ferulate for 1 hr prior to the administration of 2,2'-Azobis(2-methylpropionamidine) dihydrochloride

(AAPH). Second, 20-month-old Sprague-Dawley rats were fed ferulate for 10 days. After ferulate treatment, the

activities of PTKs, PTPs, and PP2A were measured because these proteins either directly or indirectly promote

NF-κB activation. Our results revealed that in YPEN-1 cells, ferulate effectively suppressed AAPH-induced

increases in reactive oxygen species (ROS) and NF-κB activity, as well as AAPH-induced PTK activation. Fur-

thermore, ferulate also inhibited AAPH-induced PTP and PP2A inactivation. In the aged kidney model, ferulate

suppressed aging-induced activation of PTKs and ameliorated aging-induced inactivation of PTPs and PP2A.

Thus, herein we demonstrated that ferulate could modulate PTK/PTP balance against oxidative stress-induced

inactivation of PTPs and PP2A, which is closely linked with NF-κB activation. Based on these results, the ability

of ferulate to modulate oxidative stress-related inflammatory processes is established, which suggests that this

compound could act as a novel therapeutic agent.
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INTRODUCTION

Ferulate (4-hydroxy-3-methoxycinnamic acid) is a well-

known phytochemical that has been widely used in main-

taining good health and nutrition (1) and has been reported

to exert beneficial effects, such as lowering blood glucose

levels, diminishing cerebral ischemic injury, and promot-

ing anti-tumor activity (2-4). Other reports have shown

that ferulate has the potential ability to treat various abnor-

mal conditions, including cancer, arthritis, and aging (5-7).
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Research continues to investigate ferulate and acquire

additional evidence of its powerful activities. Ferulate has

been shown to reduce LPS-induced TNF-α and IL-1β

expression (8), modulate IL-6 expression (9), and attenu-

ate the inflammatory release of NALP3 (10). These prom-

ising outcomes of ferulate originate from its strong anti-

oxidant activity, which was shown to affect the regulation

of nuclear factor-kappa B (NF-κB) (11).

During inflammation, NF-κB plays a critical role in reg-

ulating proinflammatory gene expression (12). NF-κB is

an inducible dimeric transcription factor that is comprised

of Rel family proteins that bind a consensus sequence

motif and is found in all cell types (13). NF-κB activation

is involved in a wide variety of gene expression patterns in

response to infection, inflammation, inflammatory disease,

cancer, and senescence (14). It is also a well-established

redox-sensitive transcription factor that is tightly regulated

by redox changes (15). Reactive oxygen species (ROS)

interact with the cysteine residues of redox-sensitive sig-

naling molecules, such as transcription factors, protein tyro-

sine phosphatases, and protein kinases; thus, oxidation of

thiol groups on these residues can lead to modifications of

the target proteins’ biological activities, signaling capaci-

ties, immune responses, and additional cell live/dead para-

digms (16).

As a part of redox biology, cellular signaling is involved in

redox-regulated control of protein tyrosine kinases (PTKs)

and protein tyrosine phosphatases (PTPs). Moreover, bal-

ancing the activation and inhibition of the reversible oxi-

dation of the active sites on these proteins has emerged as

a critical sensor of the redox state (17). Reversible tyro-

sine phosphorylation of proteins is a key regulatory mech-

anism in eukaryotic physiology that is catalyzed by kinases

and phosphatases (18). Accumulating evidence from cell

and animal models has demonstrated PTP oxidation in

models of common diseases, such as cancer, metabolic/

cardiovascular disease, immune dysfunction, and age-related

diseases (18,19). Moreover, the activation status of the

PTK Src as well as that of the transcription factor NF-κB

are decisive criteria for the onset of cancer (20). Thus, NF-

κB and the expression of its downstream effector genes

are also affected by the imbalance of PTKs and PTPs,

which was deemed to be the cause of numerous diseases

in humans (16,21).

In addition to limiting tyrosine phosphorylation and de-

phosphorylation, PTKs and PTPs affect serine/threonine

phosphorylation by modulating the activities of serine/

threonine protein phosphatases (PP) (22). In the PP fam-

ily, serine/threonine protein phosphatase 2A (PP2A) has

been reported to be closely linked with NF-κB activation;

thus, PP2A is now considered a potential therapeutic target

of inflammatory diseases and cancer (23). Some reports

have provided evidence that inhibition of pan-tyrosine

phosphatase activity by orthovanadate translates to inhibi-

tion of PP2A, which would result in the upregulation of

cellular physiological responses and proinflammatory genes

via NF-κB activation (20,22).

