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Abstract: While total body irradiation (TBI) is an everlasting curative therapy, the irradiation can
cause long-term bone marrow (BM) injuries, along with senescence of hematopoietic stem cells
(HSCs) and mesenchymal stem cells (MSCs) via reactive oxygen species (ROS)-induced oxidative
damages. Thus, ameliorating or preventing ROS accumulation and oxidative stress is necessary
for TBI-requiring clinical treatments. Here, we explored whether administration of ferulic acid, a
dietary antioxidant, protects against TBI-mediated systemic damages, and examined the possible
mechanisms therein. Sublethal TBI (5 Gy) decreased body growth, lifespan, and production of
circulating blood cells in mice, together with ROS accumulation, and senescence induction of BM-
conserved HSCs and MSCs. TBI also impaired BM microenvironment and bone mass accrual, which
was accompanied by downregulated osteogenesis and by osteoclastogenic and adipogenic activation
in BM. Long-term intraperitoneal injection of ferulic acid (50 mg/kg body weight, once per day for
37 consecutive days) protected mice from TBI-mediated mortality, stem cell senescence, and bone
mass loss by restoring TBI-stimulated disorders in osteogenic, osteoclastic, and adipogenic activation
in BM. In vitro experiments using BM stromal cells supported radioprotective effects of ferulic acid on
TBI-mediated defects in proliferation and osteogenic differentiation. Overall, treatment with ferulic
acid prevented TBI-mediated liver damage and enhanced endogenous antioxidant defense systems in
the liver and BM. Collectively, these results support an efficient protection of TBI-mediated systemic
defects by supplemental ferulic acid, indicating its clinical usefulness for TBI-required patients.

Keywords: ferulic acid; total body irradiation; bone marrow microenvironment; stem cell senescence;

bone marrow injury; reactive oxygen species; antioxidant defense system

1. Introduction

Radiotherapy via localized or total body irradiation (TBI), in combination with surgical
operation, is a common treatment for cancer patients. TBI in moderate or high doses is
also applied in bone marrow transplantation therapy. However, TBI may impair the bone
marrow (BM) microenvironment, hematopoietic development, and stem cell functions,
eventually causing irrecoverable systemic damages [1,2]. TBI-mediated damages are closely

Antioxidants 2021, 10, 1209. https:/ /doi.org/10.3390/antiox10081209

https:/ /www.mdpi.com/journal/antioxidants


https://www.mdpi.com/journal/antioxidants
https://www.mdpi.com
https://orcid.org/0000-0001-8071-5097
https://doi.org/10.3390/antiox10081209
https://doi.org/10.3390/antiox10081209
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/antiox10081209
https://www.mdpi.com/journal/antioxidants
https://www.mdpi.com/article/10.3390/antiox10081209?type=check_update&version=1

Antioxidants 2021, 10, 1209

20f 17

associated with abnormal accumulation of reactive oxygen species (ROS) in BM and BM-
conserved stem cells, such as hematopoietic stem cells (HSCs) and mesenchymal stem cells
(MSCs) [3-5]. Persistent and prolonged ROS generation induces stem cell senescence and
self-renewal defect in BM, which contributes oxidative-stress-associated long-term BM
injuries [3-5]. TBI-induced BM injury also disrupts bone mass accrual, and this disruption
is associated with the high radiation-absorbing property of bone compared to surrounding
soft tissues [6,7].

As TBI-induced adverse events are to be great challenges to cancer patients and in
stem cell transplantation therapy, numerous studies have focused on the development of
bioactive materials that effectively prevent TBI-mediated systemic impairments. In this re-
gard, many reports indicate a clinical usefulness of naturally occurring hydroxycinnamates,
a class of major phenolic compounds, in attenuating and/or protecting TBI-mediated oxida-
tive damages [8,9]. Of the hydroxycinnamates, ferulic acid (4-hydroxy-3-methoxycinamic
acid) is a dietary antioxidant that protects radiation-induced damages by tremendously
ameliorating cellular ROS accumulation [10-12]. This protection is related to its chemi-
cal property possessing three distinctive structural motifs that participate in free radical
scavenging [13]. A recent report also suggests that supplemental ferulic acid enhances
the healing of irradiation-mediated bone defect by maintaining stemness of skeletal stem
cells, as well as by activating mitogen-activated protein kinases in the cells [14]. In addi-
tion to radioprotection, ferulic acid is also known to exhibit various pharmacological and
medicinal activities, including anti-aging, anti-inflammatory, anti-diabetic, anti-cancer, and
neuroprotective roles [15].

Given that irradiation induces oxidative-stress-associated cellular DNA damage and
senescence of HSCs [16,17], we suggest that cellular mechanisms by which ferulic acid
exerts radioprotection are closely associated with its ability to scavenge ROS and to amelio-
rate TBI-mediated oxidative stress. However, the underlying mechanisms of how ferulic
acid protects BM and BM-conserved HSCs against TBI-mediated damages still remain to
be defined; the roles of ferulic acid on TBI-mediated impairments in MSC functions and
bone mass accrual are not completely understood. Furthermore, the impacts of ferulic acid
on TBI-mediated BM injuries, and oxidative systemic disorders by its long-term adminis-
tration are not investigated. Here, we administered mice with ferulic acid intraperitoneally
once per day for 37 consecutive days, from 7 days before and to 30 days after TBI. We
explored whether the treatment with ferulic acid protects TBI-induced oxidative damages
on HSCs, hematopoietic development, and maintenance of BM microenvironment together
with the associated mechanisms. We also investigated how long-term administration
of ferulic acid affects the functions of BM-conserved MSCs, bone mass accrual, and life
span in TBI-exposed mice. The current findings not only demonstrate radioprotective
potentials of ferulic acid in mice and the associated mechanisms, but also provide evidence
that ferulic acid is a supplemental antioxidant that ameliorates or prevents TBI-mediated
oxidative damages.

2. Material and Methods
2.1. Chemicals, Laboratory Equipment, and Mice

Ferulic acid was purchased from Sigma-Aldrich Co. LLC (CAS:537-98-4; St. Louis, M1,
USA), and 2/,7'-dichlorodihydrofluorescein-diacetate (DCF-DA) was from Abcam (Cam-
bridge, UK). Fetal bovine serum (FBS) was purchased from HyClone Laboratories (Logan,
UT, USA). Unless specified otherwise, other chemicals and laboratory consumables were
purchased from Sigma-Aldrich Co. LLC and Falcon Labware (BD Biosciences, Franklin
Lakes, NJ, USA), respectively. C57BL/6 mice (6 weeks old) were purchased from Damul
Science (Daejeon, Republic of Korea) and equilibrated for 7 days before use. During the
experimental period, all mice were housed at 22 £ 1 °C and 55 & 5% humidity, along with
12 h light/dark autocycle, allowing ad libitum feeding in the Animal Center of School of
Dentistry, Jeonbuk National University.
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2.2. Ferulic Acid Administration and TBI

Mice were divided into three groups: non-TBI mice (control group), TBI mice with
vehicle injection (TBI group), and TBI mice administered with ferulic acid (FA+TBI group).
FA+TBI group intraperitonially received ferulic acid (50 mg/kg body weight) once per
day for 37 consecutive days, from 7 days before and 30 days after TBI, whereas TBI group
was injected with phosphate-buffered saline (PBS; vehicle solution) for the same days.
TBI and FA+TBI groups were exposed to 5 Gy TBI with y-rays by regulating dosage time
(0.66 Gy /min) that was based on the radioactive half-life of y-rays on a rotating platform
(Model 109-85 series- JL Shepherd & Associates, San Fernando, CA, USA).

