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ABSTRACT

Nuclear receptors (NRs) are ligand-activated transcription factors that reg-
ulate the gene expression required for cellular reprogramming and plu-
ripotency. This study examined the role of metadichol, a nanoemulsion of
long-chain lipid alcohols (C26--C30), in modulating NR expression to in-
crease the reprogramming of induced pluripotent stem cells (iPSCs). Using
a nonviral method with metadichol at concentrations ranging from 1 pg/mlL
to 100 ng/mL, seven cell lines were evaluated, including human mesenchy-
mal stem cells (HMSCs), normal human dermal fibroblasts (NHDFs), HEK293
cells, HelLa cells, THP-1 cells, triple-negative breast cancer cells, and pri-
mary prostate cancer cells. To assess the expression of 49 NRs, including
estrogen-related receptor beta (NR3B2), nuclear receptor subfamily
group A member 2 (NR5A2), and nuclear receptor subfamily 5 group
member 1 (NR5A1), which can replace Yamanaka factors (Oct4, Sox2,
Klf4, and c-Myc) during iPSC generation, quantitative real-time polymer-
ase chain reaction and western blot analyses were employed. Normal hu-
man dermal fibroblasts (NHDFs) and human mesenchymal stem cells
strongly upregulated NR5A1 and NR5A2, which supported Oct4 replace-
ment, and ERRB, which facilitated KIf4 substitution. This upregulation made
them highly suitable for NR-mediated reprogramming. Metadichol also in-
duced the expression of pluripotency markers (e.g., alkaline phosphatase
and Yamanaka factors), sirtuins, Fox head box protein O1 (FOXOT1),
Klotho, telomerase transcriptase (TERT) and insulin/beta cell formation,
which suggests enhanced epigenetic remodeling and cell survival. This
nonviral, scalable approach positions metadichol as a promising reagent
for induced pluripotent stem cell (iPSC) differentiation in regenerative
medicine, particularly for diabetes and oncology. These results suggest that
metadichol could act as a universal nuclear receptor ligand, suggesting a
comprehensive approach for efficient and safe induced pluripotent stem
cell (iPSC) reprogramming.

Keywords: Nuclear receptors, stem cell, IPSC, fibroblasts, cell reprogram-
ming, metadichol, sirtuins, FOXO1, TERT, Klotho, vitamin C, PgclA,
nanoemulsion, long-chain alcohols
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Glossary of Abbreviations

Gene Commea Name - Deseription
Ot POUSH | Ocamerbising rseipios a4 g X | wiii Krepixie
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BMALI BMALI Basic Helix-Loop-Helin ARNT Like | NRICI TR moclear recepter subfimily 2 group C member |
+MVC eMYC MYC proto-oncogene, bHLH transcription factor NRICL Th mclear ecepor subfamily 2 group C metnber 2
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FOXOL FOXOL Forkhead bex protetn 011
. s NPl COUPTH gt o e |
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HELA HELA Human el ing is derived from cervical cancer cells
1 j
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KLF4 KLF4 Kaiippel-like factor & NR3BI ERR« Estrogen-telated receptor alpha,
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NRIC PPARA penaisons proliferatee ctiveted reopior delfe R \OR! ol o sl 4 goup A
NRIC PPARG Peroxisome proliferator-activated recepior
i i 1 U T S —
NRIDL Rev-Eidda | muclear receptor subfamily | group D mensher |
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MIF (ROR | Raachkiedophrepor i R 7 | eeleyorabiniy  gop Anabe |
NRIF2 RORY RAR-teted crphan rcepio beta PERI PERI Period Circadian Regulatr |
NRIF3 RORy RAR reloted arghan reccor C PPARGCIA | PGClalphs  Perosisome prolifrator-actvaced reoeplor gae conctvatr |-gpda
NRIH LXRB nuelear receptar subfamily | groop H mensher 2 ST ST Sities 1 rough )
NRIH3 LXRa le ubfarmily | group H menber 3
E [ - 00 S0 SvdémmangrginVin)
NRIH4 FAR nuelear reeeptar subfamily | group H member 4
- TERT TERT Telommerase teverss iranseriptase
NRIII VDR vitamin D receptor
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REGULATION OF SOMATI(
RECEPTORS.

Nuclear receptors can rej

iPSC generation, highlighti

tential. Nuclear receptor su

(Nr5a2) substitutes Oct4,

KIf4, demonstrating their fi

hormone receptor enhance

reprogramming into iPSCs,®

. - - - - == e clear receptor corepresso
Nuclear receptors maintain embryonic stemgg i

nuclear receptor coactivator 3 (Ncoa3) maintain embry-
onic stem cell self-renewal. Ncoa3 enhances estrogen-re-
lated receptor beta (ESRRB) and pluripotency gene reg-
ulation.’3 Nuclear receptor subfamily 5 group A member
2 (Nr5a2) and estrogen receptor beta (ESRRB), in combi-
nation with Oct4 and homeobox protein NANOG
(NANOG), bind DNA regulatory regions to sustain ESC
pluripotency.¢

Nuclear receptors regulate somatic cell identity through
trans differentiation and forward differentiation, thus
controlling lineage commitment genes to alter cell fate.2
Peroxisome proliferator-activated receptor gamma
(PPARy) drives adipocyte maturation by activating lipid
metabolism genes.'”, whereas Nréal (nuclear receptor
subfamily 6 group A member 1) affects pluripotency and
developmental gene expression.'8 These processes ena-
ble reprogramming terminally differentiated cells and
expand their potential therapeutics.?

i&ll.uﬂmnicol Whnt -

tency (?) and regulate differentiation. Recepeipsesushegsaccelerates NRSAD-mediated renro-

ng.'2 Nuclear receptors facilitate mesenchymal-

ERRB: NR5A1 ' NR5A2, and DAX-1 ’ regUque?dﬁﬁ?l@%ﬁ%}‘mon (MET), a key reprogramming (5),

and self-renewal genes to shape embrydniecttens rielker factors that unlock repressed chro-

10,11 . matin. They also regulate epigenetic modifiers to in-
fate. Nuclear receptor SUbmelly S groggqse rcﬂromt?l?in I;chxsﬁcify, which supports iPSC genera-

2, i.e., NR5A2), an orphqn receptor, direﬁt}y Mﬁ'ﬂyaitﬁsthe peroxisome proliferator-activated
Oct4 expression by binding to its promotéfersrdidterathway prevents osteoclast differenti-

. . . ation and directs cell fate.’®
self-renewal and prevents differentiation in embryonic

stem cells and epiblast cells, which form embIRFGNANRYPIRECT CONTROL OF YAMANAKA FAC-

layers.'213 Esrrb is another orphan receptdPSufdPdting
with the basal transcription machinery (e.g., RNA poly-
merase Il) to sustain pluripotency gene expression, ensur-
ing embryonic stem cell self-renewal.’* Conversely, the
nuclear receptors RAR, RXR, and GCNF drive embryonic
stem cell differentiation by repressing pluripotency
genes. For example, GCNF inhibits pluripotency gene
transcription during retinoic acid-induced differentiation
to promote specialization.’s Corepressor—coactivator in-
Takle )y ctions mediate nuclear receptor transcriptional activ-
Nuclear Receptor | . ommon name . .
NEBg; With coactivators enhancing RG corepressors limiting
Nepepe expression.'® This balancerallows NRs to regulate
NRB fate and prevent alternafRRe states during repro-

z Y ming. Estrogen-related relst'?:é;b'ror beta (NR3B2) and

NR1C3
NRTAI1

PPARyY
TRa

Nuclear receptors directly regulate Yamanaka factor ex-
pression; NR5A2 binds to the Oct4 promoter to maintain
its expression, which is required for pluripotency.'2 Along
with Oct4 and Sox2, EERRB (NR3B2) reprograms fibro-
blasts into iPSCs.20 Nuclear receptor subfamily O group B
member 1 (Dax1) modulates ESRRB (NR3B2) activity, and
NCOAZ3 (nuclear receptor coactivator 3) enhances ESRRB
function, which sustains pluripotency gene expression.!42!
These interactions highlight the role of nuclear receptors
in reprogramming.
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that the nuclear recentors FRRR (INR3R2). NR5A? (IRH-1).
and NR5A1 (SF1) can replace the Yamanaka factors Kif4
and Oct4. After inducing iPSCs, subsequent steps involve
maintaining and expanding the iPSCs, confirming plurip-
otency (by measuring alkaline phosphatase (ALP) levels),
and selecting the differentiation targets (e.g., beta cells,
neurons, and cardiomyocytes).