Based on these reports, ferulate could be a promising

agent for treating NF-κB-related diseases. Despite the sta-

tus of ferulate as a therapeutic agent against inflammatory

diseases, cancer, and aging, the effects of ferulate on the

regulation of NF-κB remain unclear. Therefore, we con-

ducted the present study to elucidate the anti-inflamma-

tory effect (if any) of ferulate using a rat endothelial cell

line and aged rat kidneys.

MATERIALS AND METHODS

Materials. 2,2'-Azobis(2-methylpropionamidine) di-

hydrochloride (AAPH), a bicinchoninic acid (BCA) pro-

tein assay kit, and the BCA protein reagent were pur-

chased from Sigma-Aldrich (St. Louis, MO, USA). 2',7'-

Dichlorodihydrofluorescein diacetate (H2DCFDA) was

purchased from Molecular Probes (Eugene, OR, USA).

Fetal bovine serum (FBS) and penicillin-streptomycin were

purchased from Gibco (New York, NY, USA). The Lipo-

fectamine 2000 transfection reagent and an Antibody Bea-

conTM Tyrosine Kinase Assay kit were purchased from

Invitrogen (Carlsbad, CA, USA). A ONE-GloTM Lucifer-

ase Assay System was obtained from Promega (Madison,

WI, USA). Primary antibodies were obtained from Santa

Cruz Biotechnology (Santa Cruz, CA, USA). The anti-rab-

bit IgG-horseradish peroxidase-conjugated antibody was

purchased from Cell Signaling Biotechnology (Beverly, MA,

USA). 3,6-Fluorescein diphosphate (FDP) and a RediPlateTM

96 EnzChek® Serine/Threonine Phosphatase Assay kit

were acquired from ThermoFisher Scientific (Waltham, MA,

USA). An enhanced chemiluminescence (ECL) kit was pur-

chased from Pierce Biotechnology (Rockford, IL, USA).

Animals. Young (7-month-old) and old (20-month-

old) male Sprague-Dawley (SD) rats raised in specific

pathogen-free conditions were obtained from Samtako

(Osan, Korea). Animals were individually housed in poly-

carbonate cages with wood chip bedding, maintained

in a climate-controlled room (temperature: 24oC, relative

humidity: 55 ± 5%) with a 12-hr light/dark cycle, and given

feed and tap water ad libitum (AL). The old rats were

divided into 3 groups (n = 4 per group), such that the

mean body weight of the groups was identical. Rats in the

control group were provided a diet AL with the following

composition: 21% soybean protein, 15% sucrose, 43.65%

dextrin, 10% corn oil, 0.15% α-methionine, 0.2% choline

chloride, 5% salt mix, 2% vitamin mix, and 3% Solka-

Floc. Ferulate supplementation was carried out by mixing

ferulate at a daily dose of 3 or 6 mg/kg of body weight into

the chow. The respective diets were fed to the rats for 10

days. The animal protocol used in this study was reviewed
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and approved by the Institutional Animal Care and Use

Committee at Pusan National University (PNU-IACUC,

Approval Number: PNU-2014-0601).

Cell culture. YPEN-1 cells (rat prostate endothelial

cells) were obtained from the ATCC (American Type Cul-

ture Collection, Manassas, VA, USA). The cells were cul-

tured in Dulbecco’s modified Eagle’s medium (DMEM)

supplemented with 2 mM L-glutamine, antibiotics (100 U/

mL penicillin and 100 μg/mL streptomycin), and 10% heat-

inactivated FBS and incubated at 37oC in a humidified

atmosphere containing 5% CO2.

Measurement of intracellular ROS. YPEN-1 cells

were seeded into a clear-bottom 96-well plate for tissue

culture. After they were incubated overnight, the medium

was replaced, and the cells were incubated for 1 hr in the

presence or absence of ferulate. Afterwards, all cells were

administered 400 μg/mL AAPH for 3 hr. The medium was

then replaced with fresh serum-free medium. In addition,

12.5 μM H2DCFDA was added and incubated with the

cells for 30 min. The fluorescence intensity was measured

every 10 min for 40 min using the bottom read mode of a

SpectraMax M3 (Molecular Devices, Sunnyvale, CA, USA)

with excitation and emission wavelengths of 485 and 535

nm, respectively.

