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homodimer-1; FCS, fetal calf serum; GST, glutathione S-transferase; HBMSCs, human bone marrow-derived stromal cells; HO-1, heme oxygenase-1; 
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Abstract
Mesenchymal stromal stem cells (MSCs) or skeletal stem cells (SSCs) play a major 
role in tissue repair due to their robust ability to differentiate into osteoblasts, 
chondrocytes, and adipocytes. Complex cell signaling cascades tightly regulate 
this differentiation. In osteogenic differentiation, Runt-related transcription fac-
tor 2 (RUNX2) and ALP activity are essential. Furthermore, during the latter 
stages of osteogenic differentiation, mineral formation mediated by the osteo-
blast occurs with the secretion of a collagenous extracellular matrix and calcium 
deposition. Activation of nuclear factor erythroid 2-related factor 2 (NRF2), an 
important transcription factor against oxidative stress, inhibits osteogenic differ-
entiation and mineralization via modulation of RUNX2 function; however, the 
exact role of NRF2 in osteoblastogenesis remains unclear. Here, we demonstrate 
that NRF2 activation in human bone marrow-derived stromal cells (HBMSCs) 
suppressed osteogenic differentiation. NRF2 activation increased the expression 
of STRO-1 and KITLG (stem cell markers), indicating NRF2 protects HBMSCs 
stemness against osteogenic differentiation. In contrast, NRF2 activation en-
hanced mineralization, which is typically linked to osteogenic differentiation. 
We determined that these divergent results were due in part to the modulation of 
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1   |   INTRODUCTION

Mesenchymal stromal stem cells (MSCs) or skeletal stem 
cells (SSCs) possess an ability to differentiate down the 
stromal lineage to generate osteoblasts, chondrocytes, 
and adipocytes.1–3 A plethora of studies have demon-
strated SSC proliferation, stromal differentiation poten-
tial, adherence to tissue culture plastic, and presence of 
cell surface markers.1–5 Bone marrow-derived stromal 
cells (BMSCs) play a central role in bone homeostasis, 
in which the factors, regulators, and mechanisms that 
modulate BMSCs proliferation and differentiation and 
subsequent functional mineralized tissue hold promis-
ing clinical application in metabolic bone diseases and 
in bone regeneration. BMSC differentiation is a tightly 
temporally regulated process involving a number of sig-
naling cascades with, for example, Runt-related tran-
scription factor 2 (RUNX2) playing a fundamental role 
in osteogenic differentiation and the upregulation of 
osteogenic-related genes including ALP, osteocalcin, 
and osterix.6-8 Mineralization occurs in the final stages 
of osteogenic differentiation, whereby mature differen-
tiated osteoblasts form the bone matrix with osteoblasts 
subsequently embedded in the bone matrix, developing 
into osteocytes.9

The nuclear factor erythroid 2-related factor 2 
(NRF2) has been identified as a central transcrip-
tion factor which upregulates a number of cytopro-
tective and antioxidant genes through binding to 
antioxidant-responsive elements.10,11 The Kelch-like 
ECH-associated protein 1 (KEAP1) acts as a NRF2-
negative regulator via ubiquitination for proteasomal 
degradation.12 KEAP1 contains rich cysteine residues 
that serve as a sensor for free radicals and activated 
KEAP1 lose their binding affinity to NRF2.13,14 The 
KEAP1-NRF2 system has been reported to be essential 
for the cell defense mechanism against oxidative stress 
and xenobiotic electrophiles.14 Under oxidative stress 
condition, stabilized NRF2 has been shown to disso-
ciate from KEAP1 and to translocate into the nucleus 

to activate the transcription of a number of target 
genes including NAD(P)H quinone dehydrogenase 1 
(NQO1), heme oxygenase-1 (HO-1), and glutathione 
S-transferase (GST). To date, the role of NRF2 in os-
teogenic differentiation remains unclear with prior 
research indicating age, genetic background, cell ori-
gin, normal and pathological settings all influence the 
role of NRF2 in osteogenesis.15 Hinoi et  al. reported 
that NRF2 overexpression impaired osteogenic differ-
entiation and mineralization through interference of 
RUNX2 activity on the osteocalcin promoter region 
in mouse osteoblast MC3T3-E1 cells.16 Beck and col-
leagues demonstrated that osteogenic induction in-
creased NRF2 expression spontaneously in MC3T3-E1 
cells,17 and NRF2 was required for normal postnatal 
bone acquisition in mice.18 However, there is a pau-
city of information on the role of NRF2 in inducing 
human bone marrow-derived stromal cells (HBMSCs) 
osteogenic differentiation.19

The current studies have examined the role of 
NRF2 activator in differentiating HBMSCs towards 
the osteogenic lineage and the modulation by NRF2 
of HBMSCs to promote mineralization in comparison 
to normal osteogenic culture conditions. The current 
results demonstrate NRF2 activation suppresses osteo-
genic medium-generated upregulation of osteogenic 
gene expression and function. The suppression of 
osteogenic activity was noted to be partially through 
enhancement of HBMSCs stemness. In contrast to the 
inhibited osteogenic differentiation induced by NRF2, 
NRF2 activation enhanced mineralization, a process 
associated with osteogenesis. Our current studies 
demonstrate this divergence was a consequence of the 
modulation of cellular calcium flux genes by NRF2 
activation. Thus, we propose NRF2 is a key HBMSCs 
maintenance factor as well as a central factor in min-
eralization, with implications therein for elucidation 
of dystrophic calcification and, potentially, application 
in the modulation of bone formation and regenerative 
medicine.

Funding information
UK Regenerative Medicine Platform 
(UKRMP), Grant/Award Number: MR/
R015651/1

cellular calcium flux genes by NRF2 activation. The current findings demonstrate 
a dual role for NRF2 as a HBMSC maintenance factor as well as a central factor in 
mineralization, with implications therein for elucidation of bone formation and 
cellular Ca2+ kinetics, dystrophic calcification and, potentially, application in the 
modulation of bone formation.
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2   |   MATERIALS AND METHODS

2.1  |  Isolation, culture, 
differentiation, and treatment of 
HBMSCs and STRO-1 positive cells

Human bone marrow samples containing pieces of tra-
becular bone were collected from hip replacement surgery 
with local ethics committee approval of the University of 
Southampton and Research Governance Office and the 
North West-Greater Manchester East Research Ethics 
Committee (18/NW/0231). HBMSCs and STRO-1 positive 
cells were isolated as previously described.20,21 In brief, 
bone marrow samples were washed with alpha-Minimum 
Essential Medium (α-MEM) (#11900016, Gibco, Thermo 
Fisher Scientific, UK) to obtain the HBMSCs fraction. The 
cell suspension was passed through a 70 μm cell strainer 
(#22363548, Thermo Fisher Scientific) to remove debris. 
Filtered cell suspension was centrifuged, and the cell pel-
let was resuspended with basal growth medium (Basal) 
consisting of α-MEM supplemented with 10% fetal calf 
serum (FCS) (#10270106, Gibco) and 1% penicillin–strep-
tomycin (#15140122, Thermo Fisher Scientific) and cul-
tured at 37°C in a humidified incubator containing 5% 
CO2 balanced air. After 1 week of cell isolation, these cells 
were washed vigorously with phosphate-buffered saline 
(PBS) (#BR0014G, Fisher Scientific, UK) to remove cells 
that were not stuck to the tissue plastic, and then HBMSCs 
were obtained based on their ability to adhere to plastic 
cell culture flasks. Subsequently, the Basal medium was 
replaced regularly at 3 or 4-day interval, and passag-
ing the cells underwent only when they reach over 70% 
confluence.