Nuclear receptor expression profiles?7.28 have been re-
ported in human and mouse ESC lines and during their
early differentiation into embryoid bodies. The expres-
sion of 49 human and mouse NRs was assessed via quan-
titative real-time (qRT) polymerase chain reaction (PCR).
Moreover, the expression of estrogen, progesterone, and
glucocorticoid receptors has been evaluated (29). Re-
search on systemic NR expression in human cell lines is still
emerging. In the present study, the specific roles of NRs
in human cell lines were determined via characterization
of the RNA and ¢DNA expression profiles of the NR su-
perfamily following the treatment of stem cells and fibro-
blasts with metadichol (24-26) via qRT-PCR and western
blot analysis.

The induction of Yamanaka factors (known as OSKM),
ALP, nuclear receptor sirtuins, vitamin C, FOXO1, Klotho,
TERT, and insulin/beta cell formation in Panc-1 cells by
metadichol suggests that it can increase the differentia-
tion of beta cells by promoting epigenetic remodeling,
NR signaling, and cell survival (30-41). The complex in-
terplay between NRs and diverse cellular factors must be
understood to understand cellular plasticity and develop
more efficient reprogramming strategies. Metadichol can
regulate key factors to expand the therapeutic potential
of iPSCs. Owing to its nonviral, safe,#244 and scalable

stem cells and normal human dermal fihrahlacte were
procured from the ATCC (USA). Primary breast and pros-
tate cancer cells were obtained from BIOIVT (Detroit,
Michigan, USA). Primary antibodies were acquired from
ABclonal, Woburn (Massachusetts, USA), or Elabscience
(Maryland, USA). The primers were from Sahagene, Hy-
derabad, India, and Eurofins Bangalore, India. Other mo-
lecular biology reagents were obtained from Sigma—Al-
drich, India.

CELL MAINTENANCE AND SEEDING

The cells were preserved in a suitable medium supple-
mented with 1% antibiotics in a wet atmosphere of 5%
CO: at 37°C. The medium was changed every 2 days
until the cells reached confluency. Cell viability was as-
sessed via a hemocytometer. At 70%—80% confluency,
single-cell suspensions containing 106 cells/mL were pre-
pared and seeded in six-well plates at 10¢ cells/healthy
density. The cells were incubated for 24 h at 37°C under
5% CO2 and then rinsed with serum-free medium before
being incubated with different concentrations of metadi-
chol.

CELL TREATMENT

Metadichol was diluted in serum-free media (1 pg/mL,
100 pg/mL, one ng/mL, and 100 ng/mL) and added to
the predesignated wells. The control cells were not
treated. The cells were incubated for 24 hours and
washed gently with sterile phosphate-buffered saline.
RNA was isolated via TRIzol following the manufacturer’s
instructions, and <DNA was prepared. Several bi-
omarkers were assessed via qPCR and western blot anal-
ysis.

© 2025 European Society of Medicine
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The Using radioimmunoprecipi

15 mented with the protease

bo fonylfluoride fluoride, tota
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mic the cells, the samples were «
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adl The protein samples (25 ¢

oul - Tmems o~ e em e - Ao~ loading dye containing SDS T

for 5 min on an Abonlied Biosvstems instrument (Veritiil.

The resulting cDNA was utilized for gPCR.

PRIMERS AND qPCR

The PCR mixture (final volume of 20 pL) contained 1 pL
of cDNA, 10 UL of SYBR Green Master Mix, and one UM
complementary primer specific for the target gene. The
samples were run with the following settings: primary de-
naturation at 95°C for 5 min, followed by 30 cycles of
denaturation at 95°C for 30 s, and annealing at the op-
timized temperature of the primers for 30 s, followed by
extension at 72°C for 1 min. The number of amplification
cycles in the exponential range before reaching a plat-
eau was considered optimal. The results were evaluated
via CFX Maestro software, and the fold change was cal-
culated below.

Under denaturing conditions tha nratainc wara cann.
rated via a Tris-glycine running buffer. The proteins were
transferred to methanol-activated polyvinylidene fluo-
ride membranes (Invitrogen, USA) via a Turbo Transblot
system (Bio-Rad, USA). The membranes were blocked
with 5% BSA for one hour and incubated with the appro-
priate primary antibodies overnight at 4°C, followed by
a species-specific secondary antibody for one hour at
room temperature. The blots were washed and incubated
with an enhanced chemiluminescence (ECL) substrate
(Merck, USA) for 1 minute in the dark. The images were
captured at suitable exposure settings via a ChemiDoc
XRS system (Bio-Rad, USA).