Luciferase reporter assay. The pNF-κB-Luc vector

was purchased from Clontech Laboratories (Mountain View,

CA, USA). A mixture of 0.02 μg of plasmid and Lipofect-

amine 2000 at a 1:1 ratio was prepared, added to each well

of a 96-well plate (1 × 104 cells/well), and incubated for

36 hr. After replacing the media, ferulate and AAPH were

added to the cells for 8 hr. Then the luciferase assay was

performed at which point reagents from the ONE-Glo

Luciferase Assay System were added to the plate accord-

ing to the manufacturer’s instructions. Then the luciferase

activity was measured using luminometric analysis on a

SpectraMax M3 microplate reader (Molecular Devices).

PTK activity. Protein tyrosine kinase activity in the

tissue homogenate and cell lysates was assayed by using

the Antibody BeaconTM Tyrosine Kinase Assay kit accord-

ing to the manufacturer’s instructions. To detect tyrosine

kinase activity, samples were prepared in 1x kinase buffer

(100 mM Tris-HCl, 20 mM MgCl2, 2 mM EGTA, 2 mM

DTT, and 0.02% Brij 35; pH 7.5) and mixed with the

Antibody Beacon detection complex plus substrate in a

96-well microplate. The ATP reagent was then added to

the plate and continuously incubated at the reaction tem-

perature. The fluorescence was measured at multiple time

points on a GENios (TECAN, Schweiz AG, Mannedorf,

Switzerland) with the excitation and emission wave-

lengths set at 485 and 535 nm, respectively.

PTP activity. To detect tyrosine kinase activity, sam-

ples were prepared in PTP assay buffer (50 mM Tris-HCl,

2 mM EGTA, 5 mM DTT, and 100 μM CaCl2; pH 6.3)

and mixed with a 100 μM solution of 3,6-fluorescein

diphosphate (FDP, a fluorogenic substrate that is highly

sensitive to PTP activity) in a 96-well microplate. The plate

was incubated at room temperature for 5 min, and then the

fluorescence was measured at multiple time points on a

GENios with the excitation and emission wavelengths set

at 485 and 535 nm, respectively.

PP activity. PP activity was measured by using the

RediPlate 96 EnzChek Serine/Threonine Phosphatase Assay

Kit (ThermoFisher Scientific) according to the manufac-

turer’s protocol. To detect the PP activity, samples were pre-

pared in PP assay buffer (100 mM Tris-HCl, 2 mM EGTA,

5 mM DTT, and 200 μM CaCl2; pH 6.0) and mixed with

100 μM of 6,8-difluoro-4-methylumbelliferyl phosphate

(DiFMUP, a fluorogenic substrate sensitive to PP) in the

96-well microplate. The plate was incubated at room tem-

perature for 5 min, and then fluorescence was measured at

multiple time points on a GENios with excitation and

emission wavelengths of 360 and 460 nm, respectively.

Tissue homogenates and cell lysates. To prepare

Western blot samples, one gram of kidney was homoge-

nized in 5 mL of homogenate buffer (100 mM Tris, 20 mM

β-glycerophosphate, 20 mM NaF, 2 mM sodium orthova-

nadate, 1 mM EDTA, 0.5 mM PMSF, 1 μM pepstatin, and

80 mg/L trypsin inhibitor; pH 7.4) and centrifuged at

900 × g for 15 min at 4oC. The supernatants were then recen-

trifuged at 12,000 × g for 15 min at 4oC to yield a pelleted

mitochondrial fraction and postmitochondrial supernatant

fraction; the latter was used as the cytosolic fraction. For

the cell lysates, cells were collected, centrifuged, and rinsed

once with PBS. The collected cell pellets were resuspended

by using a nuclear and cytoplasmic extraction reagent kit

(Thermo Fisher Scientific, Waltham, MA, USA) accord-

ing to the manufacturer’s instructions. Then protein quan-

tification of the tissue homogenates and cell lysates was

determined using the BCA protein assay according to the

manufacturer’s instructions.