2.3. Flowcytometry and Blood Cell Counting

MSCs and HSCs were harvested from femoral and tibial bones of mice by flushing
them with PBS using a 5 mL syringe after cutting the ends of the bones. After the re-
moval of red blood cells (RBC), cells were analyzed by multicolor flow cytometry (BD
Aria III, BD Biosciences, Franklin Lakes, NJ, USA), and the phenotypical identification of
cell populations was performed using Flow]o software (FLOWJO, Ashland, OR, USA) at
the Center for University-Wide Research Facilities of Jeonbuk National University. HSCs
(CD150"CD48~LSK) and MSCs (CD29*CD105*LSK) were characterized with their spe-
cific lineage antibodies (antibodies were purchased from BD Biosciences, unless specified
otherwise). Briefly, MSCs were characterized by PE-Cy7-conjugated lineage cocktail, APC-
Cy7-conjugated anti-Sca-1 (eBioscience, Waltham, MA, USA), PE-conjugated anti-CD29,
and APC-conjugated anti-CD105 antibodies, whereas HSCs were characterized by PE-Cy7-
conjugated lineage cocktail, FITC- or PE-conjugated anti-Sca-1, APC-conjugated anti-c-
Kit, APC-Cy7-conjugated anti-CD48 (eBioscience), and PerCP/Cy5.5-conjugated CD150
(eBioscience) antibodies. The lineage-marker-conjugated MSCs and HSCs were further
stained with MitoSox™ Red (Invitrogen, Carlsbad, CA, USA) or Di-B-D-galactopyranoside
(C12FDG; Molecular probes, Eugene, OR, USA) to analyze levels of cellular ROS accumu-
lation and senescence-associated [3-galactosidase (SA-3-gal) activity. Peripheral blood
samples were collected from mice via a tail vein cutting or a cardiac puncture into K,EDTA-
treated tubes (BD Biosciences) 2, 7, 30, and 60 days after TBI. Levels of circulating white
blood cells (WBC), granulocytes, lymphocytes, platelets, and RBC were analyzed using an
automated blood cell counter (Sysmex XE-2100; TOA Medical Electronics Co., Kobe, Japan).

2.4. Micro-Computed Tomography (uCT) Analysis

The femurs were isolated from mice at 60 days post-TBI and scanned using a desktop
scanner (1076 Skyscan Micro-CT; Skyscan, Kontich, Belgium), followed by analysis using
CTAn software (Skyscan). The X-ray source was set at 75 KV and 100 pA, with a pixel
size of 18 mm. The image slices were reconstructed using a cone-beam reconstruction
software based on the Feldkamp algorithm (Dataviewer; Skyscan, Belgium). On the stacked
reconstruction of uCT cross-section images, manual regions of interest (ROIs) were drawn.
The volume of interest (VOI) consisted of a stack of ROIs drawn over 201 cross-sections,
resulting in a height of 5 mm extending from the plate of distal femur to trabecular region.
Based on the reconstructed three-dimensional (3D) uCT images, values of bone parameters,
including bone volume (BV, mm?), bone surface (BS, mm?), bone specific surface (BS/BV,
%), and bone volume percentage (BV/TV, %), were calculated. Bone mineral density (BMD,
g/cm?) was also determined by converting the attenuation data for VOI into Hounsfield
units and BMD units using phantoms (SkyScan) that had a standard density corresponding
to mouse bone.

2.5. Histological Analyses

Femurs were isolated from mice 30 and 60 days after TBI and fixed with a 4%
paraformaldehyde solution for 48 h, followed by decalcification in 10% EDTA at 4 °C
for 4 weeks. The tissue, including the trabecular region, was dehydrated in series of alco-
hol, embedded in paraffin, and sectioned into 5.0 pum in thickness. For hematoxylin and
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eosin (H & E) staining, tissue sections were treated with hematoxylin solution (Gill No. 3)
before counterstaining with 0.25% eosin Y Stain (bioWORLD Life Sciences, Dublin, OH,
USA). Parts of tissue sections were subjected to tartrate-resistant acid phosphatase (TRAP)
staining using a leukocyte acid phosphatase kit (Cosmo Bio, Tokyo, Japan), followed by
counterstaining with hematoxylin. The levels of osteoprotegerin (OPG; BS1862, Bioworld
Technology, St. Louis Park, MN, USA), receptor activator of nuclear factor kB ligand
(RANKL; ALX-804-243, Enzo Life Sciences, Inc., Farmingdale, NY, USA), osteocalcin (OCN;
AB10911, Millipore corporation, Temecula, CA, YSA), runt-related transcription factor 2
(RUNX2; BS2831), cathepsin K (CTSK; SC-48353, Santa Cruz Biotechnology, Inc., Dallas, TX,
USA), nuclear factor erythroid 2-related factor 2 (NRF2; BS1258), and adiponectin (ab22554,
Abcam) were evaluated by immunohistochemistry (IHC). In IHC assay, tissue sections
were stained with each primary antibody (1:200-400 dilutions) specific to the factors, and
the expression patterns were determined using rabbit-anti- or mouse-anti-Vectastain ABC
DAB-HRP kits (Vector Laboratories, Burlingame, CA, USA). All procedures for TRAP
and IHC staining followed the manufacturer’s instructions, and the stained sections were
observed under a light microscope (EL-Einsatz 451888, Carl Zeiss, Ostalbkreis, Germany).

2.6. Isolation and Culture of BM Stromal Cells (BMSCs)

Whole BM cells were isolated from femurs and tibias of mice at 30 and 60 days post-
TBI. Cells were resuspended in alpha-minimum essential media (kMEM, Thermo Fisher
Scientific, Waltham, MA, USA) and centrifuged at 2000x g for 3 min. The pellets were
spread onto 60 mm culture plates and incubated in growth medium («MEM supplemented
with 2 mM glutamine, 100 IU/mL penicillin G, 100 pg/mL streptomycin, and 20% FBS). On
the second day, nonadherent cells were removed and, after 12 days of additional incubation,
the adherent cells were harvested to use as BMSCs.

2.7. Assay for BMSC Proliferation

To evaluate a direct effect of ferulic acid on cell proliferation, BMSCs isolated from non-TBI
control mice (7 weeks old) were seeded onto 96-multiwell culture plates (2 x 10° cells/well)
in growth medium supplemented without and with various concentrations (0-500 uM) of
ferulic acid. After 48 h of incubation, the proliferation rate of BMSCs was assessed using Cell
Counting Kit-8 (CCK-8; Dojindo Lab, Rockville, MD, USA) according to the manufacturer’s
instructions. In addition, BMSCs were isolated from mice 30 and 60 days after TBI and
cultured in 96-multiwell culture plates (2 x 103 cells/well) containing growth medium. After
1,3, and 5 days of incubation, proliferation rate of the cells was determined by CCK-8 assay.
Optical density specific to the CCK-8 dye was measured at 450 nm using a microplate reader
(SPECTROstar® Nano, BMG LABTECH, Ortenberg, Germany).

2.8. Osteogenic and Adipogenic Differentiation Assays

BMSCs (5 x 10* cells/well) isolated from mice at 30 or 60 days post-TBI were divided
into 48-well culture plates in an osteogenic medium (xMEM supplemented with 100 nM
dexamethasone, 50 uM ascorbic acid, 10 mM (-glycerol phosphate, and 5% FBS). During
incubation, the medium was newly replaced to the same osteogenic medium every 2 days.
After 21 days of incubation, cells were stained with 2% Alizarin red S (ARS, pH 4.2) for
20 min and observed under a light microscope. The stained cells were also treated with 10%
cetylpyridinium chloride dissolved in 10 mM sodium phosphate (pH 7.0), and absorbance
of the dye was measured at 405 nm using a microplate reader (SPECTROstar® Nano). Parts
of BMSCs (5 x 10* cells/well) were seeded onto 48-well culture plates and incubated in an
adipogenic medium (DMEM supplemented with 10 ug/mL insulin, 50 uM indomethacin,
1 uM dexamethasone, 500 uM 3-isobutyl-1-methylxanthine, and 5% FBS). After 21 days
of incubation, cells were stained with 60% isopropanol containing 0.6% Oil red O (ORO),
followed by capture of photographs. In addition, the ORO-stained cells were washed with
water and treated with 100% isopropanol. The red-colored lipid droplets in these cells were
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quantified by determining the absorbance of the dye at 510 nm using a microplate reader
(SPECTROstar® Nano).

2.9. Quantitative Reverse Transcription-PCR (qRT-PCR) Assay

Total RNA was extracted from BMSCs that were isolated from mice at 30 and 60 days
post-TBI using a TRIzol reagent (Invitrogen). Total RNA samples (1 ng/sample) were
applied for cDNA synthesis using AmpiGene cDNA synthesis Kit (Enzo Life Sciences, Inc.)
following the manufacturer’s instructions. The gRT-PCR was performed with Power SYBR
Green PCR Master Mix (Applied Biosystems, Foster City, CA, USA) and ABI StepOne-
Plus Real-Time PCR System (Applied Biosystems). The thermocycling conditions were
maintained at 95 °C for 10 min for pre-denaturation and amplified using three-step cycles
of denaturation at 95 °C for 15 s, annealing at 60 °C for 30 s, and extension at 72 °C for
30 s for 40 cycles. Oligonucleotide primers specific to CCAA-enhancer-binding protein
(C/EBPu), peroxisome proliferator-activated receptor y (PPAR7), and adiponectin (apM1)
were designed as listed in Table S1, Supporting Information. The level of glyceraldehyde
3-phosphate dehydrogenase (Gapdh) was considered as the endogenous reference during
the quantification.