Table 2

Gene Primers Base pairs

NR1C2/PPARD F CCTTCTCAAGTATGGCGTGC 226
R GATGGCCGCAATGAATAGGG

RXRG F CAGGAAAGCACTACGGGGTA 254
R CCTCACTCTCAGCTCGCTCT

PPARG F AGAAGCCTGCATTTCTGCAT 236

L R TCAAAGGAGTGGGAGTGGTC

NR2Ft F CATTITITITCGGCGATCTCCAGG 261
R GCCTTCTTCTTTICGGGAGGT

HNF4A F ACTGCCACGTACLCTGTGCCT 274
R AGGCATGCGAG[ITGTGACCA
R AACACCTGGCTGGCAATCGG

NF2F2 F CTCAACTGCCACTCGTACCT 253
R TCAACACAAACAGCTCGCTC

Nk'IIS F CAGCAAACACCTIGTIGCAACT 189

© 2025 European Society of Medicine
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R AGATTGGAGAAGCTGGACGA
NRTH2 F CCTCCTGAAGGCUATCCACTA 261
R GCAACTICCAAGATCGGGTIGA
Nk'l D1 F AGGCAGCAAGCAAGCAGT 291
F R ACAGCGCATCCTJCCCCATA
NR2Ct F CLCCAAGGCULAAGLAGITTCATI LEe}
R GCAGACAGATCAGGAGIGGT
NkZCZ F TCACCACCTCAGACAACCTC 164
% R ACTGACAGCCCOATAGTGAC
NRH2 F AACGCACGATCAGCAAGTEGG 103
R AGCCCTTGCATCCTTCACAT
NP4A3 F GCCCAATATAGCLCTTCCCC 224
R TGCATTTGGTACACGCAGGA
Nk‘!r'l F CITGCATATTIGTIGCCITCA 174
R CTTGATGATTTGTGTTGTGC
AR F GGGGCTAGACTGCTCAACTG 169
R GCCAAGTTTTGGELTGAAGAG
NROB1 E CAGAGGCCAGGGGGTAAAG 137
R TGCGCTTGATTTGTGCTCGT
PGR F ACATGGTAGCTGTGGGAAGG 198
R GCTAAGCCAGCAAGAAAIGS
RORA F TCGAACCAGTAGAAACCGCT 219
R TTGGCCGAGATGTTGTAGGT
ROB F CICACTICTCCACLTOGUTCA L1 2
R GGAGTITIGGTIGGLIGGGATAT
RORC F AGTCGGAAGGCAAGATCAGA 204
R CAAGAGAGGTTQTGGGCAAG
N F GGAGTCCAACAGTGAGTCEEE 289
F_}H R GGCCATGAAGAGTAGGCGAG
NPSAI F AGGCACCAGGGAAGATCA 241
R TGLCAGGLCAGLGAATACA
Nk')Fl E CAAGTIGGGCTAAGAGTIGIGC 158
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Table 3.
ene CelHine Mene-fold-change Concentration Commonrname
R1A1 Hela 2.02 1 pg/mL TRa
R1A1 hMSC 16.16 1 pg/mL TRa
TAT NHDF 1.20 T pg/mL TRa
1A1 THP] 0.46 1 ng/ml TRe:
R1A1 HEK 293 21.87 100 pg/mL TRa
R1C3 Hela 1.26 100 pg/mL PPARG
1€3 hMSE 7 61 Fpefmt PRARG
R1C3 NHDF 7.31 1 ng/mL PPARG
R1C3 THP1 2.60 1 ng/mlL PPARG
€3 HEK-293 523 tg/mt PPARG
R3B1 Hela 2.88 100 ng/mL ERR
R3B1 NHDF 11.10 100 ng/mlL ERR
R3BI THP1 0.94 100 pg/mL ERR
3BT HEK 293 0.82 T pg/mL ERR
H3 Heter 999 g/ mt CAT
R1I3 hMSC 10.61 100 ng/mlL CAR
R1I3 NHDF 0.98 T pg/mL CAR
us THP] 0.88 199 pg/ml CAR
R1I3 HEk 293 11.86 100 ng/mL CAR
R5A1 Hela 5.26 100 pg/mL SF1
5A1 hMSC 5.09 100 ng/ml SE1
R5A1 NHDF 27.27 1 pg/mL SF1
R5A1 THPT 2.26 700 pg,/mL SF1
SAtT Hek293 070 +ng/mt St
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Table 4

Gene Cell line Max fold change Condition Common name
R2B2 Prostate 19.63 1 ng/mL RXRH

qﬁSCAi Prostate %06 Tg/mt AR

ctMYC Prostate 18.25 1 pa/ml c-MYC

!

I'

]

F

!

)

!
The ng/mL (e.g., NRTA1 in HMS
pre may reflect receptor satur
olc toxicity at high doses (50).

specific effects. The upregulation of peroxisome proliferator-activated

He . . . . receptor gamma in HMSCs and NHDFs supports adipo-
The Biological Implicatio . dti deling.5!
He DIFFERENTIATION genesis dn tissue remode Ing.
tiol
ity.
hM
The METABOLISM
NR NR3B1 (ERRa) expression i
we cates mitochondrial functior
NF STRESS RESPONSE
ArTomr T e Upregulation of NR1I3 (C£~  * 1~ timomnn

SF1 ic tvnirallv <teraidnaenic Thece findinac ciaaect a
novel role for metadichol in fibroblast metabolism or ma-
trix production.4”

THP1

Widespread downregulation reflects limited NR activity
in immune cells, with NR2F2 (COUP-TFIl) as an exception,
potentially modulating the immune response.

PROSTATE CANCER CELLS
The upregulation of NR3C4 (AR) and ¢-MYC is consistent
with androgen-dependent oncogenesis.5’

BREAST

High ESRRA and RARG expression suggests the involve-
ment of metabolic and retinoid signaling in cancer pro-
gression.4?

DOSE-DEPENDENT RESPONSE

Many nuclear receptors display biphasic responses, with
peak upregulation at intermediate concentrations (100
pg/mL or one ng/mlL) and reduced expression at 100

and NHDFs suggests xenohintic or environmental stress
responses.52.53

ONCOGENESIS

Estrogen-related receptor alpha (ESRRA) in prostate and
breast cell lines emphasizes oncogenic pathways.54 The
combined results in Table 12 show that NHDFs and HMSCs
express NRs that are most likely to replace Yamanaka
factors in iPSC reprogramming. The robust upregulation
of NR5AT and NR5A2 in normal human dermal fibro-
blasts(NHDFs)supportsOct4replacement,whereas HMSCs
express NR3B2 (ERRB) and NR5AT, which support KIf4
and Oct4 replacement. Triple-negative breast cancer
cells (TNBCs) exhibit ERRB-mediated KIf4 replacement
but lack Oct4 replacement potential. HEK293, HELA, and
THP-1 cells (TablFes 7-9) have revealed limited poten-
tial, primarily for Oct4 replacement. Prostate cancer cells
(Table 10) presented minimal NR expression. These find-
ings emphasize that NHDFs and HMSCs are optimal cell
types for leveraging NRs to replace Yamanaka factors in
iPSC reprogramming, with implications for enhancing re-
programming efficiency.

© 2025 European Society of Medicine




Ta

Gene Control 1pg 100pg 1ng 100ng Coomon Names

AHR 1 0.39 0.58 0.79 0.51 AHR
NROB1 1 0.19 0.33 0.38 0.11 DAX1
NRO0B2 1 1.39 0.75 1.06 0.29 SHP
NR1A1 1 16.16 12.24 7.7 5.32 TRa
NR1A2 1 771 1.94 15.11 8.71 TRB
NR1B1 1 1.27 0.79 0.52 0.44 RARa
NR1B2 1 1.67 1.39 0.48 0.73 RARB
NR1B3 1 2.52 1.04 0.96 0.82 RARy
NRIC1 1 2.61 3.39] 3.68 0.59 PPARa
NR1C2 1 3.74 4.5 4.5 0.44 PPAR-B/6
NR1C3 1 7.61 5.88 3.44 2.62 PPARG
NR1D1 1 1.93 1.29 0.8 0.6 Rev-ErbAa
NR1D2 1 1.33 1.26 0.7 6.17 Rev-ErbAB
NRI1F1 1 1.77 1.39 0.94 0.67 RORa
NR1F2 1 0.81 0.84 0.7 0.33 RORB
NR1F3 1 0.52 0.74 1.19 1.08 RORy
NR1H2 1 1.28 0.97 0.55 0.19 LXRB
NR1H3 1 1.28 1.17 0.84 0.18 XRa
NR1H4 1 1.98 1.09 0.53 0.6 FXR
NR111 1 2.03 0.92 3.67 0.54 VDR
NR112 1 0.6 0.74 1.11 0.39 PXR
NR113 1 8.03 1.49 2.91 10.61 CAR
NR2A1 1 0.99 0.72 0.51 0.13 HNF4A
NR2A2 1 1.39 1.51 0.36 0.26 HNF4y
NR2B1 1 1.4 1.21 0.99 0.79 RXRA
NR2B2 1 1.87 1.13 1.05 0.69 RXRB
NR2B3 1 2.15 2.2 1.5 0.76 RXRG
NR2C1 1 1.3 1.27 0.74 0.39 TR2
NR2C2 1 1.6 1.5 0.74 0.51 TR4
NR2E1 1 0.95 1.37 1.18 0.57 TiX
NR2E3 1 2.18 1.23 1.51 1.25 PNR
NR2F1 1 1.78 1.57 1.04 0.65 COUP-TFI
NR2F2 1 1.81 1.48 1.15 1.07 COUP-TFII
NR2F6 1 0.98 0.95 0.43 0.08 EAR-2
NR3Al 1 1.86 1.17 1.94 0.4 ERa
NR3A2 1 1.81 1.37 1.09 0.66 ERB
NR3B1 1 1 0.88 0.59 0.35 ERRa
NR3B2 1 1.11 2.32 1.45 1.36 ERR
NR3B3 1 1.84 1.02 0.55 0.18 ERRy
NR3C1 1 0.99 0.96 0.82 0.09 GR
NR3C2 1 1.15 0.78 0.52 0.21 MR
NR3C3 1 1.19 0.94 0.67 0.12 PR
NR3C4 1 1.15 0.37 0.11 0.33 AR
NR4A1 1 1.82 0.67 1.16 0.61 NGFIB
NR4A2 1 1.06 0.61 0.45 0 NURR1
NR4A3 1 5.43 1.89 0.35 0.5 NOR1
NRS5Al 1 3.2 2.56 1.92 5.09 SF1
NRSA2 1 1.3 0.72 0.29 0.15 LRH1
NR6A1 1 1.7 0.86 0.65 0.15 GCNF
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Ta