For enrichment of STRO-1, the mononuclear cells 
were collected from whole HBMSCs suspension using 
Lymphoprep™ (#07851, STEMCELL Technologies, 
Canada). STRO-1 positive cells were isolated from mono-
nuclear cells using primary STRO-1 antibody (undiluted 
hybridoma culture supernatant) and magnetic-activated 
cell sorting (MACS) according to the manufacturer's in-
structions (Miltenyi Biotec, Surrey, UK), as previously 
described.20,21

HBMSCs and STRO-1 positive cells were used for ex-
aminations within passages from one to three except long 
passage experiment (Figure S3A). Basically, 1.2 × 104 cells 
were seeded onto 24-well plate (1 mL/well) in triplicate, 
and 3 × 104 cells were used for only Figures 1A,C,D and 
4 experiments. The medium was refreshed by each treat-
ment group medium every 3 or 4 days. The Basal medium 
supplemented with 50 μM ascorbate-2-phosphate (AA2P) 
and 10 nM dexamethasone (DEX) was used as osteo-
genic induction medium (Osteo or Os), and additionally, 
Osteo medium with 2 mM beta-glycerophosphate (BGP) 

was used for mineralization medium (MM). We used 1-
(2-Cyano-3,12-dioxooleana-1,9-dien-28-oyl) imidazole 
(CDDO-Im) (#SML3452, Sigma-Aldrich, UK) and di-
ethyl maleate (DEM) (#11316696, Fisher Scientific) as the 
NRF2 activator and supplemented into Basal, Osteo, and 
MM medium according to each concentration. Dimethyl 
sulfoxide (DMSO) (#D5879, Sigma-Aldrich) was used as 
a vehicle control (VC) and its concentration was matched 
to the maximum concentration of DMSO of CDDO-Im 
or DEM in the same experiment (100 nM CDDO-Im and 
100 μM DEM contained 0.1% DMSO, and 25 nM CDDO-Im 
contained 0.025% DMSO). The treatment medium data is 
detailed in Table 1.

2.2  |  Alamar blue assay

3 × 104 cells were seeded with Basal medium in triplicate 
on a 24-well plate and then treated with Basal, VC, and 
each concentration of CDDO-Im respectively for 1, 4, and 
7 days at 37°C with 5% CO2. Control wells placed no cells 
were administered Basal medium for background control. 
Alamar blue assay was carried out using alamarBlue™ HS 
Cell Viability Reagent (#A50100, Thermo Fisher Scientific) 
according to manufacturer's instructions. Briefly, culture 
medium was removed and cells were washed with PBS. 
Alamar blue working solution (10% Alamar blue solution 
in Basal) was added to each well (500 μL/well) including 
background wells. After 2 h incubation at 37°C, 100 μL of 
cell supernatant from each well was transferred to 96-well 
plate with triplicate and fluorescence was quantified with 
520 nm excitation and 580–640 nm emission wavelengths 
using a GloMax® Discover microplate reader (Promega, 
Southampton, UK). The sample data were adjusted by 
subtracting the average value of the background.

2.3  |  Live/dead cell assay

To measure cytotoxicity, we labeled HBMSCs by Vybrant™ 
CFDA SE (#V12883, Invitrogen, UK) for live cell and eth-
idium homodimer-1 (EthD-1) (#E1169, Invitrogen) for 
dead cell. We seeded 3 × 104 cells with Basal medium in 
triplicate on a 24-well plate and then treated with Basal, 
VC, and each concentration of CDDO-Im respectively at 
37°C with 5% CO2. The medium was changed with the 
same treatment medium every 3 or 4 days. After 7 days of 
treatment, cells were washed three times with PBS and 
stained with Vybrant/EthD-1 mixed working solution (PB
S:Vybrant:EthD-1 = 5000:1:200) for 15 min. After staining, 
the solution was removed and the cells were incubated 
with each treatment medium overnight at 37°C with 
5% CO2. Finally, cells were fixed with 70% Ethanol and 
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images were taken using Zeiss Axio Observer.D1 (Carl 
Zeiss, Jena, Germany).

2.4  |  Double-stranded DNA (dsDNA) 
quantification

PicoGreen (#10535213, Invitrogen) was used for dsDNA 
detection and quantification. 1.2 × 104 cells were seeded 
with Basal medium in triplicate on a 24-well plate and 
then treated with Basal, VC, and each concentration of 
CDDO-Im respectively at 37°C with 5% CO2. The medium 
was changed with the same treatment medium every 3 or 
4 days. After 7 days of treatment, cells were washed with 
PBS twice and then lysed using 200 μL of CelLytic™ M 
reagent (#C2978, Sigma-Aldrich) for 15 min of incuba-
tion at room temperature. Herring Sperm DNA (#D1811, 

Promega) was used for dsDNA standards. Cell lysate 
samples and standards were incubated with PicoGreen 
solution (diluted 1/200 in 1 × Tris-EDTA buffer [#T9285, 
Sigma-Aldrich]) for 5 min in the dark, and fluorescence 
was measured at blue 475 nm excitation and 500–550 nm 
emission by a GloMax® microplate reader.

2.5  |  Measurements of alkaline 
phosphatase specific activity

Alkaline phosphatase (ALP) activity was measured col-
orimetrically. Cell lysate samples were prepared using 
CelLytic™ M reagent and were incubated with substrate 
buffer solution (1.5 M Alkaline buffer solution [#A9226, 
Sigma-Aldrich] diluted in distilled water [DW] and added 
Phosphatase substrate [#P4744, Sigma-Aldrich]) at 37°C 

F I G U R E  1   Cytotoxicity of CDDO-Im treatment in human bone marrow-derived stromal cells (HBMSCs). (A) RT-qPCR expression of 
NQO1 in HBMSCs (n = 3 wells per group). Cells were cultured with each treatment media for 7 days. The expression of 18S was employed 
for normalization. Mean value of Basal was set as 1. (B) The amount of double-stranded DNA (dsDNA) in HBMSCs (n = 3 wells per group). 
Cells were cultured with each treatment medium for 7 days. (C) Changes in fluorescence due to Alamar blue reduction in HBMSCs (n = 3 
wells per group). Cells were cultured with each treatment medium for 1, 4, and 7 days. (D) Live/dead cell staining with Vybrant/ethidium 
homodimer-1 (EthD-1) of HBMSCs cultured with each treatment medium for 7 days. Representative results from 3 wells per group are 
shown. Scale bar: 200 μm. The culture media data are described in Table 1. All values are expressed as mean ± SD. One-way analysis of 
variance (ANOVA) followed by Tukey's multiple comparison test was conducted at each time point for statistical significance. *p < .05, 
**p < .005, ***p < .0005, ****p < .0001 versus Basal treatment group.
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in the dark for a specific time (until obviously changed 
the color into yellow). To stop the reaction, we added 1 M 
sodium hydroxide solution prior to reading absorbance 
on the GloMax® microplate reader at 405 nm. We used 
p-Nitrophenol phosphate (PNPP) solution mixed with 
the assay buffer solution (DW:1.5 M Alkaline buffer solu-
tion [#A9226, Sigma-Aldrich]:IGEPAL® CA-630 [#13021, 
Sigma-Aldrich] = 1000:500:3) with serial dilution for mak-
ing up standard curve. We simultaneously underwent 
dsDNA quantification and the values of dsDNA were em-
ployed for normalization.

2.6  |  Alkaline phosphatase staining

To confirm osteogenic differentiation, ALP staining was 
conducted. In brief, cells were fixed with 95% Ethanol for 
10–15 min and then treated with ALP staining solution 
(Naphthol AS-MX Phosphate Alkaline Solution [#855, 
Sigma-Aldrich] diluted in DW and added Fast Blue BB 
Salt [#F3378, Sigma-Aldrich]) at 37°C under dark for 1 h. 
After incubation, cells were washed with DW to remove 
nonspecific staining and observed microscopically.

2.7  |  Measurements of calcium deposits

Calcium deposition and mineralization were accessed by 
Alizarin red S (ARS) staining. Cells were cultured with 
MM or MM with VC and CDDO-Im medium for 14 and 
21 days. Basal medium group was set as the negative con-
trol. Cells were washed with PBS twice and fixed with 4% 
paraformaldehyde (PFA) for 15 min at room temperature. 
After fixation, cells were stained with pH 4.1–4.3, 40 mM 
Alizarin red S solution (#A5533, Sigma-Aldrich) for 1 h, 
at room temperature, on a shaker. The staining solution 
was discarded, and the cells were washed with DW until 
the stain was no longer released. Images were taken using 
Zeiss Axiovert 200 (Carl Zeiss). We measured calcium 
deposit area of images using CellProfiler (version 4.2.5, 
Broad Institute).22 The image of Basal group was used for 
background.