2.10. Western Blot Analysis

Whole BM cells were isolated from femurs and tibias of mice at 7 days post-TBI. After
removal of RBC, BM cells were lysed in a cocktail buffer containing protease/phosphatase
inhibitor (Cell Signaling Technology, Danvers, MA, USA). The protein extracts (20 pg/sample)
were separated through sodium dodecyl sulfate-polyacrylamide gel electrophoresis on 10-12%
gels and electroblotted onto polyvinylidene difluoride membranes. Blots were washed with a
buffer containing 10 mM Tris-HCI (pH 7.6), 150 mM NaCl, and 0.05% Tween-20, and blocked
in 5% skim milk for 1 h prior to incubation with primary antibodies specific to PPARy (1:500;
SC-390740, Santa Cruz Biotechnology), adiponectin (1:500; ab22554, Abcam), and {3-actin
(1:2500; Santa Cruz Biotechnology). Finally, immunoreactive bands on the membranes were
visualized using Western pico-EPD blot detection kit (ELPIS-Biotech, Daejeon, Republic of
Korea), followed by exposure to X-ray film (Eastman Kodak, Rochester, NY, USA).

2.11. Assays for Enzyme Activities in Blood Serum and Liver Tissue

After 2 and 30 days of TBI, peripheral blood was isolated from mice by cardiac
puncture and collected into serum separation tubes (BD Biosciences). Blood sera were
obtained by centrifugating the tube at 10,000 x g for 20 min, and then the activities of
alanine amino transaminase (ALT) and aspartate aminotransferase (AST) were determined
using specific assay kits (ADVIA 1650, Bayer, Japan). After collecting the blood sera, liver
tissues were isolated from the mice and homogenized in 50 mM KH;,PO; solution for 5 min
using a homogenizer (PRO Scientific Inc., Oxford, CT, USA), or in a 200-pL cold assay buffer
provided by BioAssay Systems (Hayward, CA, USA). After centrifugation at 14,000 g
for 10 min, the supernatants were collected, and activities of superoxide dismutase (SOD),
catalase (CAT), and glutathione peroxidase (GPx) were determined. In these assays, SOD
activity was measured using an assay kit (No. 706002, Cayman Chemical, Ann Arbor,
MI, USA), while CAT and GPx activities were determined using an EnzyChrom™ CAT
assay kit (ECAT-100; BioAssay Systems) and GPx assay kit (EGPX-100; BioAssay Systems),
respectively, according to the manufacturer’s instructions.

2.12. Statistical Analyses

All results are expressed as the mean + standard deviation (SD). One-way analysis
of variance with post-hoc Tukey test was used for multiple comparisons using GraphPad
Prism 8 (GraphPad Software Inc., San Diego, CA, USA). Two-tailed Student’s ¢-test was
used when the significance of differences between two sets of data was determined using
GraphPad Prism 8. A value of p < 0.05 was considered statistically significant.
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3. Results
3.1. Supplemental Ferulic Acid Inhibits TBI-Mediated Impairments in Growth and Survival and
Ameliorates HSC Senescence and Hematopoietic Defects in TBI Mice

A schematic diagram of the experimental designs, along with the chemical structure of
ferulic acid, is shown in Figure 1A. All mice groups exhibited age-related growth during the
experimental period, whereas the TBI group revealed significantly lower body weight from
30 or 45 days after TBI compared with the control or FA+TBI group (Figure 1B). No different
body weights between control and FA+TBI groups were found throughout the periods.
Compared with the FA+TBI group that showed 90% survival rate until 16 months, all mice
in the TBI group died at the same month after TBI (Figure 1C). Survival rate of the FA+TBI
group was similar to that of the control group, even at 20 months post-TBI (data not shown).
As HSC senescence is a characteristic phenotype occurring under ionizing irradiation and
contributes to hematopoietic disorders [16], we measured the SA-f3-gal activity of HSCs
(phenotypically defined by CD150"CD48 lineage-Sca-1"c-Kit™ cells) by determining the
levels of C1,FDG-positive HSCs (%) 2 and 30 days after TBI. The TBI group exhibited
2.97- and 1.98-fold higher levels of C1,FDG-positive HSCs at 2 days post-TBI compared
with control and FA+TBI groups, respectively (Figure 1D). The TBI group also showed
higher SA-3-gal activity in HSCs than the control or FA+TBI group 30 days after TBI
(Figure S1, Supporting Information). However, the number of BM-conserved HSCs in the
TBI group was comparable to those of the control and FA+TBI groups, both 2 and 30 days
after TBI (Figure S2, Supporting Information). We next determined levels of circulating
blood cells in mice 2, 7, 30, and 60 days after TBI. Compared with the control group,
numbers of circulating WBC, platelets, and RBCs, as well as percentage of granulocytes
and lymphocytes in peripheral blood, were reduced in the TBI group in relation to the days
after TBI (Figure 1E). TBI-mediated decreases in WBC, granulocytes, and lymphocytes were
further visible at relatively early times compared with that in platelets and RBC. Treatment
with ferulic acid blocked the TBI-induced reduction in circulating WBC and granulocytes,
and these cells in the FA+TBI group were restored up to the levels of the control group
30 days after TBI. Furthermore, levels of lymphocytes, platelets, and RBC in FA+TBI mice
were comparable with those in control mice throughout the days after TBI. These findings
indicate that ferulic acid protects mice from TBI-induced defects in growth and survival,
and this protection is, in part, associated with its potential to inhibit HSC senescence and
acute hematopoietic defects.

3.2. Treatment with Ferulic Acid Inhibits ROS Accumulation and Senescence Induction in MSCs
of TBI Mice

While MSCs play critical roles in bone mass accrual, irradiation can induce senescence
of these cells via ROS-activated signaling [17]. We determined mitochondrial ROS levels
and SA-f3-gal activity in MSCs (phenotypically defined by Lin~, Sca-1*, c-Kit*, CD105",
and CD29%) of mice 2, 30, and 60 days after TBI. MSCs from the TBI group exhibited
an obvious increase in mitochondrial ROS level compared with cells from control mice,
and this increase was significantly diminished by intraperitoneal injection of ferulic acid
(Figure 2A,B). Similar to HSCs, the TBI group revealed greater SA-f3-gal activity in MSCs
compared with cells from control mice, while the SA-3-gal activity in MSCs from FA+TBI
mice was comparable with that of control mice every day post-TBI (Figure 2C,D). The
number of MSCs in BM of TBI and FA+TBI groups was also similar to that of control mice
2,7, and 30 days after TBI (data not shown). These findings support the antioxidant and
antisenescence effects of ferulic acid on BM-conserved MSCs in TBI mice.
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growth, survival, and production of circulating blood cells. (A) The experimental designs and chemical structure of ferulic acid.
(B) Body weight (g) of mice groups were measured at the indicated days after TBI (1 = 10). (C) Survival rate of mice groups
was monitored for the indicated months (n = 10). (D) SA-f3-gal activity in HSCs of mice groups was determined by measuring
percentage of C1,FDG-positive HSCs at 2 days post-TBI via flow cytometric analysis (1 = 4). (E) Levels of circulating WBC,
granulocytes, lymphocytes, platelets, and RBC in mice groups were measured using an automated complete blood cell counter at
the indicated days after TBI (n > 3). All data are presented as the mean =+ SD. * p < 0.05, ** p < 0.01, and *** p < 0.001 compared
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Figure 2. Supplemental ferulic acid inhibits TBI-mediated increases of ROS accumulation and senescence induction in
BM-conserved MSCs. (A,B) Level of mitochondrial superoxide anions in BM MSCs from mice groups were assessed by flow
cytometry using MitoSox™ Red reagent at the indicated days after TBI (n = 4). (C,D) SA-B-gal activity in BM-conserved
MSCs from mice groups was also measured by flow cytometry using C1,FDG at the same post-TBI days (1 = 4). All data are

presented as the mean + SD. * p < 0.05, ** p < 0.01, and *** p < 0.001 compared with control group; * p < 0.05, # p < 0.01, and
### p < 0.001 compared with TBI group.
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3.3. Supplementation with Ferulic Acid Limits TBI-Induced Defect of BM Microenvironment