NH

Gene Control 1pg 100pg ing 100ng

AHR 1 10.17 4.32 3.79 1.52
NROB1 1 1.76 0.14 0.44 0.24
NROB2 NA NA NA NA NA
NR1A1 1 1.2 0.65 0.55 0.69
NR1A2 1 1.15 1.18 2.4 0.92
NR1B1 1 2.15 1.81 0.63 1.06
NR1B2 1 2.68 1.3 1.18 1.1
NR1B3 1 2.84 2.95 3.9 1.09
NR1C1 1 1.9 1.24 0.72 1.8
NR1C2 1 2.48 2.59 2.83 0.84
NR1C3 1 3.78 6.11 7.31 3.07
NR1D1 1 1.5 0.64 0.07 0.75
NR1D2 1 2.19 1.18 1.8 1.82
NR1F1 1 0.9 1.14 1.33 1.01
NR1F2 1 2.71 0.99 0.69 0.88
NR1F3 1 1.86 1.02 0.91 1.04
NR1H2 1 4.95 1.03 0.03 1.71
NR1H3 1 1.63 1.79 3.84 0.71
NR1H4 1 2.69 1.32 1.27 0.87
NR1I1 1 1.83 2.34 2.35 1.54
NR1I2 1 1.81 0.37 0.97 1
NR1I3 1 0.98 0.67 0.49 0.53
NR2A1 1 6.03 3.4 2.69 3.64
NR2ZA2 1 2.15 1.39 1.2 1.95
NR2B1 1 2.5 0.86 1.32 0.98
NR2B2 1 4.21 1.65 1.03 2.7
NR2B3 1 3.56 1.49 1.04 1.75
NR2C1 1 1.08 1.16 1.7 0.85
NR2C2 1 3.66 1.38 1.09 4.17
NRZE1 1 3.38 1.49 1.69 0.88
NR2ZE3 1 1.43 1.46 2.48 1.27
NR2F1 1 0.16 0.9 4.18 0.5
NR2F2 1 1.05 1.19 2.98 0.59
NR2F6 1 2.84 1.22 1.66 1.02
NR3A1 1 2.42 1.58 0.73 2.02
NR3A2 1 3.04 3.04 1.25 1.52
NR3B1 1 10.85 8.3 6.58 11.1
NR3B2 1 0.65 0.74 0.48 1.76
NR3B3 1 0.81 1.07 1.86 0.45
NR3C1 1 1.71 0.14 0.77 0.46
NR3C2 1 3.7 0.26 1.04 0.42
NR3C3 1 0.71 1.25 2.19 0.51
NR3C4 1 2.54 0.15 0.57 0.11
NR4A1 1 2.36 1.55 0.93 3.42
NR4A2 1 3.56 6.02 8.63 7.62
NR4A3 1 2.14 0.72 1.48 1.59
NRS5SA1 1 27.27 13.78 13.28 2.69
NRSA2 1 3.32 1.79 1.74 2.02
NR6A1 1 0.89 0.79 0.33 1.27
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Ta

THH

Gene Control 1pg 100pgc Ing 100ng

Achr 1.00 o.19 0.27 0.37 1.66
NROEB1 1.00 0.08 0.25 0.10 0.03
NROB2 1.00 0.25 0O.85 0.08 0.02
NR1A1 1.00 0.00 0.22 0.46 0.09
NR1IAZ2 1.00 1.15 1.10 1.30 0.97
NR1EBE1 1.00 0.00 0.35 0.49 0.17
NR1B2 1.00 0.27 0.71 0.22 0.06
NRI1IB3 1.00 .08 0.22 0.09 0.03
NR1C1 1.00 0.00 0.25 0.37 0.12
NR1C2 1.00 0.14 0.40 0.27 0.08
NRIC3 1.00 0.04 0.33 2.60 0.86
NRI1D1 1.00 0.01 0.41 0.63 0.21
NR1D2 1.00 0.0s5 0.09 0.10 0.08
NRI1F1 1.00 0.15 0.38 0.32 0.4
NR1F2 1.00 0O.16 0.34 0.00 0.00
NRI1F3 1.00 0.65 0.98 0.20 0.13
NR1HE2 1.00 0.30 0.47 0.02 0.03
NRI1IH3 1.00 0.14 0.36 0.06 0.02
NR1H4 1.00 0.14 0.31 0.08 0.02
NRI1I1 1.00 0.27 0.37 0.02 0.02
NRI1I2 1.00 0.85 1.77 1.26 1.62
NRI1I3 1.00 0.56 0.88 .17 0.09
NR2A1 1.00 0.08 0.24 0.09 0.04
NRZA2 1.00 0.00 O.16 0.33 0.05
NR2B1 1.00 0.04 0.27 0.20 0.04
NR2B2 1.00 0.01 0.31 0.55 0O.16
NR2ZB3 1.00 0.41 0.47 0.32 0.64
NR2C1 1.00 0.07 0.24 0.16 0.04
NR2C2 1.00 0.00 0.21 0.37 0.08
NRZ2ZE1 1.00 0.48 0.62 0.65 0.68
NR2ZE3 1.00 0.06 0.41 0.06 0.02
INR2ZF1 1.00 .12 0.28 0.08 0.02
NR2ZF2 1.00 0.29 2.85 3.71 0.46
NR2F6 1.00 0.01 0.21 0.12 0.04
NR3A1 1.00 0.19 0.69 1.47 0.56
NR3A2 1.00 0.64 1.33 2.26 1.75
NR3IB1 1.00 0.21 0.94 0.43 0.14
NR3B2 1.00 0.13 0O.16 0.18 0.39
NR3IB3 1.00 0.28 0.45 0.01 0.01
NR3C1 1.00 0.03 0.24 0.16 0.05
NR3C2 1.00 0.21 0.47 0.04 0.01
NR3C3 1.00 0.25 0.41 0.01 0.01
NR3C4 1.00 0.04 0.41 0.15 0.02
NR4A1 1.00 0.00 0.39 0.48 0.14
NR4A2 1.00 0.17 0.50 0.15 0.03
NR4A3 1.00 0.34 0.87 0.46 0.6
NRSA1 1.00 0.45 2.26 0.06 0.06
NRSA2 1.00 0.05 0.18 0.19 0.05
NRo6A1l 1.00 0.01 0.15 0.30 0.07

COMIMON NAme
AHR
DA

SHP
TRo
TRB
RARCL
RAREB
RARY
PPARO
PPAR-B/S
PPARG
Rev-ErbAo

Rewv-ErbAB
RORo

-
A
N

_|
I8

R.
L
N
COUP-TFI
COUP-TFII
EAR-2
ERct

-
X

T
P

:

ERRo
ERRB

4y

NGFIB
NURRI
NORI1

LRH1
GCMNE
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Ta

HE}

Gene Control 1pg 100pg Ing 100ng
AHR 1 0.58 0.94 1.4 1.04
NROE1 1 0.63 5.31 6.07 7.31
NROB2 1 1.35 7.95 1.99 9.69
NR1A1l 1 2.02 1.84 0.39 1.47
NRI1AZ 1 0.3 1.86 1.15 1.04
NRI1IBI1 1 2.87 2.08 0.33 0.67
NRI1IB2 1 0.8 1.6 1.32 0.99
NRIEB3 1 1.29 1.95 0.93 0.72
NR1C1 1 3.62 1.07 0.21 0.19
NRI1C2 1 0.34 0.27 0.87 1.03
NRI1C3 1 1.23 1.26 0.22 0.42
NRI1D1 1 1.53 2.09 0.35 0.9
NRI1D2 1 3.61 3.75 1.64 0.88
NR1F1 1 2.07 1.21 0.36 0.44
NR1F2 1 1.1 7.28 9.6 3.29
NR1F3 1 1.09 4.59 4.25 3.38
NR1H2 1 0.03 0.48 0.16 0.5
NR1H3 1 0.5 5.61 3.1 7.36
NR1HA4 1 0.81 3.43 2.8 1.33
NR1I1 1 0.28 1.56 1.16 1.34
NRI1IZ2 1 1.4 0.56 0.59 1.07
NRI1I3 1 1.56 T. T 9.99 5.78
NR2Z2ZA1 1 0.15 2.92 5.08 7.91
NR2Z2ZAZ 1 1.16 0.29 0.23 0.33
NRZE1 1 4 .36 1.93 0.89 0.81
NR2Z2ZB2 1 1.98 2.79 0.59 0.59
NRZB3 1 2. 79 2.08 0.84 0.94
NR2C1 1 1.58 1.77 0.55 0.82
NR2C2 1 2.52 1.62 0.31 0.82
NR2E1L NA NA NA MNA N A
NR2E3 1 1.38 1.34 0.29 0.53
NR2F1 1 1.49 7.13 4.27 5.59
NR2F2 1 0.97 7.63 5.26 3.02
NR2F6 1 1.88 2.65 1.06 2.37
NR3A1 1 6.31 5.52 1.45 3.21
NR3IAZ2 1 7.7 5.58 1.43 2.04
NR3IEB1 1 0.72 4.73 6.42 9.88
NR3IB2 1 1.51 1.69 0.71 0.9
NR3IB3 1 0.99 1.6 0.8 0.55
NR3C1 1 0.51 1.34 2.1 3.14
NR3C2 MNA MN.A NA MNA NA
NR3C3 N A MN.A NA MNA NA
NR3Ca N A MN.A NA MNA N.A
NR4A1 1 2.31 1.91 0.54 1.33
NRAAZ2 1 0.48 4.55 5.24 7 .44
NR4AAZ3 1 1.42 4. .24 1.04 1.51
NRSA1 1 0.59 5.26 2.02 2.75
NRSAZ2 1 0.67 1.79 0.99 0.95
NRoeAl 1 2.01 1.57 0.28 0.43

© 2025 European Society of Medicine

Common names

COUP-TFI
COUP-TFII
EAR-2
FEFRa
ERpB
FRRERoa
ERRB
ERR-y
GR
MR
PR
AR
MNGFIB
NURRI1
NOR1
SF1

GCNE
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Fold Regulation
Gene common name
Ahr 1 7.08 6.09 6.07 2.05 AHR AHR
NROB1 1 0.24 0.38 0.23 0.17 DAX1 DAX1
NROB2 1 1.96 2.8 3.06 2.57 SHP SHP
NR1A1 1 10.62 21.87 8.98 2.71 TR o E
NR1AZ2 1 9.88 13.72 12.47 11.48 TRB ﬁ
NR1B1 1 2.01 1.79 1.95 1.12 RARO RAROQ
NR1B2 1 1.19 1.65 1.07 1.34 RARB RARDB
NR1B3 1 1.71 0.86 0.63 0.48 RARYy RARYy
NR1C1 1 2.83 4.24 2.75 0.93 PPARO PPARO
NR1C2 1 0.78 0.86 0.82 0.63 PPAR-B/& PPAR-B/S
NR1C3 1 2.96 3.62 5.23 1.49 PPARG PPARG
NR1D1 1 2.87 2.05 4.75 1.2 Rev-ErbAao
Rev-ErbAa
NR1D2 1 1.1 1.28 1.37 0.76 Rev-ErbAPB Rev-ErbAB
INRlFl 1 1.75 2.51 1.83 2.3 RORo RORo
NRI1F2 1 0.55 1.2 0.93 0.72 RORPB RORSB
NR1F3 1 0.73 0.77 0.74 0.54 RORYy RORYy
NR1H2 1 0.89 0.37 0.63 0.43 LXREBE LXRB
NR1HS3 1 0.56 0.52 0.59 0.48 LXRoa LXRao
NR1H4 1 0.81 1.18 0.86 0.68 FXR FXR
NR1I1 1 1.38 0.54 1.03 0.68 VDR VDR
NR1IZ 1 0.72 0.26 0.64 0.5 PXR PXR
NR1I3 1 2.32 2.1 7.44 11.86 CAR CAR
NR2ZAI1 1 0.94 0.92 0.61 0.48 HNF4.AM HINF4.A
NR2AZ2 1 2.51 3.46 4.41 1.43 HNF4y
HNF4vy
NR2ZB1 1 0.89 1 0.96 0.6 RXR A RYXRA
NR2ZB2 1 2.37 2.76 3.16 1.24 RXREB RXRE
NR2B3 1 0.35 1.06 0.17 0.27 RXRG RXRG
NR2C1 1 0.65 0.28 0.66 0.52 TR?2
TR2
NR2C2 1 10.56 7.22 8.84 3.26 TR4 TRA4
NR2Z2ZE1 1 1.04 1.79 1.14 1.6 TLX —E(
NRZE3 1 1.98 1.26 1.25 0.5 PINR PNER
NR2F1 1 0.74 0.71 0.62 0.45 COUP-TFI COUP-TFI
NR2F2 1 0.8 0.63 0.63 0.43 COUP-TFIL
COUP-TFII
NR2F6 1 1.13 1.29 0.91 0.55 EAR-2 EAR_2
NR3A1 1 1.6 2.42 3.01 2.92 ERao ERa
NR3A2 1 1.4 1.24 0.64 0.16 ERPB @
NR3B1 1 0.82 0.27 0.61 0.56 ERRo ERRa
NR3B2 1 1.02 0.75 0.49 0.27 ERRP ERRB
NR3IB3 1 2.78 1.43 2.51 2.32 ERRYy ERRy
NR3C1 1 0.57 1.01 1.17 1.01 GR. GR
NR3C2 1 0.54 0.6 0.46 0.38 MR NE
NR3C3 1 0.78 0.63 0.68 0.83 PR g
NR3C4 1 0.57 0.46 0.46 0.29 AR A__'R
NR4A1 1 5.13 6.7 6.7 0.24 NGFIB N(}_FIB
NR4A2 1 0.72 0.54 0.79 0.32 NURR1 NURRI1
NR4AASZ 1 0.76 0.75 0.62 0.42 NOR1 NOR1
NRSAI1 1 0.33 0.47 0.7 0.68 SF1 SF1
NRSA2 1 2.09 0.83 1.47 1.27 LRHI1 L;l
NRoeAl 1 1.53 1.88 2.45 1 GCNF GCNF