2.8  |  Immunocytochemistry

STRO-1 immunofluorescence staining was performed 
using cultured cells. The cells were fixed in 4% PFA at 
room temperature for 15 min. After washing with PBS, 
the cells were permeabilized by 0.1% Triton-X-100 for 
5 min. Then, the cells were incubated with 5% bovine 
serum albumin (BSA) (#A3294, Sigma-Aldrich) in PBS 
for 2 h, at room temperature, for blocking non-specific 

staining, followed by 1 h of incubation with STRO-1 hy-
bridoma supernatant at room temperature. After wash-
ing with PBS, cells were incubated with Alexa Fluor 
594-labeled anti-mouse IgM antibody (1:100, #A21044, 
Thermo Fisher Scientific) in blocking solution for 1 h 
at room temperature. From this procedure, samples 
were protected from light and additionally stained 
with DAPI. Samples were mounted in Hydromount 
(#17966, Electron Microscopy Sciences, Hatfield, PA, 
USA). Fluorescent labeling was detected using a Zeiss 
Axio Observer.D1. The area of STRO-1 positive cells was 
quantified using NIH ImageJ software (http://​rsb.​info.​
nih. gov/ij/).

2.9  |  RNA extraction, cDNA 
synthesis, and real-time quantitative PCR 
(RT-qPCR)

Total RNA was isolated from cells using ReliaPrep™ 
RNA Miniprep Systems (#Z6010, Promega) accord-
ing to the manufacturer's protocol, and levels of RNA 
quantity were measured using a NanoDrop (ND-1000, 
Thermo Fisher Scientific). We synthesized cDNA from 
total RNA using TaqMan™ Reverse Transcription 
Reagents (#N8080234, Invitrogen). RT-qPCRs were 
performed on an Applied Biosystems 7500 Real-Time 
PCR System (#4351106, Thermo Fisher Scientific) using 
GoTaq® qPCR Master Mix (#A600A, Promega) or RT2 
SYBR Green ROX 1PCR Mastermix (#330523, QIAGEN, 
Hilden, Germany). We evaluated relative mRNA ex-
pression by ΔΔCT method using 18S for normalization 
as human endogenous control.23 Primers used for RT-
qPCRs are detailed in Table 2.

2.10  |  Organotypic chick femur culture

Femurs were dissected from 11-day-old chick embryos. 
The soft tissues attached to femur such as muscles and 
ligaments were carefully removed. Femurs were cul-
tured on the organotypic setup previously described.24,25 
Basal medium for organotypic culture consisted of α-
MEM, 10% FCS, 1% penicillin–streptomycin, and 100 μM 
AA2P. MM for organotypic culture consisted of basal 
organotypic culture medium supplemented with 10 nM 
DEX and 4 mM BGP (organotypic culture medium data 
is detailed in Table  1). Culture medium was changed 
daily for the duration of the experiment (10 days) (n = 9 
femurs per group). After incubation, samples were di-
rectly used for live/dead cell staining, or fixed in 4% PFA 
and then scanned using micro-computed tomography 
(μCT).
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2.11  |  Live/dead cell staining for 
cultured chick femur

Cultured chick femurs were incubated with live/dead 
cell solution comprising of 5 μg/mL EthD-1 (#E1169, 
Invitrogen), 10 μg/mL Cell Tracker™ Green CMFDA Dye 
(#C7025, Invitrogen), and Basal medium for organotypic 
culture at 37°C for 1 h. After incubation in the live/dead 
solution, chick femurs were additionally incubated with 
Basal medium for organotypic culture. Finally, the sam-
ples were fixed using 95% Ethanol and images were taken 
using Zeiss Axio Observer.D1.

2.12  |  μCT and analysis

Bone formation analysis of organotypic chick femurs 
cultured for 10 days was determined using a MILabs OI-
CTUHXR preclinical imaging scanner (MILabs, Utrecht, 
The Netherlands) operated at 50 kV with 75 milliseconds 
exposure time per projection and 360 degrees scan angle. 
Raw data was collected and reconstructed using MILabs 
software (MILabs-Recon 11.00) with 10 μm voxel size 
resolution. The reconstructed femurs were visual-
ized and analyzed for bone formation using Imalytics 
Preclinical software ver. 3.0 (Gremse-IT GmbH, Aachen, 

T A B L E  1   Treatment medium data for in vitro and ex vivo assays.

Name Abbreviation in figures Component

Basal growth medium Basal α-MEM supplemented with 10% FCS and 1% 
penicillin–streptomycin

Vehicle control VC Basal medium with 0.1% DMSO

25 nM CDDO-Im 25 nM Basal medium with 25 nM CDDO-Im

50 nM CDDO-Im 50 nM Basal medium with 50 nM CDDO-Im

100 nM CDDO-Im 100 nM Basal medium with 100 nM CDDO-Im

Osteogenic induction medium Osteo Basal medium supplemented with 50 μM ascorbate-2-
phosphate and 10 nM dexamethasone

Osteogenic induction medium 
with vehicle control

Os + VC Osteo medium with DMSO

Its concentration was matched to the maximum 
concentration of DMSO of CDDO-Im or DEM in the 
same experiment (100 nM CDDO-Im and 100 μM DEM 
contained 0.1% DMSO, and 25 nM CDDO-Im contained 
0.025% DMSO)

Osteogenic induction medium 
with CDDO-Im

Os + each concentration CDDO-Im Osteo medium with each concentration of CDDO-Im

Osteogenic induction medium 
with DEM

Os + each concentration DEM Osteo medium with each concentration of DEM

Mineralization medium MM Basal medium supplemented with 50 μM ascorbate-
2-phosphate, 10 nM dexamethasone, and 2 mM 
beta-glycerophosphate

Mineralization medium with 
vehicle control

MM + VC MM with 0.025% DMSO

Mineralization medium with 
CDDO-Im

MM + 25 nM CDDO-Im MM with 25 nM CDDO-Im

Mineralization medium with 
DEM

MM + 25 μM DEM MM with 25 μM DEM

Basal growth medium for 
organotypic culture

Basal (used in Figure 6) α-MEM supplemented with 10% FCS, 1% penicillin–
streptomycin and 100 μM ascorbate-2-phosphate

Mineralization medium for 
organotypic culture

MM (used in Figure 6) Basal medium for organotypic culture supplemented with 
10 nM dexamethasone and 4 mM beta-glycerophosphate

Mineralization medium for 
organotypic culture with vehicle 
control

MM + VC (used in Figure 6) MM for organotypic culture with 0.025% DMSO

Mineralization medium for 
organotypic culture with 
CDDO-Im

MM + 25 nM CDDO-Im (used in 
Figure 6)

MM for organotypic culture with 25 nM CDDO-Im

 15306860, 2024, 17, D
ow

nloaded from
 https://faseb.onlinelibrary.w

iley.com
/doi/10.1096/fj.202400602R

 by U
niversity O

f Southam
pton, W

iley O
nline L

ibrary on [05/09/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



      |  7 of 20ONOKI et al.

Germany). After gauss filter process (set 0.5), bone seg-
mentation thresholds according to the bone phantom 
density were used to remove the soft tissue. The bone 
microstructural analysis was performed to evaluate pa-
rameters including the bone volume (BV), bone mineral 
density (BMD) bone mineral content (BMC: BV × BMD), 
bone thickness, bone surface (BS), and bone surface/
bone volume (BS/BV).

2.13  |  Statistical analysis

All experiments were performed at least twice using 
HBMSCs isolated from different patients except for the 
extended passage studies using STRO-1 positive sorted 
cells. In all experiments, comparable results were ob-
tained. Furthermore, for the chick femur ex vivo assay, we 
isolated chick femurs from multiple eggs (>30 eggs) and 
samples were randomized throughout the study. All data 

are presented as the mean ± SD. The sample size (n) for 
each experiment is described in each corresponding fig-
ure legend. Statistical analysis was undertaken using one-
way analysis of variance (ANOVA) followed by Tukey's 
multiple comparison test with GraphPad Prism 9 (version 
9.5.1 (528), GraphPad Software, Boston, MA, USA). For 
μCT analysis, outliers were removed by Smirnov-Grubbs 
test from raw data based on the BV, given large variations 
due to egg size, chick size, and congenital femur size. 
Statistical software R (version 4.1.1) for Smirnov-Grubbs 
test was applied with p-value set as .01.