Western blot analysis. Homogenized samples were

boiled for 5 min with 2x sample buffer (0.125 M Tris-HCl,

4% SDS, 10% 2-mercaptoethanol, and 0.2% bromophe-

nol blue; pH 6.8). Equivalent amounts of protein from

each sample were separated on 10% acrylamide gels by

using SDS-PAGE and transferred to a PVDF membrane at

15 V for 20 min in a semi-dry transfer system. The mem-

brane was immediately placed into blocking buffer (1%

bovine serum albumin in 10 mM Tris, 100 mM NaCl, and

0.1% Tween 20; pH 7.5) and incubated at room temperature

for 1 hr. The membrane was then treated with specific pri-
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mary antibodies for 2 hr at 25oC followed by the addition of

a horseradish peroxidase-conjugated anti-goat antibody (Cell

Signaling Technology, Danvers, MA, USA) diluted 1:10000

in Tris-buffered saline/Tween 20 (TBS/T) and another incu-

bation at 25oC for 1 hr. Antibody labeling was detected using

enhanced chemiluminescence (Thermo Fisher Scientific)

according to the manufacturer’s instructions. Pre-stained

protein markers were used to determine molecular weight.

Statistical analysis. One representative western blot

from the replicates is shown in the figures; however, we

analyzed the relative optical intensity of each corresponding

band from three separate experiments. For all other assays,

the results are expressed as the mean ± SD from three sepa-

rate experiments. The statistical significance of differences

among the groups was determined by one-factor ANOVA

followed by the protected Fisher’s LSD post hoc test. Val-

Fig. 1. Schematic diagram of the effect of PTK/PTP imbalance
that causes NF-κB activation. Increases in ROS result in changes
in the PTK/PTP balance, which promotes inflammatory pro-
cesses in inflammatory disease and aging models. Further-
more, ROS consequently inactivate PP2A by phosphorylating
Tyr307. These alterations lead to NF-κB activation via NIK/
IKKalpha/beta and MAPKs and contribute to the development
of molecular inflammation during aging.

Fig. 2. Effect of ferulate on AAPH-induced intracellular ROS
generation and NF-κB promoter binding activity. (A) To detect
the level of ROS, the relative fluorescence was measured by
H2DCFDA probes. YPEN-1 cells were treated with 31, 63, 125,
or 250 μM ferulate for 1 hr and then incubated with either PBS
(vehicle) or 400μg/mL AAPH. (B) To confirm the inhibitory effect
of ferulate on AAPH-induced NF-κB activation, a NF-κB-depen-
dent luciferase reporter gene assay was performed. YPEN-1
cells were transiently transfected with a plasmid containing
the NF-κB binding motif. After the cells were transfected, they
were treated with ferulate and AAPH at the designated con-
centrations for 8 hr, and the luciferase activity was then mea-
sured. The results were analyzed using one-way ANOVA: **p <
0.01, ***p < 0.001 vs. vehicle-treated group; #p < 0.05, ##p < 0.01,
###p < 0.001 vs. AAPH-treated group.

ues of p < 0.05 were considered statistically significant.

RESULTS

Suppressive effect of ferulate on AAPH-induced ROS
production and NF-κB activation. In the present study,

we aimed to explore the effect of ferulate on oxidative

stress-related inflammation due to aging (Fig. 1). AAPH

was used to generate oxidative stress to simulate aging-

related conditions in a cell culture model (16). The capac-

ity of ferulate to either eliminate or inhibit the production

of intracellular ROS was investigated using DCFDA. Fur-

thermore, this study sought to determine the activity of

ferulate on the ROS-related, redox-sensitive transcription

factor NF-κB. The results show that ferulate effectively

suppressed AAPH-induced ROS levels (Fig. 2A) and NF-
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κB activity (Fig. 2B) in a dose-dependent manner.

Modulatory effect of ferulate on AAPH-induced PTK/
PTP imbalance. To clarify the effect of ferulate on the

AAPH-induced imbalance of PTKs and PTPs activity, we

measured the activity of PTKs and PTPs in YPEN-1 cells.

Ferulate suppressed AAPH-induced activation of PTK

(Fig. 3A) and restored AAPH-induced inactivation of PTP

(Fig. 3B), which led to the modulation of the PTK/PTP

balance (Fig. 3C).