Hela fold regulation
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Ta

Gene common names|  control 1 pg 100 pg 1 ng 100 ng
NR2B2 RXRB l 4.56 4.94 19.63 9.32
NR1F2 RORp l 211 0.77 §.91 2.39
NR3B2 ERRB l 3.36 4.39 8.07 6.91
NR2BI RXRA l 1.23 1.46 5.5 2.06
NRID2 Rev-ErbAp l 0.54 1.25 5.42 1.16
NRI1B3 RARG l 114 1.24 491 133
NROBI DAXI l 0.37 0.96 4.78 1.51
NR2F6 EAR-] l 0.36 L1 4.63 0.81
NR3C4 AR l 1.69 221 4,06 3.48
NRIC2 PPARD l 3.36 4.39 4,04 6.91
NR4Al NGFIB l 0.3 0.78 3.88 [.23
NRIFI RORA l 0.49 5.04 315 2
NR2C2 IR4 l 0.64 0.84 3 0.88
NR3CI GR l 0.95 0.3 276 1.26
THRA THRA l 0.57 0.6 245 .16
NR2EI 1LX l 0.69 0.49 211 0.81
NRIH3 LARq l 0.8 L] 2.03 1.74
NR4A2 NURRI l 0.44 0.33 1.7 0.24
NR6AI GCNE l 0.87 0.97 142 1.72
NR4A3 NORI l 228 1.24 1.23 133
NRIC3 PPARG l 28 3.05 0.6 1.99
NR2CI IR2 l 1.4 0.4 0.5 0.79
NRSA2 LRHI l L. 1.49 0.2 1.33
NR2F1 COUP-TFI l 1.24 1.01 6.48 1.4
NR3A2 ESR2 l 0.97 10.07 6.3 3.99

Prostate cancer line folds regulation.

© 2025 European Society of Medicine
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Gene Common name Control 1pg/ml 100pg/ml  1ng/mi 100ng/ml
AHR AHR 1 0.92 0.55 1.49 0.56
NR3A2 ESR2 1 0.57 0.62 2.45 1.16
NR3B1 ESRRA 1 18.25 4.94 4.91 9.32
NR3B2 ESRRB 1 3.36 4.39 8.07 6.91
1 || NR2A2 HNF4G 1 1.32 1.57 4.25 2.71

NROB1 DAX1 1 5.15 2.59 9.35 2.32
NROB2 SHP 1 0.97 10.07 6.3 3.99
NR1D1 Rev-ErbAa 1 0.85 0.71 1.4 0.43
NR1H2 LXRB 1 1.23 1.46 5.5 2.06
NR1H3 LXRA 1 0.64 0.84 3 0.88
NR1H4 FXR 1 0.49 5.04 3.15 2
NR1I3 CAR 1 1.69 2.21 4.06 3.48
NR2C1 TR2 1 2.68 7.65 1.1 0.71
NR2C2 TR4 1 4.65 0.74 0.78 6.99
NR2E1 TLX 1 2.8 3.05 0.6 1.99
NR2F1 COUP-TFI 1 1.45 1.39 2.38 0.48
NR2F2 COUP-TFII 1 0.99 0.01 1.99 1.33
NR3C1 GR 1 0.03 0.06 15.65 1.55
NR4A1 NGFIB 1 1.14 1.24 4.91 2.33
NR4A2 NURRT 1 1.1 0.93 1.53 0.91
NR4A3 NORT 1 3.98 3.19 6.7 2.63
NR5A2 LRH1 1 0.74 0.4 0.74 1.53
NR1C1 PPARA 1 1.75 2.36 1.49 1.94
NR1C2 PPARD 1 0.49 5.04 3.15 2
NR1C3 PPARG 1 2.38 3.11 5.72 4.9
NR1B1 RARA 1 2.35 2.54 10.09 4.79
NR1B2 RARB 1 0.68 1.74 1.2 0.79
NR1B3 RARG 1 5.13 4.82 26.41 1.6
NR1F1 RORa 1 0.27 0.28 0.91 0.55

| NR2B1 RXRA 1 1.76 0.94 4.63 1.97

" NR2B3 RXRG 1 2.08 1.24 1.23 2.33

NR1A1 THRA 1 2.79 0.27 0.27 0.25
NR1A2 THRB 1 3.78 0.94 5.52 2.16

Discussion stems from the conformational flexibility of long-chain al-

METADICHOL AS A UNIVERSAL NUCLEAR RECEPTOR cohols, allowing them to adapt to diverse ligand-binding

LIGAND domains (LBDs) across the NR superfamily.¢?

The present study demonstrated that metadichol (a

nanoemulsion of long-chain lipid alcohols (C26, C28, and The nanoemulsion formulation of metadichol (<60 nm

C30)) functions as a universal ligand capable of modu- particle size) represents a critical technological advance-

lating all 49 human nuclear receptors (NRs). This broad- ment that enhances cellular uptake through multiple en-

spectrum activity distinguishes metadichol from conven- docytic pathways, including clathrin-mediated endocyto-

tional NR ligands, which typically exhibit high specificity sis and micropinocytosis.”? This enhanced bioavailability

for individual receptors or receptor subfamilies.® The addresses a fundamental limitation of lipophilic NR lig-

structural basis for this promiscuous ligand behavior likely ands, which often suffer from poor solubility and limited

cellular penetration.”! Once internalized, metadichol can
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readily traverse nuclear membranes due to its lipophilic
nature, facilitating direct interaction with nucleus-local-
ized NRs and their associated chromatin complexes.”2

The nanoemulsion formulation of metadichol (<60 nm
particle size) represents a critical technological advance-
ment that enhances cellular uptake through multiple en-
docytic pathways, including clathrin-mediated endocyto-
sis and micropinocytosis.”% This enhanced bioavailability
addresses a fundamental limitation of lipophilic NR lig-
ands, which often suffer from poor solubility and limited
cellular penetration.”!

When internalized, metadichol can readily traverse nu-
clear membranes due to its lipophilic nature, facilitating
direct interaction with nucleus-localized NRs and their as-
sociated chromatin complexes.”2

CELL TYPE-SPECIFIC NUCLEAR RECEPTOR EXPRESSION
PROFILES

Our comprehensive analysis across seven distinct cell lines
revealed remarkable cell type-specific variations in nu-
clear receptor expression patterns (Table 5-11) follow-
ing metadichol treatment. These differential responses re-
flect the inherent epigenetic landscapes and transcrip-
tional networks that define cellular identity.”3.74

MESENCHYMAL STEM CELLS AND FIBROBLASTS: OPTI-
MAL REPROGRAMMING CANDIDATES

Human mesenchymal stem cells (HMSCs) and normal hu-
man dermal fibroblasts (NHDFs) have emerged as the
most responsive cell types and exhibit robust upregula-
tion of key reprogramming-associated NRs (Tables 3--4).
The dramatic 27.27-fold increase in NR5A1 (SF1) ex-
pression in NHDFs is particularly noteworthy, as SF1 is
traditionally associated with steroidogenic tissues.”5 This
unexpected finding suggests that SF1 may play previ-
ously unrecognized roles in fibroblast biology, potentially
regulating metabolic reprogramming or extracellular
matrix remodeling processes essential for cellular dedif-
ferentiation.”¢

Similarly, the substantial upregulation of NR5A2 (LRH-1)
in both HMSCs and NHDFs aligns with its established role
as a direct Oct4 transcriptional activator.’2 The ability of
LRH-1 to bind Oct4 regulatory elements.