The BM microenvironment provides niches for retention and self-renewal of BM HSCs
and MSCs, and its impairment is related to abnormal retention and senescence of these
cells, along with bone mass loss [18]. We explored whether the TBI-induced stem cell
senescence and body weight loss is associated with impaired BM microenvironments. The
2D uCT analysis 60 days after TBI showed greater bone mass in control and FA+TBI groups
compared with the TBI group (Figure 3A). When values of bone parameters were evaluated,
the TBI group revealed significantly lower values of BV (p < 0.01), BS (p < 0.01), BV/TV
(p <0.01), and BMD (p < 0.05) compared with the control group (Figure 3B). TBI-induced
decreases in the bone values were restored in mice supplemented with ferulic acid up to
the levels of control mice. Ferulic-acid-induced protection on TBI-mediated bone loss was
supported by H&E staining, in which the TBI group showed relatively lower bone mass in
the trabecular region at 60 days post-TBI than the control or FA+TBI group (Figure 3C).
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Figure 3. Administration of ferulic acid restores TBI-mediated impairments in BM microenvironment and bone mass
accrual. (A) The 2D pCT images show femoral bones of mice groups 60 days after TBI. (B) Values of bone parameters,
including BV (mm?3), BS (mm?), BS/BV (%), BV/TV (%), and BMD (g/ cmd), in the trabecular region of the femoral bones
were measured 60 days after TBI (n = 4). (C) Histological evaluation of bone mass accrual at the trabecular bones of mice
groups was performed by H&E staining at 60 days post-TBI. A representative result from four different samples is shown.
Scale bar = 500 um. All data are presented as the mean + SD. * p < 0.05 and ** p < 0.01 compared with control group;
# p < 0.05 compared with TBI group.

3.4. Administration of Ferulic Acid Increases Osteogenic Marker Expression, but Inhibits
Osteoclastic Activation in BM of TBI Mice

As a balanced activation between osteoblasts and osteoclasts is important in maintain-
ing the BM microenvironment and bone mass accrual, we explored whether TBI-mediated
BM impairment is directly associated with an alteration in osteoblastic and osteoclastic
activation. Compared with the control group, the TBI group revealed significantly lower
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levels of RUNX2 (p < 0.05) and OCN (p < 0.01) in BM 60 days after TBI (Figure 4). The
TBI-mediated decreases in these factors were completely recovered up to the levels of the
control group by treatment with ferulic acid. In contrast, the TBI group exhibited signifi-
cantly higher levels (p < 0.001) of RANKL and CTSK in BM compared with control and
FA+TBI groups (Figure 4B). TBI groups also exhibited a significantly lower level (p < 0.05)
of OPG in BM compared with the control group, whereas this reduction was not affected by
administration of ferulic acid (Figure 4C). Alternatively, the TBI group showed significantly
higher numbers of TRAP-positive osteoclasts than did the control (p < 0.01) or FA+TBI
group (p < 0.05) (Figure 4D). These results not only indicate a relationship between TBI-
mediated BM injury and a preferable activation toward osteoclasts with reduced osteogenic
activity, but also suggest that ferulic acid inhibits osteoclastic activation by decreasing the
induction of RANKL and CTSK, rather than by increasing OPG in BM.

3.5. Ferulic Acid Inhibits TBI-Stimulated Adipogenic Differentiation in BM

An adipogenic activation in BM is one of the important alterations after ionizing
irradiation, and this contributes to deterioration in bone formation [19]. We assessed
whether TBI actually stimulates adipogenic differentiation in BM, and whether this is also
suppressed by supplementation with ferulic acid. To address this, we initially checked the
presence of lipid spot formation in BM of mice and counted its numbers 60 days after TBI
(Figure 5A). As shown in the images of H&E staining, the numbers of lipid spots in BM of
the TBI group were significantly higher compared with that of the control (p < 0.001) or
FA+TBI group (p < 0.001) at 60 days post-TBI. TBI-mediated increase in lipid accumulation
was correlated with the expression levels of adipogenic markers, adiponectin and PPARy,
in which supplemental ferulic acid significantly (p < 0.05) diminished expression of these
markers in the BM (Figure 5B). To further evaluate the impacts of TBI or in combination
with ferulic acid on adipogenesis in BM, we determined levels of PPAR+y, C/EBP«, and apM1
in BM cells of mice by qRT-PCR assay 30 and 60 days after TBI. The TBI group exhibited
significantly higher levels (p < 0.001) of the adipogenic marker genes in BM cells compared
with the control group 30 days after TBI (Figure 5C). TBI-mediated increases in PPAR7,
C/EBPw, and apM1 in BM cells were also found 60 days after TBI (Figure 5D). Treatment
with ferulic acid diminished TBI-mediated upregulation of the adipogenic regulatory genes
at both 30 and 60 days post-TBI, in which levels of PPARy and C/EBP« in the FA+TBI
group were comparable with those in control mice 60 days after TBI. These results indicate
that, in addition to osteoclastic activation, TBI augments adipogenic activation in BM and
BM-conserved cells, and this augmentation is attenuated by supplemental ferulic acid.

3.6. Ferulic Acid Treatment Stimulates Proliferation and Osteogenic Activation, but Inhibits
Adipogenic Differentiation of BMSCs from TBI Mice

We evaluated how a direct addition of ferulic acid affects proliferation of BMSCs
from non-TBI control mice. When BMSCs were incubated in the presence of ferulic acid
(0-500 uM) for 48 h, the cells exhibited a dose-dependent proliferation up to a ferulic acid
concentration of 200 pM (Figure 6A). To further understand the impacts of supplemental
ferulic acid on BMSC proliferation and their differentiation into osteoblastic or adipocytic
lineage cells, BMSCs isolated from mice at various days post-TBI were incubated in growth
or differentiating medium. When BMSCs from mice 30 (Figure 6B) and 60 days after TBI
(Figure 6C) were incubated in growth medium for 1, 3, or 5 days, cells from all mice groups
showed a time-dependent increase in optical density specific to CCK-8. However, BMSCs
from the TBI group exhibited a significantly lower proliferation rate compared with the
cells from the control or FA+TBI group at the same incubation times. No different values
of optical density between the control and FA+TBI groups were found throughout the
incubation. TBI-mice-derived BMSCs exerted relatively lower intensity specific to ARS
compared with cells from the control or FA+TBI group, and this was further viable in
the cells isolated 60 days rather than 30 days after TBI (Figure 6D). Determination of the
mean optical density specific to the ARS dye also supported TBI-mediated decrease in
mineralization of BMSCs, and its complete suppression by supplementation with ferulic