For statistical analyses, p-values less than .05 (*), .005 
(**), .0005 (***), and .0001 (****) were considered to be sig-
nificantly different compared to Basal group. p-values less 
than .05 (†), .005 (††), .0005 (†††), and .0001 (††††) were 
considered to be significantly different compared to Osteo 
medium group. p-values less than .05 (‡), .005 (‡‡), .0005 
(‡‡‡), and .0001 (‡‡‡‡) were considered to be significantly 
different compared to MM group.

Gene Primer/probe Sequence (5′–3′)

Human 18S Forward primer GTAACCCGTTGAACCCCATT

Reverse primer CCATCCAATCGGTAGTAGCG

Human ALP Forward primer GGAACTCCTGACCCTTGACC

Reverse primer TCCTGTTCAGCTCGTACTGC

Human ATP2A2 Forward primer GGACTTTGAAGGCGTGGATTGTG

Reverse primer CTCAGCAAGGACTGGTTTTCGG

Human c-MYC Forward primer GGAGGCTATTCTGCCCATTTG

Reverse primer CGAGGTCATAGTTCCTGTTGGTG

Human CDKN1A Forward primer AGCAGCGGAACAAGGAGT

Reverse primer TTACAGTCTAGGTGGAGAAACG

Human CDKN1B Forward primer ATAAGGAAGCGACCTGCAACCG

Reverse primer TTCTTGGGCGTCTGCTCCACAG

Human COL1A1 Forward primer GAGTGCTGTCCCGTCTGC

Reverse primer TTTCTTGGTCGGTGGGTG

Human KITLG Forward primer AGCCTTATACTGGAAGAAGAGAC

Reverse primer GTTGATACAAGCCACAATTACAC

Human NQO1 Forward primer TGTGATATTCCAGTTCCC

Reverse primer CAGCGTAAGTGTAAGCAA

Human PMCA1 Forward primer AGATTGGCAAAGCAGGTCTGT

Reverse primer TAAGCCAGTGAGATCGTGACT

Human RUNX2 Forward primer GTAGATGGACCTCGGGAACC

Reverse primer GAGGCGGTCAGAGAACAAAC

Human SDF-1 Forward primer TATTACTGGGACTGTGCTCAGAGA

Reverse primer TGATCAGGCTACAGAAATGAGAAG

Human SIRT1 Forward primer TGGCAAAGGAGCAGATTAGTAGG

Reverse primer CTGCCACAAGAACTAGAGGATAAGA

Human SPP1 Forward primer CTGGAAGTTCTGAGGAAAAGCAGC

Reverse primer GTTTAGCCATGTGGCCACAGCATC

T A B L E  2   Primers and probes used in 
real-time quantitative PCR.
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3   |   RESULTS

3.1  |  Dose-response of NRF2 activator

In this section, we have examined the dose-response of 
NRF2 activator (CDDO-Im) on HBMSCs viability to deter-
mine the optimal concentration of CDDO-Im. In the first 
instance, mRNA expression of a NRF2 target gene and cell 
number was examined across an increasing dose range of 
CDDO-Im concentrations. NQO1, a NRF2 target gene, was 
significantly upregulated at 25, 50, and 100 nM CDDO-Im 
(Figure  1A). Cell number assessed using dsDNA levels 
in the 25 nM CDDO-Im treated group was comparable to 
HBMSCs grown in Basal and VC groups. In contrast, 50 
and 100 nM CDDO-Im decreased dsDNA content dose de-
pendently (Figure 1B). Given NRF2 activation modulates 
cell metabolism,26,27 the metabolic activity of HBMSCs was 
assessed using Alamar blue to examine cellular changes 
as a consequence of NRF2 activation. HBMSC metabolic 
activity, across all concentrations of CDDO-Im examined, 
was significantly increased compared to Basal and VC 
groups at all time points examined (Figure  1C), which 
indicated NRF2 was functionally activated. Examination 
of CDDO-Im cytotoxicity using live and dead cell analysis 
demonstrated higher rates of ethidium homodimer uptake 
in the 25, 50, and 100 nM CDDO-Im groups, compared to 
the Basal and VC treatment groups with less viable cells in 
50 and 100 nM CDDO-Im groups compared to the 25 nM 
CDDO-Im group. (Figure 1D).

These studies indicated 25 nM CDDO-Im was the op-
timal dose for evaluation of NRF2 function on HBMSCs. 
Therefore, we focused on a concentration of 25 nM 
CDDO-Im, in the main part, for the following analysis.

3.2  |  Impact of NRF2 activation on 
osteogenic differentiation

It is known osteogenic differentiation is tightly regu-
lated by a number of signaling cascades controlling 
osteogenic-related markers including RUNX2 and ALP. 
To confirm the influence of NRF2 on osteogenic dif-
ferentiation, HBMSCs were cultured with or without 
CDDO-Im under osteogenic conditions. Osteogenic con-
ditions (Osteo medium group), as expected, increased 
ALP activity compared to cells maintained in basal me-
dium (Figure 2A), ALP staining (Figure 2B,C), and ALP 
gene expression (Figure 2D) at day 7 and 14. In marked 
contrast, Osteo medium with CDDO-Im groups signifi-
cantly suppressed ALP activity induced by Osteo medium 
in a dose-dependent manner (Figure 2A). Osteo medium 
combined with 100 nM CDDO-Im expressed low levels of 
ALP activity comparable to the Basal group at day 7, and 

all CDDO-Im concentration groups were equivalent to the 
ALP activity level detected in the Basal group at day 14 
of culture. Moreover, ALP staining and ALP gene expres-
sion of Osteo medium with CDDO-Im groups displayed a 
similar trend as ALP activity at all time points examined 
(Figure 2B–D). Gene expression of RUNX2 was observed 
to be higher in the Osteo medium and Osteo medium 
with VC groups compared to the Basal group at day 7 and 
significantly increased at day 14 (Figure  2E). Osteo me-
dium with CDDO-Im groups expressed the same level of 
RUNX2 gene expression compared to the Basal group at 
day 7 and 14, and RUNX2 expression was significantly less 
than the Osteo medium group at day 14. Unexpectedly, 
RUNX2 expression was observed to be increased in Osteo 
with 100 nM CDDO-Im at Day 7 (Figure 2E) and thus po-
tentially NRF2 may influence the timing of the RUNX2 
expression peak.

The current results demonstrate treatment with 25 nM 
CDDO-Im significantly suppressed osteogenic differen-
tiation induced by Osteo medium treatment although 
higher doses of CDDO-Im treatment (50 and 100 nM 
CDDO-Im) led to a degree of osteogenic inhibition, poten-
tially as a consequence, in part, of cell toxicity (Figure 1). 
Furthermore, to remove the possibility CDDO-Im gener-
ated a specific negative effect on osteogenic differentia-
tion via a non-NRF2 activation pathway, we investigated 
cell toxicity and osteogenic differentiation using a second 
NRF2 activator, diethyl maleate: DEM. High-dose DEM 
treatment showed higher rates of dead cells as CDDO-Im 
and 25 μM of DEM treatment was thought to be an eligible 
concentration (Figure S1A). The indices of osteogenic dif-
ferentiation were inhibited by DEM treatment with simi-
lar trends obtained from CDDO-Im (Figure S1B–D).

Taken together, these results indicate that pharmaco-
logical activation of NRF2 suppresses the osteogenic dif-
ferentiation pathway in HBMSCs.