Next, we determined the total activity of PP. The results

indicate that compared with the control treatment, AAPH

treatment reduced total PP activity, but ferulate prevented

this reduction (Fig. 4A). We aimed to identify the phos-

phorylation site on PP2A in AAPH-treated YPEN-1 cells

Fig. 3. Effect of ferulate on AAPH-induced PTK/PTP activities.
Cells were treated with 125 or 250μM ferulate for 1 hr, fol-
lowed by treatment with AAPH for 3 hr. (A) PTK and (B) PTP
activity was measured to determine (C) the PTK/PTP ratio in
AAPH-treated YPEN-1 cells. Each value is presented as the
mean ± SD. The results were analyzed using one-way ANOVA:
*p < 0.05, **p < 0.01 vs. vehicle-treated group; #p < 0.05, ##p <
0.01 vs. AAPH-treated group.

Fig. 4. Effect of ferulate on total PP activity in AAPH-treated
YPEN-1 cells. (A) Cell lysates were prepared to measure total PP
activity by using a RediPlate 96 EnzChek Serine/Threonine Phos-
phatase Assay Kit (ThermoFisher Scientific). (B) The levels of
phospho-PP2Ac (Tyr307) and total-PP2Ac were detected by
western blotting. One representative result from three indepen-
dent experiments is shown here. β-Actin was used as the load-
ing control. The results were analyzed using one-way ANOVA:
***p < 0.001 vs. vehicle-treated group. ###p < 0.001 vs. AAPH-treated
group.
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because phosphorylation of Tyr307 on the catalytic subunit

of PP2A (PP2Ac) causes PP2A inactivation (24). As shown

in Fig. 4B, ferulate suppressed AAPH-induced phosphory-

lation of PP2Ac at Tyr307, but there was no change in

total PP2Ac expression.

Suppressive effects of dietary ferulate on the PTK/
PTP ratio and PP activity in kidneys from aged rats.
We explored the effect of ferulate on the PTK and PTP

activity in kidney homogenates from aged rats. Because

aged kidney tissues are a model for accumulated oxida-

tive stress, PTK/PTP imbalance, and NF-κB activation,

we selected this model to determine the effect of ferulate

on PTK and PTP activity. As shown in Fig. 5, ferulate

Fig. 5. Reversible effects of ferulate on PTK/PTP activity in the
kidneys of aged rats. Kidney homogenates were prepared to
detect the PTK (A) and PTP (B) activity, which were then used
to determine the PTK/PTP ratio (C) in the kidneys of aged rats.
Each value is presented as the mean ± SD (n = 4). The results
were analyzed using one-way ANOVA: ***p < 0.001 vs young
(Y, 7-month-old) rats; ##p < 0.01, ###p < 0.001 vs. untreated aged
(O, 20-month-old) rats.

Fig. 6. Reversible effects of ferulate on age-related decreases
of total PP activity in the kidneys of aged rats. (A) Kidney homo-
genates were prepared to measure total PP activity by using a
RediPlate 96 EnzChek Serine/Threonine Phosphatase Assay Kit
(ThermoFisher Scientific). (B) The levels of phospho-PP2Ac
(Tyr307) and total-PP2Ac were detected by western blotting.
A representative blot from three independent experiments is
shown. β-Actin was used as a loading control. The results were
analyzed using one-way ANOVA: ***p < 0.001 vs. young (Y, 7-
month-old) rats; #p < 0.05, ###p < 0.001 vs. untreated aged (O,
20-month-old) rats.

suppressed aging-induced activation of PTK and recov-

ered aging-induced inactivation of PTP, both of which

resulted in the modulation of the PTK/PTP equilibrium.

We also determined the total activity of PP in the kid-

ney homogenates from aged rats. As shown in Fig. 6A,

compared with the activity observed in young rat kidneys,

total PP activity was significantly reduced in aged rat kid-

neys, but kidneys from ferulate-fed aged rats had PP activ-

ity that increased in a dose-dependent manner. Additionally,

ferulate suppressed aging-induced PP2Ac phosphorylation
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(Tyr307) in aged rat kidneys; however, there was no change

in total PP2Ac expression (Fig. 6B). In conclusion, the

present data demonstrated that ferulate ameliorates age-

related oxidative stress-induced PTK/PTP and PP2A inac-

tivation through its antioxidant action. These findings sug-

gest that ferulate could be a regulator of not only cellular

redox imbalance but also of PTK/PTP equilibrium.

DISCUSSION

Ferulate is present in whole-grain wheat, wheat bran, and

wheat germ (25) and has been reported to be the major

metabolite of hydroxycinnamates (e. g., ferulate, sinapate,

p-coumarate, and caffeate) and diferulates (26). Because

ferulate is a phenolic compound that contains phenolic

structures similar to hydroxyl and phenoxyl groups, feru-

late can act as a quenching agent of free radicals (27). In

this study, we investigated the effect of ferulate on AAPH-

induced and aging-induced inflammation via modulation

of PTK and PTP activities.