Antioxidants 2021, 10, 1209

10 of 17

acid, both at 30 and 60 days post-TBI (Figure 6E). When BMSCs isolated from mice at
30 days post-TBI were incubated in adipogenic medium for 21 days, TBI-mice-derived
cells showed greater levels of ORO-positive adipocytes along with higher ORO-specific
optical density compared with cells from the control or FA+TBI group (Figure 6F). Western
blot analysis also showed greater immunoreactive intensities of PPARy and adiponectin
in BMSCs from the TBI group compared with cells from the control or FA+TBI group
7 days after TBI (Figure 6G, left panel). TBI-mediated increase of PPARy in BMSCs and its
inhibition by ferulic acid were further supported by measuring the mean immunoreactive
intensities of PPARy and adiponectin at the same day post-TBI (Figure 6G, right panel).
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Figure 4. TBI causes an imbalanced activation between osteoblasts and osteoclasts, and this is
completely prevented by long-term administration of ferulic acid. Levels of (A) RUNX2 and OCN,
(B) RANKL and CTSK, and (C) OPG in BM of mice groups were evaluated by IHC assay at 60 days
post-TBL (D) Osteoclasts formed in BM of mice were determined by TRAP staining at the same
day after TBI. The IHC images show representative results from four different mice. Scale bars in
the images for RUNX2, OCN, and CTSK are 200 um, while those for RANKL, OPG, and TRAP are
100 um. All data are presented as the mean + SD (n = 4). * p <0.05, ** p < 0.01, and *** p < 0.001
compared with control group; # p < 0.05, # p < 0.01, and ** p < 0.001 compared with TBI group.
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Figure 5. Long-term administration of ferulic acid inhibits TBI-mediated adipogenic activation in BM of
mice. (A) Lipid accumulation in trabecular regions of mice groups was determined by H&E staining
at 60 days post-TBI. Yellow arrows indicate the lipid spots formed in the bone. Scale bar = 500 pm.
(B) Levels of adiponectin and PPARy in BM of mice groups were measured by IHC assay at 60 days
post-TBI. Scale bar = 200 um. Number of lipid spots and relative intensity of adiponectin and PPARy
(fold change) in BM were calculated from four different samples. Expression levels of PPAR+y, C/EBPx,
and apM1 in BM cells from mice groups were determined by qRT-PCR assay at (C) 30 and (D) 60 days
post-TBI (1 = 4). All data are expressed as the mean + SD. * p < 0.05, ** p < 0.01, and *** p < 0.001
compared with control group; * p < 0.05,# p < 0.01, and ## p < 0.001 compared with TBI group.
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Figure 6. Supplemental ferulic acid restores proliferation and osteogenic differentiation of BMSCs and prevents adipogenic
activation of the cells from TBI mice. (A) BMSCs isolated from non-TBI control mice were incubated in growth medium
supplemented with ferulic acid (0-500 um) for 48 h, and proliferation rate was determined by CCK-8 assay. BMSCs were
isolated from mice exposed to TBI or in combination with ferulic acid at (B) 30 and (C) 60 days post-TBI, and the cells were
incubated in growth medium for the indicated days, followed by CCK-8 assay. (D) BMSCs were isolated from mice groups
at 30 and 60 days post-TBI and incubated in osteogenic medium. After 21 days of incubation, cellular mineralization of the
cells was evaluated by ARS staining. (E) Mineralization of BMSCs from mice groups was also determined by measuring
optical density specific to the ARS at 405 nm. (F) BMSCs were isolated from mice groups 30 days after TBI and incubated
in adipogenic medium. The photographs showing ORO-positive adipocytes and optical density specific to the dye were
obtained 21 days after incubation. (G) BM cells were isolated from mice groups 7 days after TBI and, after 48 h of incubation
in adipogenic medium, protein levels of PPARy and adiponectin in the cells were determined by immunoblot assay. The
relative intensities specific to PPARy and adiponectin were determined after normalizing the band to the relative intensity
of B-actin. All data are presented as the mean + SD (n > 3). * p < 0.05, ** p < 0.01, and *** p < 0.001 compared with control
group; # p < 0.05, # p < 0.01, and *#* p < 0.001 compared with TBI group.

3.7. Supplementation with Ferulic Acid Inhibits TBI-Mediated Increases in AST and ALT
Activities, but Enhances Cellular Antioxidant Defense Systems

As TBI is known to acutely increase activities of AST and ALT, which are indicative of
liver damage [9], we determined activities of the enzymes in blood serum 2 and 30 days
after TBL. The TBI group showed significantly higher activity (p < 0.05) of AST at 2 days, but
not at 30 days post-TBI compared with the control or FA+TBI group (Figure 7A). Similarly,
ALT activity in the TBI group was significantly higher (p < 0.05) than that in the control
or FA+TBI group at 2 days post-TBI (Figure 7B). Different to the liver-damage-indicative
enzymes, the activities of liver-conserved antioxidant enzymes, such as SOD (Figure 7C),
CAT (Figure 7D), and GPx (Figure 7E), in the TBI group were acutely diminished 2 days,
but not 30 days, after TBIL. Treatment with ferulic acid completely blocked TBI-mediated
decreases in activities of the enzymes at 2 days post-TBI. In particular, the FA+TBI group
revealed significantly higher SOD activity (p < 0.01) than the control or TBI group at
30 days post-TBI (Figure 7C). Furthermore, IHC assay revealed that the FA+TBI group
expressed an approximately 2.5-fold higher level (p < 0.01) of NRF2 in BM at 60 days
post-TBI compared with that in the control or TBI group (Figure 7F). These results suggest
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that long-term supplementation with ferulic acid enhances antioxidant defense systems,
specifically SOD activity and NRF2 induction, and this enhancement is closely associated
with ferulic-acid-induced protection on TBI-mediated oxidative damages.
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Figure 7. Long-term supplementation with ferulic acid prevents liver damage and increases the
activities of liver-conserved antioxidant enzymes and the induction of NRF2 in BM of TBI mice.
Levels of (A) AST and (B) ALT in blood serum of mice groups were determined 2 and 30 days after
TBI. The activities of (C) SOD, (D) CAT, and (E) GPx in the liver from mice groups were determined
2 and 30 days after TBI. (F) Level of NRF2 in BM of mice groups was evaluated by IHC assay at
60 days post-TBI. Scale bar = 200 um. All data are presented as the mean & SD (n = 4). * p <0.05 and
** p < 0.01 compared with control group; * p < 0.05 and # p < 0.01 compared with TBI group.

4. Discussion

Although therapeutic radiation can cause severe damages to intact soft and hard
tissues [20,21], TBI is required for cancer patients or in BM transplantation. Reduced bone
mass accrual and BMD, increased ROS and oxidative stress, long-term residual BM injury,
and stem cell senescence with the attendant hematopoietic defects are to be the hallmarks
of TBI-mediated disorders [9,22-24]. Disruption of cellular redox balance and depletion
of endogenous antioxidant defense systems are also the main events in TBI-mediated
oxidative damages [9,25]. As cellular ROS accumulation and subsequent oxidative stress
to cells and tissues are the key mediators in TBI-mediated impairments, supplemental
antioxidants may ameliorate or recover TBI-mediated oxidative defects. Here, we highlight
a long-lasting radioprotective potential of ferulic acid in mice exposed to a sub-lethal TBI.
This study also provides the underlying mechanisms by which long-term administration
of the antioxidant limits stem cell senescence and BM injuries, and encourages survival
and bone mass accrual in TBI mice.

We previously found that, in addition to ferulic acid, dietary antioxidants, caffeic acid
and coumaric acid prevent TBI-mediated damages of liver and spleen tissues and HSC
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senescence, as well as restore activities of endogenous antioxidant enzymes [9]. Caffeic
acid also exhibited an autonomous ameliorating effect on HSC-senescence-associated
long-term BM injury and mortality in TBI mice, and induced in vitro anticancer activity,
thereby indicating its clinical usefulness as a supplemental drug for cancer patients [24].
Different to the previous studies [9,24], this study administered mice with ferulic acid via
intraperitoneal injection once per day for 37 consecutive days (7 days before and 30 days
after TBI), and TBI-associated phenotypes in mice were analyzed at various time points after
TBI. These experimental approaches allow the impacts of radioprotective antioxidant on
TBI-mediated systemic damages to be defined in regard to its long-term administration, as
well as to evaluate a time-dependent alteration of TBI-associated characteristic phenotypes.
Our results support that intraperitoneal injection of ferulic acid inhibits TBI-mediated
HSC senescence and acute reduction of circulating blood cells. As TBI-mediated defects in
hematopoietic development may increase the risk of bleeding, infection, and mortality, our
findings also indicate that long-term administration of ferulic acid protects mice against
TBI-mediated mortality by restoring levels of circulating blood cells.

TBI-mediated defects in body growth and bone mass accrual can be associated with
BM microenvironmental impairments that cause functional loss or dysregulated differenti-
ation of BM-conserved stem cells. Indeed, exposure to TBI induced a long-term residual
BM injury, depending on the exposed dose or time of TBI, and this negatively affected BM
niches and bone homeostasis [16,24]. In addition to HSCs, TBI induced oxidative DNA
damage of MSCs and defected their functionality [6,26,27]. TBI also impaired proliferation,
differentiation, and chromosomal integrity in BMSCs [28]. Together, our results with previ-
ous reports suggest that the ferulic-acid-induced recovery of body growth and bone mass
accrual in TBI mice is, in part, associated with its potential to limit ROS accumulation in
MSCs and their senescence induction, as well as to maintain functionality of the cells.