3.3  |  Modulation of stemness following 
NRF2 activation

Given the ability of NRF2 to maintain stemness in 
HBMSCs,19,28 we hypothesized modulation of the 
stemness of the HBMSCs phenotype by NRF2 would alter 
osteogenesis. Thus, we examined the impact of NRF2 ac-
tivation on HBMSCs stemness. In the following studies, 
we have investigated HBMSCs progenitor marker expres-
sion, using an antibody for STRO-1, a cell surface antigen 
expressed in a subpopulation of HBMSCs (< 10%) known 
to identify and enrich for early osteogenic precursor and 
skeletal stem cell populations.20,21,29–31 STRO-1 expres-
sion was significantly increased in the Osteo medium 
with CDDO-Im treatment group compared to both Basal 
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      |  9 of 20ONOKI et al.

and Osteo medium groups at day 14 and 21 (Figure 3A,B 
and Figure S2). There were no significant differences in 
STRO-1 expression in Basal, Osteo medium, and Osteo 
medium with VC groups at each time point examined. 
CDDO-Im treatment group without osteogenic induction 
demonstrated a modestly increased level of STRO-1 ex-
pression with a significance at day14 when compared to 

Basal group. However, STRO-1 expression of CDDO-Im 
treatment group was reduced compared to Osteo medium 
& CDDO-Im group. Stem cells are typically character-
ized by an elevated self-renewal potential with cell cycle 
acceleration.32 In contrast, HBMSCs under quiescence 
(G0) demonstrate enhanced stemness, with a high differ-
entiation capacity for osteoblast development following 

F I G U R E  2   Negative effects of NRF2 activation on osteogenic differentiation in HBMSCs. (A) Alkaline phosphatase (ALP) activity for 
evaluating osteogenic differentiation in HBMSCs (n = 3 wells per group). Cells were cultured with each treatment medium for 7 and 14 days. 
The amount of dsDNA was employed for normalization. (B and C) ALP staining of HBMSCs cultured with each treatment medium for 7 and 
14 days. Representative results from 3 wells per group are shown. (B) Macroscopic images. (C) Microscopic images. Scale bar: 500 μm. (D and 
E) RT-qPCR for measuring mRNA expression of ALP (D) and RUNX2 (E) in HBMSCs (n = 3 wells per group). Cells were cultured with each 
treatment medium for 7 and 14 days. The expression of 18S was employed for normalization. Mean value of Basal was set as 1. The culture 
media data are described in Table 1. All values are expressed as mean ± SD. One-way ANOVA followed by Tukey's multiple comparison test 
was conducted for statistical significance. *p < .05, **p < .005, ***p < .0005, ****p < .0001 versus Basal treatment group. ††p < .005, †††p < .0005, 
††††p < .0001 versus Osteo treatment group.
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post-G0 reactivation.33 Members of the Cip/Kip family 
of cyclin-dependent kinase (CDK) inhibitors (CDKN1A, 
CDKN1B, CDKN1C) have been implicated in cell quies-
cence via negative control of CDK activity which accel-
erates cell cycle and proliferation. To determine whether 
NRF2 promotes cell cycle or induces quiescence, we as-
sessed the cell cycle-related gene expression in HBMSCs 
stimulated with CDDO-Im. HBMSCs treated with Osteo 
medium & 25 nM CDDO-Im demonstrated a decrease 
in mRNA expression of CDKN1A and CDKN1B com-
pared to the Basal group (Figure 4A). However, CDKN1C 

expression was not detected (data not shown). Consistent 
with previous findings that osteogenic induction en-
hances cell proliferation in HBMSCs,34 Osteo medium 
group showed decreased CDKN1A gene expression com-
pared to Basal group. The Osteo medium & CDDO-Im 
group demonstrated lower albeit non-significant gene 
expressions for CDKN1A and CDKN1B compared to the 
Osteo medium group. Thus, Osteo medium and Osteo 
medium with CDDO-Im increased cell cycle equally. 
The current results do not distinguish between whether 
CDDO-Im supplemented osteogenic medium promoted 

F I G U R E  3   Positive effect of NRF2 activation on STRO-1 expression in HBMSCs. (A) Immunocytochemistry with STRO-1 antibody 
expression in HBMSCs. Cells were cultured with each treatment medium for 21 days. Representative results from 3 wells per group are 
shown. Scale bar: 100 μm. (B) STRO-1 positive area was quantified using ImageJ software (n = 3 wells per group) at day 14 and 21. The 
culture media data are described in Table 1. All values are expressed as mean ± SD. One-way ANOVA followed by Tukey's multiple 
comparison test was conducted for statistical significance. *p < .05, ****p < .0001 versus Basal treatment group. ††††p < .0001 versus Osteo 
treatment group.
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cell cycle by enhancing cell stemness or, by inducing os-
teogenic differentiation. To examine stemness-associated 
gene expression, we examined stromal cell-derived factor-
1 (SDF-1), SIRT1, c-KIT ligand (KITLG), and cMYC.35–39 
SDF-1 was significantly suppressed following osteogenic 
induction and Osteo medium with CDDO-Im treatment 
compared to Basal group at all time points examined 
(Figure 4B). There was negligible change in SIRT1 gene 
expression across all groups (Figure 4C), contrary to previ-
ous reports demonstrating enhanced MSC stemness, self-
renewal, and multilineage differentiation potentials via 
SIRT1 upregulation by NRF2.19,36 KITLG, implicated in 
maintenance of stemness in HBMSCs,38 was significantly 
upregulated in Osteo medium with CDDO-Im treat-
ment compared to both Basal and Osteo medium at all 
time points examined, whereas the Osteo medium group 
showed slightly increased KITLG expression only at day 7 
(Figure 4D). Furthermore, Osteo medium and Osteo me-
dium with CDDO-Im treatment increased c-MYC expres-
sion compared to the Basal group with the exception of 
day 5 (Figure  4E). Given that c-MYC controls cell cycle 

and enhances cell proliferation as expected,40 the Osteo 
medium group displayed enhanced cell proliferation and 
showed increased expression level of c-MYC. Thus, NRF2 
activation, in part, maintains HBMSCs stemness through 
KITLG upregulation. Yoon and colleagues have previ-
ously shown that NRF2 preserved differentiation capac-
ity across numerous passages,19 we examined the ability 
of osteogenic differentiation in passaged HBMSC cultures 
treated with CDDO-Im. To enhance the effect of NRF2, 
STRO-1 positive cells isolated by MACS were initially 
cultured under Basal, VC and 25 nM CDDO-Im from 2 to 
4 passages (P2–4), and subsequently treated with Basal 
and Osteo medium at passage 5 (Figure S3A). The ALP-
specific activity of the P2–4 Basal or VC-treated groups 
demonstrated a significant increase following osteogenic 
induction, at both day 7 and day 14 (Figure S3B). In con-
trast, P2–4 CDDO-Im treatment groups demonstrated a 
poor response to osteogenic induction due to the increased 
baseline of the ALP activity levels. Since there were 
no apparent differences in ALP levels among the three 
pre-treatment groups on comparison of the osteogenic 

F I G U R E  4   Effects of NRF2 activation on cell cycle and stemness-related genes in HBMSCs. (A) RT-qPCR for measuring mRNA 
expression of CDKN1A and CDKN1B in HBMSCs (n = 3 wells per group). Cells were cultured with each treatment medium for 7 days. The 
expression of 18S was employed for normalization. Mean value of Basal was set as 1. (B–E) RT-qPCR for measuring mRNA expression of (B) 
SDF-1, (C) SIRT1, (D) KITLG, and (E) c-MYC in HBMSCs (n = 3 wells per group). Cells were cultured with each treatment medium for 2, 5, 
and 7 days. The expression of 18S was employed for normalization. Mean value of Basal at each time point was set as 1. The culture media 
data are described in Table 1. All values are expressed as mean ± SD. One-way ANOVA followed by Tukey's multiple comparison test was 
conducted at each time point for statistical significance. *p < .05, **p < .005, ****p < .0001 versus Basal treatment group. †p < .05, ††††p < .0001 
versus Osteo treatment group. NS indicates not statistically significant.
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induction arm only, it is likely that NRF2 activation did 
not substantially alter osteogenic differentiation potential. 
Thus, the current studies indicate NRF2 does not have 
the capacity to fully maintain stemness and the osteo-
genic differentiation potential of HBMSCs across multiple 
passages. Future work, outside the scope of the current 
studies, incorporating CFU-OB and CFU-F analysis may 
provide additional insight into the mechanisms at play.