Maintaining pluripotency gene expression makes Oct4 an
ideal candidate for replacing exogenous Oct4 during
iPSC generation.”” The coordinated expression of NR3B2
(ERRB) in these cell types further supports their repro-
gramming potential, as ERRB can function as a substitute
for KIf4 in maintaining pluripotency networks.”8
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Nuclear Receptor |Role in Role in Key Biological Process References
Pluripotency Reprogramming
NR3B1 (ESRRA) |Supports self- Enhances iPSC Mitochondrial function. Drives metabolic 55
renewal via generation switches; strong upregulation in cancer and
metabolism. kidney cells, but suppressed in THP-1,
indicating cell-type specificity.
NR3B2 (ESRRB) |Maintains Replaces KLF4 Pluripotency gene activation. upregulated in 56
pluripotency cancer and stem cells, downregulated in HeLa/
(NANOG target) THP-1, suggesting context-dependent roles.
NR3B3 (ESRRG) |Minor role, Supports Oxidative phosphorylation. Supports 57
supports metabolic needs metabolic shifts; limited but significant in
metabolism Hel a, suppressed in THP-1.
NRSA2 (LRH-1) |Maintains Replaces OCT4 Pluripotency, lipid metabolism. Enhances 58
Oct4expression reprogramming; variable, with upregulation in
NHDF/HEK?293, but suppressed in most
others, indicating cell-specific effects.
NRS5A1 (SF-1) Limited, indirect Minimal role Steroid hormone production. strongly 59
via steroidogenesis upregulated in NHDF/HMSC, significant in
THP-1 at 100pg, but suppressed in HeL a.
NRI1C3 (PPARG) |Promotes Inhibits Adipogenesis. Supports metabolic 60
differentiation reprogramming reprogramming; consistently upregulated
across most cell types, especially NHDF/
HMSC, highlighting broad relevance.
NR1A1l (THRA) Promotes Inhibits Metabolism, development. Enhances 61
differentiation reprogramming metabolic remodeling; strong in HMSC/HeLa,
variable in cancer cells, suppressed in THP-1.
NR1A2 (THRB) Promotes Inhibits Tissue-specific development. Supports 61
differentiation reprogramming metabolic reprogramming; significant in
HMSC/HeLa, absent in others, suggesting
specific roles.
NRIB1 (RARA) Induces Inhibits RARA -mediated differentiation. Enhances 62
differentiation reprogramming efficiency; upregulated in cancer/HEK 293,
suppressed in THP-1, indicating context-
specific effects.
NRI1B3 (RARG) Induces Inhibits Skin/skeletal development. Enhances 63
differentiation reprogramming efficiency; strongly upregulated in cancer
cells, variable elsewhere, suppressed in
THP-1/HeLa.
NR2F1 (COUP- Represses Inhibits Neural/cardiovascular development. Maintains | 64
TF1) pluripotency reprogramming pluripotency; upregulated in HEK293/prostate,
down
NR2F2 (COUP- Represses Inhibits Angiogenesis/heart development. Maintains 64
TF2) pluripotency reprogramming pluripotency; upregulated in NHDF/HEK 293/
THP-1, suppressed in Hel a, indicating
variability.
NROB1 (DAX1) Stabilizes OCT4, Potential enhancer |Steroidogenesis, stem cell regulation. Supports | 65
context-dependent self-renewal; upregulated in cancer/HEK293,
downregulated in NHDF/HMSC/HeLa/THP-1,
showing cell-type specificity.
NR3C1 (GR) Promotes Often inhibits, Stress response, metabolism. Promotes iPSC 66
differentiation context-dependent |generation; upregulated in cancer/HEK 293,
suppressed in NHDF/HMSC/THP-1,
indicating specific contexts.
NR3A2 (ESR2) Limited role May enhance in Reproductive development. Emerging role in 67
specific contexts reprogramming; upregulated in HEK293/
THP-1, suppressed in Hel a, suggesting
limited but specific impact.

Key nuclear receptors and their biological impact on cell reprogramming

Maintaining pluripotency gene expression makes Oct4 an
ideal candidate for replacing exogenous Oct4 during
iPSC generation.”” The coordinated expression of NR3B2
(ERRB) in these cell types further supports their repro-
gramming potential, as ERRB can function as a substitute
for KIf4 in maintaining pluripotency networks.”8

CANCER CELL LINES: CONTEXT-DEPENDENT RESPONSES
The responses observed in cancer cell lines (Hela, THP-1,
TNBC, and prostate cancer cells) reflect the complex in-
terplay between oncogenic signaling and NR-mediated

transcriptional control. The high expression of NRTI3
(CAR) and NR1AT (TRa) in Hela cells suggests that the
activation of stress response pathways is commonly
dysregulated in cancer (79). CAR was initially character-
ized as a xenobiotic sensor and has emerged as a key
regulator of cellular metabolism and drug resistance in
the context of cancer.8°

The widespread downregulation observed in THP-1 cells,
except NR2F2 (COUP-TFII), reflects the specialized tran-
scriptional landscape of immune cells. The role of COUP-
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TFIl in immune cell development and inflammatory re-
sponses may explain its selective upregulation in this mon-
ocytic cell line.8!

DOSE-RESPONSE RELATIONSHIPS AND THERAPEUTIC

WINDOWS

The biphasic dose-response patterns observed for many

NRs, with peak activation at intermediate concentrations

(100 pg/mLto 1 ng/ml) followed by reduced expression

at higher doses (100 ng/ml), suggest the existence of

optimal therapeutic windows for metadichol application.

This phenomenon may reflect several underlying mecha-

nisms:

1. Receptor Saturation: Metadichol may saturate avail-
able NR binding sites at high concentrations, leading
to competitive inhibition and reduced transcriptional
activity.82

2. Feedback Inhibition: Sustained NR activation may
trigger negative feedback loops involving core-
pressor recruitment or receptor degradation path-
ways.83

3. Off-target effects: High metadichol concentrations
may interact with non-NR targets, potentially disrupt-
ing cellular homeostasis and reducing NR-mediated
responses.84

4. Ligand-Induced Conformational Changes: Different
concentrations of metadichol may induce distinct con-
formational states in NR LBDs, leading to differential
coactivator /corepressor recruitment patterns.8s

Mechanistic Insights into iPSC Repro-

gramming

NUCLEAR RECEPTOR-MEDIATED YAMANAKA FACTOR
REPLACEMENT

Our findings prove that specific NRs can functionally re-
place traditional Yamanaka factors (Oct4, Sox2, Klf4,
and c-Myc) in iPSC generation (Table 12). The ability of
NR5A2 (LRH-1) and NR5A1 (SF1) to substitute for Oct4
stems from their capacity to activate core pluripotency
gene networks through direct promoter binding.8¢ Simi-
larly, NR3B2 (ERRB) can replace KIf4 by maintaining the
expression of pluripotency-associated genes and pre-
venting differentiation-promoting pathways.8”

This nuclear receptor-mediated approach to reprogram-

ming offers several advantages over traditional methods:

1. Reduced Oncogenic Risk: Unlike c-Myc, which poses
significant tumorigenic risks, nuclear receptors gener-
ally exhibit more favorable safety profiles.88

2. Enhanced Efficiency: Nuclear receptors can simulta-
neously regulate multiple target genes within plurip-
otency networks, potentially improving reprogram-
ming kinetics.8?

3. Improved Genomic Stability: The absence of viral
integration sites eliminates risks associated with inser-
tional mutagenesis.?°

EPIGENETIC REMODELING AND CHROMATIN DYNAM-
ICS

Nuclear receptors function as pioneer transcription fac-
tors capable of accessing condensed chromatin regions
and initiating epigenetic remodeling cascades.?! Metadi-
chol-activated NRs likely facilitate reprogramming
through multiple epigenetic mechanisms:

1. Chromatin Opening: Nuclear receptors recruit chro-
matin remodeling complexes (SWI/SNF, ISWI) that
disrupt nucleosome organization and expose regula-
tory DNA sequences.??