The multipotency of MSCs are dysregulated after TBI, in which a preferable differen-
tiation toward adipocytes, along with an imbalanced activation between osteogenic and
osteoclastic differentiation, occurs in BM [7]. TBI diminishes proliferation of osteoblastic
progenitor cells with cell cycle arrest, and decreases the production of bone-consisting
components [29]. ROS accumulation and subsequent oxidative stress are also closely as-
sociated with osteoclastogenesis, skeletal aging, and bone diseases [30]. BM adipocytes
account for approximately 10% of total body fat in healthy adults and play important roles
in energy storage, endocrine function, and bone metabolism [31]. However, chemotherapy
or irradiation can cause abnormal infiltration and accumulation of adipocytes in BM [7].
As proven by the decreased induction of RUNX2, OCN, and OPG, upregulated RANKL
and CTSK induction, along with increased osteoclasts, and increases in lipid accumulation
and adipogenic marker expression in BM of mice 60 days after TBI, the current findings
suggest that TBI-mediated BM injury is closely associated with the dysregulated differ-
entiation or functions of HSC- or MSC-derived progenitor cells in BM. Our findings also
support that long-term administration of ferulic acid mostly suppresses TBI-mediated
osteoclastic activation and restores osteoblastic activity in BM by activating osteogenic
markers and by inhibiting directly osteoclastic activation, rather than by increasing OPG
expression. Additionally, this study demonstrates that the inhibitory effect of ferulic acid
on TBI-mediated adipogenic activation is also accompanied by its ability to diminish the
expression of PPAR~y, C/EBPw, and apM1, which are known to differentiate preadipocytes
into adipocytes and to inhibit osteoblastic differentiation [32]. It was reported that ferulic
acid attenuates adipocyte differentiation in 3T3-L1 cells via a positive regulation of heme
oxygenase-1, a downstream effector of NRF2 [33]. Adipogenic activation in BM is also
associated with a delayed engraftment of HSCs and hematopoietic defects [19]. Therefore,
it is likely that supplemental ferulic acid inhibited TBI-stimulated adipogenesis in BM
by activating NRF2-related antioxidant systems and by preventing senescence of HSCs
and oxidative BM injury. All results from BMSC cultures also support that supplemental
ferulic acid increases proliferation and differentiation of BMSCs into mineralized cells, but
suppresses their differentiation into adipocytes.
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Endogenous antioxidant defense systems maintain cellular redox balance and protect
against acute or prolonged oxidative stress, and, thus, a defect in the systems facilitates
ROS accumulation and systemic oxidative damages. Similar to the previous study [9], the
present findings showed that TBI acutely induces liver injury and depletes the activities of
SOD, CAT, and GPx, whereas these defects are recovered by supplemental ferulic acid. In
particular, the activity of SOD, but not of CAT and GPx, in the FA+TBI group was greater
than that in control mice, thereby indicating an enhancing effect of ferulic acid on SOD.
Enzymes such as SOD, CAT, and GPx are the primary antioxidant defense systems that
convert active oxygen molecules into nontoxic substances and /or remove directly reactive
oxidants [34,35]. NRF?2 is a sensitive sensor in response to cellular metabolic and stress
states and plays a role as a key transcriptional regulator for antioxidant enzymes [36].
When exposed to oxidative stress, NRF2 is translocated into the nucleus and selectively
activates gene transcription corresponding to various endogenous antioxidant enzymes,
including CAT and SOD [37]. This indicates that upregulation of NRF2 ameliorates TBI-
mediated DNA damages by enhancing the antioxidant defense system or by maintaining
an intracellular redox balance [36,38,39]. Activation of NRF2 mitigated TBI-mediated
hematopoietic death and augmented function and regeneration of HSCs, thereby increasing
survival in TBI mice [40—42]. Taken as a whole, it is suggested that NRF2 is a potential
therapeutic target to ameliorate or prevent TBI-mediated oxidative injuries, as well as
to regulate self-renewal, proliferation, and differentiation of stem cells [43]. Overall, our
current findings with previous reports [9,24] strongly suggest that the ferulic-acid-induced
radioprotection is closely associated with the enhanced or maintained antioxidant defense
systems that are followed by NRF2 upregulation.

5. Conclusions

In summary, small molecule antioxidants, such as dietary flavonoids and phenolic
acids, may enhance HSC function and improve the efficacy of HSC transplantation therapy
via the NRF2-related maintenance of BM and BM-conserved stem cells [42]. This study
demonstrates that supplemental ferulic acid protects mice from TBI-mediated BM injuries
and senescence of BM-conserved HSCs and MSCs by inhibiting ROS accumulation and
osteoclastic and adipocytic activation in BM, as well as by recovering osteogenic activ-
ity and NRF2-associated antioxidant defense systems. This study also highlights that
long-term administration of ferulic acid improves bone mass accrual and survival, and
specifically accelerates SOD activity and NRF2 induction. The current findings indicate
a preclinical potential of ferulic acid to prevent TBI-mediated oxidative disorders and
to enhance therapeutic efficacy in BM transplantation. Overall, our results of this study
imply that dietary phenolic antioxidants are attractive candidates as injectable materials
for radioprotection.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/antiox10081209/s1, Figure S1: Flow cytometric analysis showing the mean percentage of
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Author Contributions: ].-C.L., S.-H.K,, and Y.-M.]. conceived and designed the experiments; S.W.,
H.-J.S., G.B., and K.-C.C. performed the experiments; S.W. and H.-].S. maintained, administered, and
irradiated mice; SSW., G.B., ].-C.L., S.-HK,, and Y.-M.]. analyzed the data; H.-].S., G.B., 5.-HK., Y.-M.],,
and J.-C.L. contributed reagents/materials/analysis tools; S.W., S.-H.K., ].-C.L., and Y.-M.]. wrote and
edited the manuscript. All authors have read and agreed to the published version of the manuscript.

Funding: This research was supported by Basic Science Research Program through the National
Research Foundation (NRF) funded by the Ministry of Science, Information and Communications
Technology and Future Planning (2018R1D1A1B07046563, 2020R1C1C1004968, 2021R1A2C2006032,
and 2021R111A1A01044453), and by the RDA, Ministry of Agriculture and Forestry, Republic of
Korea (PJ013394022021).


https://www.mdpi.com/article/10.3390/antiox10081209/s1
https://www.mdpi.com/article/10.3390/antiox10081209/s1

Antioxidants 2021, 10, 1209 16 of 17

Institutional Review Board Statement: All procedures in this study were approved by the Animal
Welfare Committee of Jeonbuk National University (Approval number: CBU 2014-00055).

Informed Consent Statement: Not applicable.
Data Availability Statement: Data is contained within the article and supplementary material.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Mauch, P; Constine, L.; Greenberger, J.; Knospe, W.; Sullivan, J.; Liesveld, ].L.; Deeg, H.]. Hematopoietic stem cell compartment:
Acute and late effects of radiation therapy and chemotherapy. Int. J. Radiat. Oncol. Biol. Phys. 1995, 31, 1319-1339. [CrossRef]

2. Domen, J.; Gandy, K.L.; Weissman, I.L. Systemic overexpression of BCL-2 in the hematopoietic system protects transgenic mice
from the consequences of lethal irradiation. Blood 1998, 91, 2272-2282. [CrossRef]

3. Balaban, R.S.; Nemoto, S.; Finkel, T. Mitochondria, oxidants, and aging. Cell 2005, 120, 483-495. [CrossRef] [PubMed]

4. Wang, Y,; Liu, L.; Pazhanisamy, S.K.; Li, H.; Meng, A.; Zhou, D. Total body irradiation causes residual bone marrow injury by
induction of persistent oxidative stress in murine hematopoietic stem cells. Free Radic. Biol. Med. 2010, 48, 348-356. [CrossRef]

5. Shao, L.; Luo, Y.; Zhou, D. Hematopoietic stem cell injury induced by ionizing radiation. Antioxid. Redox Signal. 2014, 20,
1447-1462. [CrossRef]

6. Cao, X; Wu, X,; Frassica, D.; Yu, B.; Pang, L.; Xian, L.; Frassica, FJ. Irradiation induces bone injury by damaging bone marrow
microenvironment for stem cells. Proc. Natl. Acad. Sci. USA 2011, 108, 1609-1614. [CrossRef]

7.  Costa, S.; Reagan, M.R. Therapeutic Irradiation: Consequences for bone and bone marrow adipose tissue. Front. Endocrinol. 2019,
10, 587. [CrossRef]