In summary, the current data support NRF2 activation 
partially maintains stemness characteristics via KITLG 
upregulation, although NRF2 displayed limited effects in 
enhancing stemness in HBMSCs after extended passage. 
The current results demonstrate that NRF2 activation sup-
presses osteogenic differentiation via enhanced stemness.

3.4  |  Enhancement of mineralization 
following NRF2 activation

In this section, we have examined the effect of NRF2 
activation on mineralization, given the process of osteo-
genesis is a complex temporal process that includes cell 
proliferation, extracellular matrix formation, maturation, 
and, finally, mineralization. To evaluate the role of NRF2 
in mineralization, HBMSCs were cultured with and with-
out CDDO-Im in Basal and MM, and calcium deposition 
was assessed by ARS staining. There was no significant 
difference between Basal and MM treatment groups at day 
14, however, by day 21 an increase in ARS staining in the 
MM group was observed (Figure 5A,B and Figure S4A). 
MM with CDDO-Im group showed enhanced levels of 
mineralization at day 14 and 21 compared to the MM 
treatment with mineral deposition evident as early as day 
14. No mineral deposition was observed in only CDDO-Im 
treatment group as well as in the Basal group. Comparable 
results were observed using DEM (Figure S4B,C). These 
results indicate that NRF2 activation by itself does not 
produce mineralization, whilst the combination of NRF2 
activation with mineralization induction accelerated cal-
cium deposit.

Following the observation combination treatment of 
NRF2 activation and MM-enhanced mineral deposition, 
we examined the possibility NRF2 activation promoted 
HBMSC differentiation into mature osteoblasts and os-
teocytes. Consistent with our results that NRF2 activation 
reduced osteogenic indices at day 7 and 14, it has been 
demonstrated mineralized osteoblasts and osteocytes dis-
play a decline in osteogenic indicators such as ALP ex-
pression and ALP activity.41,42 To test this hypothesis, we 
evaluated osteogenic gene expression at early time points. 
RT-qPCR data revealed NRF2 activation had no effect on 
ALP and RUNX2 expressions compared to the Basal and 
Osteo medium groups at days 2 and 5 (Figure S5A,B). At 

day 7, there was modest increase in ALP and RUNX2 ex-
pression in the Osteo medium cultured group compared to 
the Basal group, while the Osteo medium with CDDO-Im 
displayed significantly less ALP expression compared 
to Osteo medium. The differences between osteogenic 
differentiation and mineralization could be attributed 
to the presence of BGP in the medium. We also investi-
gated ALP activity under Osteo medium and MM treat-
ment with CDDO-Im. At day 7, Osteo medium and MM 
treatment produced a comparable increase in ALP activ-
ity. Furthermore, Osteo medium and MM groups showed 
comparable results at day 14 and 21, despite the increase 
in ALP activity being slightly reduced in the MM-treated 
groups compared with Osteo medium group. CDDO-Im 
supplementation to each medium completely diminished 
ALP activity in HBMSCs at all time points examined 
(Figure S6). Thus, NRF2 appears to enhance mineraliza-
tion through a distinct pathway to the classical normal os-
teogenic differentiation of HBMSCs from preosteoblast to 
mineralizing osteoblast/osteocyte model.9,43

To further examine the mineralization process under 
NRF2 activation, we examined a number of mineral-
associated genes including COL1A1 and secreted 
phosphoprotein 1 (SPP1) also known as osteopontin 
(OPN).44,45 RT-qPCR demonstrated that COL1A1 expres-
sion was significantly decreased by MM treatment groups 
including MM, MM with VC, and MM with CDDO-Im 
compared to Basal group at day 7 and 14 (Figure  5C), 
in consistent with previous report demonstrating a neg-
ative correlation between mineralization and gene ex-
pression of COL1A1.46 Remarkably, MM with CDDO-Im 
treatment further reduced COL1A1 gene expression 
than MM treatment group at day14. These results are 
consistent with the results of enhanced mineralization 
by NRF2 activation in ARS staining (Figure  5A,B and 
Figure S4A). Meanwhile, SPP1 was upregulated follow-
ing MM with CDDO-Im treatment at day 7 compared to 
other groups. In contrast, at day 14, the MM & CDDO-Im 
treated groups displayed significantly reduced SPP1 ex-
pression than the MM alone group (Figure 5D). Given 
SPP1 gene expression is induced by extracellular cal-
cium supplementation45 and calcium is required for 
mineralization, we hypothesized that NRF2 can in part 
modulate calcium flux. ATPase ion pumps are abundant 
on the osteoblast cell surface.47 Plasma membrane Ca2+-
ATPase (PMCA) is distributed on the cell membrane, 
and PMCA protein and mRNA expression is upregulated 
in the early stages of osteogenic induction and shown to 
decrease over the time course of osteoblast differenti-
ation.48 Furthermore, it is known that Sarco/endoplas-
mic reticulum calcium ATPase (SERCA) present in the 
endoplasmic reticulum (ER) membrane has an import-
ant role in calcium kinetics. SERCA has three isoforms 
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      |  13 of 20ONOKI et al.

F I G U R E  5   Effects of NRF2 activation on mineralization and calcium flux regulated genes. (A and B) Alizarin red S (ARS) staining of 
HBMSCs cultured with each treatment medium for 14 and 21 days. (A) Microscopic images. Representative results from 3 wells per group 
are shown. Scale bar: 200 μm. (B) Quantified data. Calcium deposits of images were quantified using CellProfiler. Basal image was used for 
background. (C–F) RT-qPCR for measuring mRNA expression of COL1A1 (C), SPP1 (D), PMCA1 (E), and ATP2A2 (F) in HBMSCs (n = 3 
wells per group). Cells were cultured with each treatment medium for 7 and 14 days. The expression of 18S was employed for normalization. 
Mean value of Basal at each time point was set as 1. The culture media data are described in Table 1. All values are expressed as mean ± SD. 
One-way ANOVA followed by Tukey's multiple comparison test was conducted for statistical significance. *p < .05, **p < .005, ***p < .0005, 
****p < .0001 versus Basal treatment group. ‡p < .05, ‡‡p < .005, ‡‡‡p < .0005 versus MM treatment group. NS indicates not statistically 
significant.
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and SERCA2 encoded by ATP2A2 is expressed in most 
tissues. Consistent with previous reports, PMCA1 gene 
expression level was elevated following MM treatment 
on day 7 and attenuated to the same level as Basal group 
on day 14 (Figure 5E). There was no significant differ-
ence between MM and MM with CDDO-Im treatment 

groups, indicating NRF2 had no effect on PMCA1. In 
contrast, ATP2A2 was unaltered on day 7 and reduced 
on day 14 in the MM-treated groups compared with 
Basal (Figure 5F). Notably, ATP2A2 was further reduced 
in the MM with CDDO-Im group compared with MM 
treatment group. Thus, NRF2 action on SERCA2 likely 

F I G U R E  6   Effects of NRF2 activation on organotypic chick femur culture. (A) Live/dead cell staining with Cell Tracker Green/EthD-1 
of chick femurs cultured with each treatment medium for 10 days. Representative results from 3 femurs per group are shown. Scale bar: 
100 μm. (B) Reconstructed 3D images of femurs obtained using micro-computed tomography (μCT) equipped with analysis software. Chick 
femurs were cultured with each treatment medium for 10 days. Representative results from 9 femurs per group are shown. Mineralized 
bone depicted as a green color. Scale bar: 1 mm. (C) Image analysis of μCT morphometric indices for the bone formation. Bone volume 
(BV), bone mineral density (BMD), bone thickness, bone surface (BS), and bone surface/bone volume (BS/BV) were measured, and bone 
mineral content (BMC) was calculated by BV × BMD. Outliers were removed by Smirnov-Grubbs test from raw data (precisely described in 
materials and methods) (n = 6 for Basal, MM and MM + VC, and n = 5 for MM + 25 nM CDDO-Im). The culture media data are described in 
Table 1. All values are expressed as mean ± SD. One-way ANOVA followed by Tukey's multiple comparison test was conducted for statistical 
significance. *p < .05, **p < .005, ***p < .0005 versus Basal treatment group. NS indicates not statistically significant.
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affects calcium homeostasis and promotes mineraliza-
tion by altering SERCA2 pathway.