2. Histone Modifications: Nuclear receptor-associated
coactivators possess histone acetyltransferase and
methyliransferase activities that establish permissive
chromatin states.?3

3. DNA Demethylation: Some nuclear receptors can re-
cruit TET enzymes that promote active DNA demeth-
ylation at pluripotency gene promoters.?4

INTEGRATION WITH CELLULAR LONGEVITY AND
STRESS RESPONSE PATHWAYS

The coordinated upregulation of sirtuins, FOXO1, Klotho,
and TERT alongside NRs suggests that metadichol pro-
motes a comprehensive cellular rejuvenation program
(Table 13). This multifactorial response addresses key
barriers to successful reprogramming:

SIRTUIN ACTIVATION AND METABOLIC REPROGRAM-
MING

Sirtuins (SIRT1-7) regulate metabolic transitions essential
for reprogramming success, including the shift from oxi-
dative phosphorylation to glycolysis, characteristic of plu-
ripotent cells.?5 SIRT1-mediated deacetylation of p53 re-
duces apoptotic sensitivity during the stress reprogram-
ming process.?® Additionally, SIRT3 and SIRT5 regulate
mitochondrial function and metabolic flexibility, support-
ing the bioenergetic demands of rapidly proliferating iP-

SCs.97

FORKHEAD BOX PROTEIN O1 (FOXOT1) AND CELLULAR
STRESS TOLERANCE

The upregulation of forkhead box protein O1 (FOXOT1)
enhances cellular stress tolerance through multiple mech-
anisms, including activating DNA repair pathways and
expressing antioxidant enzymes (109). In pluripotent
stem cells, FOXO1 maintains genomic stability while pre-
serving self-renewal capacity, making it an essential com-
ponent of successful reprogramming protocols.10”

KLOTHO-MEDIATED ANTI-AGING EFFECTS

Klotho is a master regulator of cellular aging processes,
inhibiting oxidative stress and maintaining telomere in-
tegrity.110 Its upregulation by metadichol may counteract
senescence-associated barriers to reprogramming, par-
ticularly in aged somatic cells, which typically exhibit re-
duced reprogramming efficiency.!!

TERT ACTIVATION AND TELOMERE MAINTENANCE
Telomerase reverse transcriptase (TERT) activation ad-
dresses replicative senescence in reprogrammed cells.!'2
In addition to its canonical role in telomere extension,
TERT performs noncanonical functions in Whnt signaling
and mitochondrial homeostasis that support pluripotency
maintenance.!13

VITAMIN C INDUCTION AND EPIGENETIC ENHANCE-
MENT

The metadichol-mediated induction of vitamin C synthesis
represents a novel mechanism for enhancing reprogram-
ming efficiency. Vitamin C is an essential cofactor for TET
enzymes and Jumoniji domain-containing
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\

Histone demethylases are crucial in establishing pluripo-
tency-associated chromatin states.!14 Restoring vitamin C
biosynthetic capacity through GULO gene activation may
provide sustained epigenetic support throughout repro-
gramming.'15

Clinical translation and therapeutic appli-

cations

ADVANTAGES OF NONVIRAL REPROGRAMMING

The nonviral nature of metadichol-mediated reprogram-

ming addresses several critical safety concerns associ-

ated with traditional approaches:

1. Elimination of Integration Risk: The absence of viral
vectors eliminates the risks of insertional mutagenesis
and oncogene activation.!16

2. Scalable Manufacturing: Chemical-based repro-
gramming protocols are more amenable to large-
scale, GMP-compliant production than viral-based
methods.!1”

3. Regulatory advantages: Nonviral approaches face
fewer regulatory hurdles and may achieve faster
clinical approval timelines.!'8

Disease-Specific Applications

DIABETES AND BETA CELL REPLACEMENT

The demonstrated ability of metadichol to induce insulin-
producing cell formation in PANC-1 cells suggests signif-
icant therapeutic potential for diabetes treatment.33 The
coordinated activation of pancreatic transcription factors
and metabolic enzymes necessary for beta cell function
indicates that metadichol may facilitate direct transdif-
ferentiation approaches that bypass the iPSC intermedi-
ate stage.!1?

ONCOLOGY APPLICATIONS
The differential nuclear receptor expression patterns ob-
served in cancer cell lines suggest that metadichol may

exhibit context-dependent effects in oncological settings.
While promoting reprogramming in normal cells, metadi-
chol may simultaneously inhibit oncogenic pathways in
transformed cells through NR-mediated tumor suppressor
activation.'20 This dual mechanism could be valuable in
cancer treatment strategies, combining cellular repro-
gramming with tumor suppression.’2!

REGENERATIVE MEDICINE

The robust responses observed in HMSCs and NHDFs po-
sition these cell types as optimal candidates for autolo-
gous cell therapy applications. Patient-derived fibro-
blasts can be efficiently reprogrammed with metadichol,
differentiated into desired cell types, and reintroduced
without immunological rejection concerns.!22

Limitations and Future Directions
MECHANISTIC UNDERSTANDING

While our study demonstrated the broad nuclear recep-
tor activation capacity of metadichol, the precise molec-
ular mechanisms underlying its promiscuous ligand behav-
jor require further investigation. Structural studies using
X-ray crystallography or cryo-electron microscopy could
elucidate how metadichol adapts to diverse NR LBD ar-
chitectures.'23 Additionally, molecular dynamics simula-
tions could provide insights into the conformational flexi-
bility that enables universal NR binding (124).

OPTIMIZATION OF THE REPROGRAMMING PROTO-
COLs

Future studies should optimize metadichol concentrations,
treatment durations, and combination therapies to max-
imize reprogramming efficiency while minimizing off-tar-
get effects. The biphasic dose-response relationships ob-
served suggest that personalized dosing strategies may
be necessary for different cell types and patient popu-
lations.125

© 2025 European Society of Medicine 19




Conclusion

This study provides a comprehensive analysis of the ex-
pression and functional roles of NRs in regulating stem-
ness in seven distinct human cell lines. The results indicate
that specific NRs, particularly orphan NRs, such as ERRf3
(NR3B2), LRH-T (NR5A2), SF1 (NR5A1), DAX1 (NROB1),
and PPARy (NR1C3), are differentially expressed and
play important roles in maintaining or suppressing stem-
ness characteristics, depending on the cellular context.
Notably, cell lines, such as HMSCs and NHDFs, exhibit ro-
bust expression of multiple stemness-promoting NRs, sug-
gesting increased potential for reprogramming and self-
renewal. In contrast, other lines, such as HeLa and THP-1
cells, display limited or context-dependent NR activity,
which is correlated with reduced pluripotency potential.

These findings accentuate the dualistic nature of NR func-
tion. Although some NRs, such as ERRP and LRH-1, directly
activate core pluripotency genes and can substitute for
classical Yamanaka factors in iPSC reprogramming, oth-

profiles provide a foundation for future studies into NR-
mediated reprogramming and differentiation, with sig-
nificant implications for basic biology and translational
therapeutics. The robust responses observed in NHDFs
and HMSCs underscore their suitability for NR-mediated
reprogramming. In contrast, the ability of Metadichol to
induce the expression of pluripotency markers and dif-
ferentiation factors highlights its potential in regenerative
medicine. With applications in diabetes, oncology, and
tissue repair, this nonviral approach provides innovative
therapeutic strategies and personalized medicine; how-
ever, to optimize protocols and translate these findings
into clinical practice, further studies are warranted to en-
sure that the potential of metadichol is fully realized in
advancing human health.
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