8.  Zhang, R; Kang, K.A,; Kang, S.S.; Park, ].W.; Hyun, ].W. Morin (2’,3,4’,5,7-pentahydroxyflabone) protected cells against radiation-
induced oxidative stress. Basic Clin. Pharmacol. Toxicol. 2011, 108, 63-72. [CrossRef]

9. Kook, S.H.; Cheon, S.R.; Kim, J.H.; Choi, K.C.; Kim, M.K;; Lee, ].C. Dietary hydroxycinnamates prevent oxidative damages to
liver, spleen, and bone marrow cells in irradiation-exposed mice. Food Sci. Biotechnol. 2017, 26, 279-285. [CrossRef]

10. Ma, Z.C; Hong, Q.; Wang, Y.G.; Tan, H.L.; Xiao, C.R.; Liang, Q.D.; Gao, Y. Ferulic acid protects lymphocytes from radiation-
predisposed oxidative stress through extracellular regulated kinase. Int. ]. Radiat. Biol. 2011, 87, 130-140. [CrossRef] [PubMed]

11. Piazzon, A.; Vrhovsek, U.; Masuero, D.; Mattivi, F.; Mandoi, F.; Nardini, M. Antioxidant activity of phenolic acids and their
metabolites: Synthesis and antioxidant properties of the sulfate derivatives of ferulic and caffeic acids and of the acyl glucuronide
of ferulic acid. J. Agric. Food Chem. 2012, 90, 12312-12323. [CrossRef] [PubMed]

12. Das, U.; Manna, K.; Sinha, M.; Datta, S.; Da, D.K.; Chakraborty, A.; Ghosh, M.; Saha, K.D.; Dey, S. Role of ferulic acid in the
amelioration of ionizing radiation induced inflammation: A murine model. PLoS ONE 2014, 9, €97599. [CrossRef]

13. Kanski, J.; Aksenova, M.; Stoyanova, A.; Butterfield, D.A. Ferulic acid antioxidant protection against hydroxyl and peroxyl
radical oxidation in synaptosomal and neuronal cell culture systems in vitro: Structure-activity studies. J. Nutr. Biochem. 2002, 13,
273-281. [CrossRef]

14. Liang, JW.; Li, PL.; Wang, Q.; Liao, S.; Hu, W,; Zhao, Z.D.; Li, Z.L.; Yin, B.E; Mao, N.; Ding, L.; et al. Ferulic acid promotes bone
defect repair after radiation by maintaining the stemness of skeletal stem cells. Stem Cells Transl. Med. 2021, 1-15. [CrossRef]

15. Srinivasan, M.; Sudheer, A.R.; Menon, V.P. Ferulic Acid: Therapeutic potential through its antioxidant property. J. Clin.
Biochem. Nutr. 2007, 40, 92-100. [CrossRef] [PubMed]

16. Wang, Y.; Schulte, B.A.; LaRue, A.C.; Ogawa, M.; Zhou, D. Total body irradiation selectively induces murine hematopoietic stem
cell senescence. Blood 2006, 107, 358-366. [CrossRef]

17. Bai, J.; Wang, Y.; Wang, J.; Zhai, J.; He, F; Zhu, G. Irradiation-induced senescence of bone marrow mesenchymal stem
cells aggravates osteogenic differentiation dysfunction via paracrine signaling. Am. ]. Physiol. Cell Physiol. 2020, 318,
C1005-C1017. [CrossRef]

18. Kiel, MJ.; Yilmaz, O.H.; Iwashita, T.; Yilmaz, O.H.; Terhorst, C.; Morrison, S.]. SLAM family receptors distinguish hematopoietic
stem and progenitor cells and reveal endothelial niches for stem cells. Cell 2005, 121, 1109-1121. [CrossRef]

19. Naveiras, O.; Nardi, V.; Wenzel, PL.; Fahey, F.; George, Q.; Cancer, D.F.; Medical, H. Bone marrow adipocytes as negative
regulators of the hematopoietic microenvironment. Nature 2009, 460, 259-263. [CrossRef]

20. Schultze-Mosgau, S.; Lehner, B.; Rodel, E; Wehrhan, E; Amann, K.; Kopp, J.; Thorwarth, M.; Nkenke, E.; Grabenbauer, G.
Expression of bone morphogenetic protein 2/4, transforming growth factor-betal, and bone matrix protein expression in healing
area between vascular tibia grafts and irradiated bone-experimental model of osteonecrosis. Int. |. Radiat. Oncol. Biol. Phys. 2005,
61, 1189-1196. [CrossRef]

21. King, A.D.; Griffith, ].E; Abrigo, ] M.; Leung, S.F; Yau, FK,; Tse, G.M.; Ahuja, A.T. Osteoradionecrosis of the upper cervical spine:
MR imaging following radiotherapy for nasopharyngeal carcinoma. Eur. |. Radiol. 2010, 73, 629-635. [CrossRef]

22. Rana, T,; Schultz, M.A ; Freeman, M.L.; Biswas, S. Loss of Nrf2 accelerates ionizing radiation-induced bone loss by upregulating
RANKTL. Free Radic. Biol. Med. 2012, 53, 2298-2307. [CrossRef]

23.  Shao, L.; Feng, W.; Li, H.; Gardner, D.; Luo, Y.; Wang, Y.; Liu, L.; Meng, A.; Sharpless, N.E.; Zhou, D. Total body irradiation causes

long-term mouse BM injury via induction of HSC premature senescence in an Ink4a- and Arf-independent manner. Blood 2014,
123, 3105-3115. [CrossRef] [PubMed]


http://doi.org/10.1016/0360-3016(94)00430-S
http://doi.org/10.1182/blood.V91.7.2272
http://doi.org/10.1016/j.cell.2005.02.001
http://www.ncbi.nlm.nih.gov/pubmed/15734681
http://doi.org/10.1016/j.freeradbiomed.2009.11.005
http://doi.org/10.1089/ars.2013.5635
http://doi.org/10.1073/pnas.1015350108
http://doi.org/10.3389/fendo.2019.00587
http://doi.org/10.1111/j.1742-7843.2010.00629.x
http://doi.org/10.1007/s10068-017-0037-y
http://doi.org/10.3109/09553002.2011.523510
http://www.ncbi.nlm.nih.gov/pubmed/21043551
http://doi.org/10.1021/jf304076z
http://www.ncbi.nlm.nih.gov/pubmed/23157164
http://doi.org/10.1371/journal.pone.0097599
http://doi.org/10.1016/S0955-2863(01)00215-7
http://doi.org/10.1002/sctm.20-0536
http://doi.org/10.3164/jcbn.40.92
http://www.ncbi.nlm.nih.gov/pubmed/18188410
http://doi.org/10.1182/blood-2005-04-1418
http://doi.org/10.1152/ajpcell.00520.2019
http://doi.org/10.1016/j.cell.2005.05.026
http://doi.org/10.1038/nature08099
http://doi.org/10.1016/j.ijrobp.2004.12.008
http://doi.org/10.1016/j.ejrad.2008.12.016
http://doi.org/10.1016/j.freeradbiomed.2012.10.536
http://doi.org/10.1182/blood-2013-07-515619
http://www.ncbi.nlm.nih.gov/pubmed/24622326

Antioxidants 2021, 10, 1209 17 of 17

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.
41.

42.

43.