Taken together, the current data demonstrate NRF2 
activation enhances dystrophic calcification. Given the in-
creased SPP1 gene expression and decreased ATP2A2 gene 
expression by NRF2 activation, our results suggest that 
NRF2 directly or indirectly promotes the efflux of calcium 
to the extracellular direction via modulating SERCA2.

3.5  |  Ex vivo organotypic assay following 
NRF2 activation

Finally, we have examined the role of NRF2 in mineraliza-
tion using an ex vivo model with evaluation of NRF2 acti-
vation enhanced mineralization of HBMSCs in vitro. We 
investigated the impact of NRF2 for cell viability and chick 
bone formation in the organotypic assay using μCT analy-
sis.24 There were no significant difference in live and dead 
cells observed in Basal, MM, MM with VC, and MM with 
CDDO-Im (Figure 6A). μCT analysis of chick femurs after 
10 days culture revealed an increase in mineralized tissue 
in the MM, MM with VC, and MM with CDDO-Im groups 
compared to femurs cultured in basal media (Figure 6B). 
The bone created in the ex vivo organotypic culture was 
assessed by μCT analysis, for BV, BMD, BMC, bone thick-
ness, BS, and BS/BV changes. No significant differences 
were observed following analysis of the reconstructed 
images from the scanned femurs, due to variations in 
egg size, chick size, and congenital femur size. Smirnov-
Grubbs test to remove the major outlier point (described 
in materials and methods) revealed that MM significantly 
increased BV compared to Basal. MM with CDDO-Im 
treatment increased BV significantly compared to Basal; 
however, there were no significant differences between 
MM and MM with CDDO-Im groups (Figure 6C). BMD, 
bone thickness, and BS/BV were not significantly differ-
ent between the groups (Figure 6C). BMC was increased 
in the MM with CDDO-Im treatment group compared to 
Basal group. There was no significant difference between 
MM and MM with CDDO-Im treatment group. MM in-
creased BMC; however, there was no significant difference 
compared to the Basal cultured femur group (Figure 6B). 
BS was significantly increased by MM, MM with VC, and 
MM with CDDO-Im treatment compared to Basal group. 
There was no significant difference between MM and 
MM with CDDO-Im treatment group in BS (Figure 6C). 
MM treatment groups, including MM with VC, and MM 
with CDDO-Im, enhanced BV and BS without altering 
the BMD, bone thickness, and BS/BV in the ex  vivo or-
ganotypic culture study. As observed for our in vitro study 
results (Figure  5A,B), MM with CDDO-Im showed sig-
nificantly increased both BV and BMC compared to Basal 

group and demonstrated higher BV and BMC compared 
to MM although this did not reach statistical significance 
(Figure 6C). Thus, NRF2 activation enhanced mineraliza-
tion in chick femurs in an organotypic ex vivo study.

Taken together, the aforementioned results confirm the 
impact of NRF2 for osteogenic differentiation and miner-
alization. NRF2 activation inhibits osteogenic differenti-
ation via enhancing HBMSCs stemness as evidenced by 
increased STRO-1 expression. Elevated stemness is con-
sidered to be attributed to increased gene expression of 
KITLG. Meanwhile, NRF2 activation promotes mineral-
ization through modulation of calcium flux. The down-
regulation of ATP2A2 by NRF2 activation suggests that 
NRF2 promotes the calcium efflux in an extracellular di-
rection via modulation of SERCA2, resulting in enhanced 
mineralization. Consistent with our observations in vitro, 
elevated bone formation by NRF2 activation was con-
firmed using the chick femur organotypic ex vivo model.

4   |   DISCUSSION

The current studies have examined the effect of NRF2 
on osteogenic differentiation in HBMSCs. Although low-
dose CDDO-Im treatment increased cell death, raising 
a potential concern around cell number and cell viabil-
ity and thus osteogenic differentiation, our data sug-
gests this is not an issue. Specifically, the maintenance 
of DNA levels reflects maintained cell numbers, while 
higher levels of Alamar blue assay reflect maintained 
cell metabolism and viability with low-dose CDDO-Im 
treatment. Furthermore, our extended passage studies 
demonstrated no substantial alteration of osteogenic dif-
ferentiation potential by NRF2 (Figure S3). These results 
suggest that the suppression of osteoblast differentiation 
indicated using low-dose CDDO-Im may be not due to 
reduced cell numbers, cell viability, or differentiation 
potential. In summary, we conclude NRF2 activation 
suppressed osteogenic differentiation at pharmacologi-
cal concentrations. In contrast to the inhibited osteo-
genic differentiation induced by NRF2, NRF2 activation 
enhanced mineralization, a process associated with 
osteogenesis. The enhancement of mineralization was 
a consequence of modulation of calcium flux-related 
genes by NRF2 activation. To the best of our knowl-
edge, this is the first report of the distinct pathways of 
osteogenic activity in HBMSCs. Previous studies detail-
ing the negative effect of NRF2 on osteogenic differen-
tiation demonstrated that NRF2 modulated osteogenic 
genes, such as RUNX2, osteoprotegerin, and osteoc-
alcin.16,49 Our results support these earlier findings by 
showing that pharmacological NRF2 activation inhib-
ited the expression of ALP, a RUNX2 target gene, and 
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osteoblast function. The difference in our observation of 
decreased RUNX2 expression by NRF2 activation at day 
14, compared to published data by Hinoi et al. who dem-
onstrated NRF2 overexpression does not affect RUNX2 
expression in MC3T3-E1 cells,16 may be due to the dif-
ferences in cell type (MC3T3-E1 cells vs HBMSCs), and/
or in derived species (mouse vs human), as well as by un-
known effects of NRF2 on RUNX2 transcription. Indeed, 
a study on cell cycle and RUNX2 activity indicated that 
cyclin D1-CDK4 complex induced RUNX2 degradation 
in an ubiquitin-proteasome pathway.50 Cell cycle is pre-
cisely regulated by the cyclin D-CDK complex and in 
turn negatively controlled by CDK inhibitors (CDKN1A, 
CDKN1B, and CDKN1C).51 The current results indi-
cate that NRF2 activation decreased the expression of 
CDKN1A and CDKN1B and increased expression of 
KITLG, which degrades CDKN1C.51 Taken together, the 
current data indicates NRF2 activation has an indirect 
negative impact on RUNX2 gene expression and activity.

The current studies investigated the potential of NRF2 
to modulate the stemness of HBMSCs. NRF2 upregu-
lated STRO-1 protein expression and mRNA expression 
of KITLG. STRO-1 expression in HBMSCs forms part of a 
panel of markers used to enrich an osteogenic precursor cell 
population2,3,29,52 with STRO-1 expression progressively 
lost in subsequent cell culture passaging as well as follow-
ing osteogenic differentiation in vitro.21,53–55 Interestingly, 
we observe a contrary report demonstrating an increase 
in STRO-1 expression during osteogenic differentiation 
in three mesenchymal stem cell types of dental origin.56 
The expression of STRO-1 has been studied in relation to 
ALP expression using dual-labeled flow cytometric-based 
cell sorting and the correlation of an inverse association 
between STRO-1 and ALP expression.54,57 Stewart and col-
leagues have previously shown STRO-1 positive and ALP 
negative cells display primitive cell characteristics of the 
osteoblast lineage reflective of a skeletal stem or skeletal 
progenitor cell.57 Although the details of the association of 
STRO-1 with stemness and osteoblast differentiation are 
still unclear, these previous findings suggest that STRO-1-
positive cells include a primitive progenitor cell progeny 
with the capacity differentiate into osteoblasts. Our cur-
rent results demonstrate NRF2 activation induced STRO-1 
enhancement especially in combination with osteogenic 
induction and NRF2 activator, and suppressed ALP ex-
pression induced by osteogenic induction. These findings 
indicate the possibility that NRF2 enhanced the skeletal 
stem cell lineage. In support of this hypothesis, a recent 
study using single-cell RNA-seq revealed that KITLG ex-
pression was downregulated in osteoblasts, while gene 
expression of KITLG was increased in BMSCs and osteo-
genic progenitors. Furthermore, these data demonstrate 
the remarkable KITLG upregulation noted in osteogenic 

progenitors,58 consistent with our results of increased gene 
expression of KITLG due to NRF2 activation.