There is cumulative evidence for the beneficial efficacy

of ferulate, and many researchers continue to be intrigued

by ferulate’s health benefits. Some recent reports describe

the activity of ferulate in attenuating acetaminophen-induced

liver injury in mice (28), ameliorating trinitrobenzenesul-

fonic acid (TNBS)-induced ulcerative colitis in rats (29),

preventing LPS-induced upregulation of phosphodiester-

ase 4 (PDE4) activity, assembly of thick bundles of actin

filaments (suggesting a potential intervention of neuroin-

flammatory diseases in the neuroblast cell line PC12) (30),

and protecting PK11195-induced mitochondrial apoptosis

and cell death in SH-Y5Y neuroblastoma cells (31). Thus,

these studies highlight the beneficial effects of ferulate in

exerting antioxidant and anti-inflammatory properties.

Owing to the antioxidant properties of phenolic com-

pounds, it is likely that they play a role in protecting the

body against oxidative stress and the subsequent effects.

In fact, phenolic compounds in grains directly mitigate

oxidative stress by increasing the antioxidant capacity in

the blood or indirectly via cell signaling (32,33).

The aim of the present study was to elucidate the anti-

inflammatory effects of ferulate on oxidative stress-related

NF-κB activation. AAPH-treated YPEN-1 cells and aged

rat kidneys were prepared as models of oxidative stress-

induced inflammation, and we administered ferulate to

these models to acquire more evidence of the properties of

ferulate. NF-κB activation can occur via several redox-

related signaling pathways. Two examples are: IKK α/β-

dependent IκBα phosphorylation and degradation, which

is activated by its upstream MEKKK family NIK (34,35)

and MAPKs that induce nuclear translocation, such as

ERK, p38 MAPK, and JNK, which are activated by their

upstream MEKK (36).

During the aging process, ROS are produced in large

quantities because of increased inflammatory reactions. In

our previous study, we described a possible mechanism of

ROS-induced PTP inhibition and PTK activation via the

inflammatory process during aging (16,22). As depicted in

Fig. 1, the perturbed balance of PTK/PTP by ROS affected

the inactivation of PP2A, which led to the activation of

NF-κB-related serine/threonine kinases, such as NIK/

IKKalpha/beta and MAPKs. Therefore, decreases in PP2A

activity either directly or indirectly modulate NF-κB activ-

ity. In the present study, inactivation of PP2A by ROS or

aging was closely correlated with phosphorylation of

Tyr307 on the catalytic subunit of PP2A (PP2Ac), which

is consistent with the increase in PTK activity induced by

ROS or aging in conjunction with reduced PTP activity.

As an antioxidative and anti-inflammatory phenolic com-

pound, ferulate exerted an inhibitory role against PTK and

PP2A in the present study. Interestingly, this activity was

potent and non-toxic, yet not specific. Additionally, these

inhibitory regulations were deemed consistent with the pre-

dicted inhibitory activity against NF-κB.

Ferulate is a low toxicity compound, with LD50 values

of 2,445 mg/kg and 2,113 mg/kg in male and female rats,

respectively (37). Choi et al. (38) found that a ferulate treat-

ment up to 1.54 mM did not show any toxicity on NIH-3T3,

HepG2, or 3T3-L1 cells. Additionally, 5.1 mM ferulate treat-

ment for 7 days did not exhibit toxicity on human bone mar-

row stromal cells (39). In addition, our previous study found

that 200 μM ferulate inhibited t-BHP-induced cytotoxicity

on YPEN-1 cell (11). Furthermore, we have not noticed any

adverse reactions in this study. Therefore, ferulate does not

seem to have toxic effects on YPEN-1 cells and aged rats.

In conclusion, the modulatory function of ferulate against

proinflammatory NF-κB signaling was demonstrated, and

the predicted underlying mechanisms were investigated in

this study. The data indicated that ferulate modulated the

PTK/PTP balance against oxidative stress-exacerbated

inactivation of PTP and PP2A, both of which are directly

involved in NF-κB activation in the AAPH-induced cell

model and aged rats. Thus, our study supports a novel

mode of action of ferulate in the oxidative stress-related

inflammatory process.
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