Sim, H.J.; Bhattarai, G.; Lee, J.; Lee, ].C.; Kook, S.H. The long-lasting radioprotective effect of caffeic acid in mice exposed to
total body irradiation by modulating reactive oxygen species generation and hematopoietic stem cell senescence-accompanied
long-term residual bone marrow injury. Aging Dis. 2019, 10, 1320-1327. [CrossRef]

Koc, M.; Taysi, S.; Buyukokuroglu, M.E.; Bakan, N. Melatonin protects rat liver against irradiation-induced oxidative injury.
J. Radiat. Res. 2003, 44, 211-215. [CrossRef] [PubMed]

Islam, ML.S.; Stemig, M.E.; Takahashi, Y.; Hui, S.K. Radiation response of mesenchymal stem cells derived from bone marrow and
human pluripotent stem cells. J. Radiat. Res. 2015, 56, 269-277. [CrossRef]

Wang, Y.; Zhu, G.; Wang, J.; Chen, J. Irradiation alters the differentiation potential of bone marrow mesenchymal stem cells.
Mol. Med. Rep. 2016, 13, 213-223. [CrossRef]

Lo, WJ,; Lin, C.L.,; Chang, Y.C,; Bai, L.Y;; Lin, C.Y,; Liang, J.A.; Li, L.Y,; Chao, LM.; Chiu, C.E; Chen, C.M,; et al. Total
body irradiation tremendously impair the proliferation, differentiation and chromosomal integrity of bone marrow-derived
mesenchymal stromal stem cells. Ann. Hematol. 2018, 97, 697-707. [CrossRef]

Johnson, M.B.; Niknam-Bienia, S.; Soundararajan, V.; Pang, B.; Jung, E.; Gardner, D.J.; Xu, X.; Park, S.Y.; Wang, C.; Chen, X,; et al.
Mesenchymal stromal cells isolated from irradiated human skin have diminished capacity for proliferation, differentiation, colony
formation, and paracrine stimulation. Stem Cells Trans. Med. 2019, 8, 925-934. [CrossRef]

Callaway, D.A; Jiang, ].X. Reactive oxygen species and oxidative stress in osteoclastogenesis, skeletal aging and bone diseases.
J. Bone Miner. Metab. 2015, 33, 359-370. [CrossRef]

Herrmann, M. Marrow fat-secreted factors as biomarkers for osteoporosis. Curr. Osteoporos. Rep. 2019, 17, 429-437. [CrossRef]
Akune, T.; Ohba, S.; Kamekura, S.; Yamaguchi, M.; Chung, U.-1.; Kubota, N.; Terauchi, Y.; Harada, Y.; Azuma, Y.; Nakamura,
K.; et al. PPARgamma insufficiency enhances osteogenesis through osteoblast formation from bone marrow progenitors.
J. Clin. Investig. 2004, 113, 846-855. [CrossRef]

Koh, EJ.; Kim, K.J.; Seo, Y.J.; Choi, J.; Lee, B.Y. Modulation of HO-1 by ferulic acid attentuates adipocyte differentiation in 3T3-L1
cells. Molecules 2017, 22, 745. [CrossRef]

Yokozawa, T.; Chen, C.P; Tanaka, T.; Kouno, I. Isolation from Wen-Pi-Tang of the active principles possessing antioxidation and
radical-scavenging activities. Phytomedicine 1998, 5, 367-373. [CrossRef]

Grdina, D.J.; Murley, ].S.; Kataoka, Y.; Baker, K.L.; Kunnavakkam, R.; Coleman, M.C.; Spitz, D.R. Amifostien induces antioxidant
enzymatic activities in normal tissues and a transplantable tumor that can affect radiation response. Int. J. Radiat. Oncol. Biol. Phys.
2009, 73, 886-896. [CrossRef]

Kim, S.B.; Pandita, R K.; Eskiocak, U.; Ly, P; Kaisani, A.; Kumar, R.; Cornelius, C.; Wright, W.E.; Pandita, T.K.; Shay, ].W. Targeting
of Nrf2 induces DNA damage signaling and protects colonic epithelial cells from ionizing radiation. Proc. Natl. Acad. Sci. USA
2012, 109, E2949-E2955. [CrossRef]

Dong, J.; Sulik, K.K.; Chen, S. Nrf2-mediated transcriptional induction of antioxidant response in mouse embryos exposed
to ethanol in vivo: Implications for the prevention of fetal alcohol spectrum disorders. Antioxid. Redox Signal. 2008, 10,
2023-2033. [CrossRef]

Frohlich, D.A.; McCabe, M.T.; Arnold, R.S.; Day, M.L. The role of Nrf2 in increased reactive oxygen species and DNA damage in
prostate tumorigenesis. Oncogene 2008, 27, 4353-4362. [CrossRef]

Das, U.; Manna, K.; Khan, A.; Sinha, M.; Biswas, S.; Sengupta, A.; Chakraborty, A.; Dey, S. Ferulic acid (FA) abrogates y-radiation
induced oxidative stress and DNA damage by up-regulating nuclear translocation of Nrf2 and activation of NHE] pathway.
Free Radic. Res. 2017, 51, 47-63. [CrossRef] [PubMed]

Chute, J.P. NRF2 mitigates radiation-induced hematopoietic death. J. Clin. Investig. 2014, 124, 960-961. [CrossRef]

Kim, J.H.; Thimmulappa, R.K.; Kumar, V.; Cui, W.; Kumar, S.; Kombairaju, P.; Zhang., H.; Margolick, ].; Matsui, W.; Macvittie,
T.; et al. NRF2-mediated Notch pathway activation enhances hematopoietic reconstitution following myelosuppressive radiation.
J. Clin. Investig. 2014, 124, 730-741. [CrossRef] [PubMed]

Hu, L.; Zhang, Y.; Miao, W.; Cheng, T. Reactive oxygen species and Nrf2: Functional and transcriptional regulators of hematopoei-
sis. Oxid. Med. Cell. Longev. 2019, 2019, 5153268. [CrossRef]

Dai, X;; Yan, X.; Wintergerst, K.A.; Cai, L.; Keller, B.B.; Tan, Y. Nrf2: Redox and metabolic regulator of stem cell state and function.
Trends Mol. Med. 2020, 26, 185-200. [CrossRef] [PubMed]


http://doi.org/10.14336/AD.2019.0208
http://doi.org/10.1269/jrr.44.211
http://www.ncbi.nlm.nih.gov/pubmed/14646223
http://doi.org/10.1093/jrr/rru098
http://doi.org/10.3892/mmr.2015.4539
http://doi.org/10.1007/s00277-018-3231-y
http://doi.org/10.1002/sctm.18-0112
http://doi.org/10.1007/s00774-015-0656-4
http://doi.org/10.1007/s11914-019-00550-w
http://doi.org/10.1172/JCI200419900
http://doi.org/10.3390/molecules22050745
http://doi.org/10.1016/S0944-7113(98)80019-6
http://doi.org/10.1016/j.ijrobp.2008.10.061
http://doi.org/10.1073/pnas.1207718109
http://doi.org/10.1089/ars.2007.2019
http://doi.org/10.1038/onc.2008.79
http://doi.org/10.1080/10715762.2016.1267345
http://www.ncbi.nlm.nih.gov/pubmed/28074659
http://doi.org/10.1172/JCI74143
http://doi.org/10.1172/JCI70812
http://www.ncbi.nlm.nih.gov/pubmed/24463449
http://doi.org/10.1155/2019/5153268
http://doi.org/10.1016/j.molmed.2019.09.007
http://www.ncbi.nlm.nih.gov/pubmed/31679988

	Introduction 
	Material and Methods 
	Chemicals, Laboratory Equipment, and Mice 
	Ferulic Acid Administration and TBI 
	Flowcytometry and Blood Cell Counting 
	Micro-Computed Tomography (CT) Analysis 
	Histological Analyses 
	Isolation and Culture of BM Stromal Cells (BMSCs) 
	Assay for BMSC Proliferation 
	Osteogenic and Adipogenic Differentiation Assays 
	Quantitative Reverse Transcription-PCR (qRT-PCR) Assay 
	Western Blot Analysis 
	Assays for Enzyme Activities in Blood Serum and Liver Tissue 
	Statistical Analyses 

	Results 
	Supplemental Ferulic Acid Inhibits TBI-Mediated Impairments in Growth and Survival and Ameliorates HSC Senescence and Hematopoietic Defects in TBI Mice 
	Treatment with Ferulic Acid Inhibits ROS Accumulation and Senescence Induction in MSCs of TBI Mice 
	Supplementation with Ferulic Acid Limits TBI-Induced Defect of BM Microenvironment 
	Administration of Ferulic Acid Increases Osteogenic Marker Expression, but Inhibits Osteoclastic Activation in BM of TBI Mice 
	Ferulic Acid Inhibits TBI-Stimulated Adipogenic Differentiation in BM 
	Ferulic Acid Treatment Stimulates Proliferation and Osteogenic Activation, but Inhibits Adipogenic Differentiation of BMSCs from TBI Mice 
	Supplementation with Ferulic Acid Inhibits TBI-Mediated Increases in AST and ALT Activities, but Enhances Cellular Antioxidant Defense Systems 

	Discussion 
	Conclusions 
	References