In examination of NRF2 as a stemness factor preventing 
HBMSC differentiation, we observed NRF2 upregulated 
KITLG, also known as stem cell factor (SCF) indicating 
the potential of NRF2 to maintain HBMSCs stemness. 
Interestingly, NRF2 is directly associated with the KITLG/
SCF promoter region in BMSCs as previously shown by 
Lou and colleagues,59 and thus, NRF2 prevents osteo-
genic differentiation. Cao and colleagues have previously 
demonstrated exogenous KITLG/SCF administration res-
cued stemness-related genes such as NANOG and OCT4 
which had reduced following periods of extended cell cul-
ture.38 However, in the current studies, using STRO-1 en-
riched HBMSCs, we did not observe the ability of NRF2 to 
maintain osteogenic differentiation capacity during long-
term HBMSCs culture. The difference between our results 
and those of Cao and colleagues may be as a consequence 
of variations in direct administration or enhancement of 
transcription of KITLG/SCF. Consequently, our results 
confirmed NRF2 markedly inhibits osteogenic differentia-
tion in HBMSCs. We addressed NRF2 suppression of gene 
expressions of RUNX2, a master regulator of osteogenic 
differentiation and its target gene ALP. Furthermore, we 
demonstrate a novel inhibitory pathway for the osteogenic 
differentiation by preservation of cell stemness via up-
regulated KITLG expression which is directly controlled 
by NRF2. Furthermore, it cannot be excluded increased 
KITLG expression indirectly elevates RUNX2 degradation 
modulating CDK inhibitors, as well.

The process of osteoblast matrix mineralization has 
been extensively studied and while ALP is highly ex-
pressed during early osteogenic differentiation and plays 
an important role for facilitating mineralization through 
hydrolyzing inorganic pyrophosphate to produce inor-
ganic phosphate,60 the precise mechanisms involved in 
mineralization are not fully resolved.61,62 In the current 
studies, NRF2 activation inhibited ALP expression and 
enhanced mineralization through an atypical osteogenic 
pathway involving, it would appear, calcium flux in 
HBMSCs. The current studies showed NRF2 activation 
altered gene expression of ATP2A2 encoding SERCA2 
on the ER membrane. While the precise role of SERCA 
in mineralization remains unclear, Duan et al. reported 
that the expression of SERCA was increased in a high 
intracellular calcium environment caused by dose-
dependent fluoride treatment, acting as a regulator of 
intracellular calcium homeostasis.63 It is speculated that 
SERCA, including the widely distributed SERCA2, may 
be regulated by intracellular calcium levels. It is import-
ant to note, when intracellular calcium concentration 
is high, gene expression for calcium uptake into the ER 
is upregulated. Conversely, when intracellular calcium 
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concentration is low, gene expression is subsequently 
downregulated. The current studies show that NRF2 
activation increased calcium deposition, as indicated 
by ARS staining and the expression of mineralization-
associated genes (COL1A1 and SPP1). This suggests 
that NRF2 upregulation actively recruits intracellular 
calcium to the extracellular space. As a consequence, 
the low intracellular calcium concentration may indi-
rectly suppress SERCA expression. However, more work 
is needed to fully elucidate the exact mechanisms by 
which NRF2 activation leads to robust extracellular cal-
cium recruitment. In future studies, the effects of NRF2 
activation on intracellular calcium dynamics could be 
investigated independently of osteoblast differentiation, 
offering new insights into the orchestration of miner-
alization and intracellular calcium regulation including 
any role in dystrophic calcification.

We acknowledge a number of limitations in the 
current studies including elucidation of how NRF2 
activation enhanced calcium recruitment towards the 
extracellular space. The current data provide only an 
indirect insight to the increased intracellular to ex-
tracellular calcium flux following NRF2 activation. 
Future experiments on calcium dynamics follow-
ing mineralization may inform the mechanism(s) of 
enhanced mineralization due to NRF2 activation. 
Furthermore, the role of oxidative stress in osteogenic 
differentiation and mineralization is unclear with the 
current study indicating only a limited role for NRF2 
in osteoblastogenesis. Previous studies revealed NRF2 
gene expression gradually elevated after osteogenic in-
duction.16,17 However, why NRF2 is activated during 
osteoblast differentiation and the role of NRF2 remain 
unclear. Generally, reaction oxygen species (ROS) are 
harmful by-products of aerobic life and their accu-
mulation is lethal for cell survival, however, recent 
studies indicate ROS hold a number of key physiolog-
ical and signaling roles.64 Although oxidative stress 
inhibits osteoblastic differentiation via ERK and NF-
κB pathway,65 Robaszkiewicz et al. demonstrated that 
ROS are produced under osteogenic differentiation 
spontaneously, and their inhibition by the antioxidant 
catalase reduces differentiation and mineralization.66 
Furthermore, the authors demonstrated catalase treat-
ment delayed SPP1 upregulation induced by mineral-
ization. As an elevation of SPP1 gene expression was 
accelerated by NRF2 activation under mineralization 
in our results, NRF2 may potentially upregulate SPP1 
gene expression regardless of the ROS production. 
ROS is also implicated in mineralization and excessive 
ROS contributes to activate osteochondrogenic sig-
naling pathways, thereby accelerating calcification of 
vascular smooth muscle cells.67 Mineralization almost 

certainly requires optimal NRF2 activation and main-
tenance of ROS levels during osteoblast maturation and 
differentiation. The discrepancies in previous reports 
on the role of NRF2 in osteoblast differentiation likely 
stem from variations in NRF2 activation levels across 
experiments with, for example, variations in genetic 
hyperactivation using plasmids and transgenic mice, 
or pharmacological activation undertaken. NRF2 acti-
vation prevents ROS production, indicating NRF2 also 
influences inflammatory responses. Inflammation and 
the immune microenvironment play a crucial role in 
tissue regeneration, including that of bone repair.68 
MSCs/SSCs actively interact with immune cells via 
secretion of cytokines such as interleukin (IL)-6, IL-
10, IL-17, indoleamine 2,3-dioxygenase (IDO), and 
prostaglandin E2.68,69 Notably, Jie et al. reported Nrf2 
regulates the immunosuppressive ability of umbilical 
cord-derived MSCs through modulation of IDO-1 ex-
pression.70 These observations indicate NRF2 may di-
minish MSC differentiation by excessive suppression 
of inflammation, required for MSC differentiation. 
Furthermore, MSCs work with immune cells as well as 
tissues and cells surrounding the fracture site, includ-
ing peripheral nerves, to promote regeneration.71 It is 
well documented that peripheral nerves, neuropep-
tides, and their receptors including calcitonin gene-
related peptide, substance P, norepinephrine, and 
brain-derived neurotrophic factor play a central role 
in bone repair following fracture. Given that NRF2 
links these factors with various pathways in a variety 
of cells,72,73 it is possible that HBMSC differentiation 
is regulated by the pleiotropic effects of NRF2 in vivo. 
Further studies are required to elucidate the exact role 
of NRF2 on HBMSC differentiation.

In summary, the current studies detail the role of 
NRF2 activation in HBMSCs and subsequent suppression 
of osteoblast differentiation including ALP expression 
and their function while paradoxically enhancing min-
eralization. The atypical mineralization was attributed 
to NRF2-mediated modification in HBMSCs calcium ion 
flux. Furthermore, NRF2 activation maintained HBMSCs 
stemness via KITLG upregulation indicating enrichment 
of osteogenic progenitor cells. Given the importance of 
the mineralization process in bone development, dys-
trophic calcification, homeostasis, and fracture healing, 
elucidation of the precise role and mechanisms of NRF2 
activation in osteogenic differentiation holds significant 
implications for osteoblast-targeted interventions in bone 
physiology and function.
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