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Adrenergic-driven thermogenic activation of brown adipose tissue requires

high amounts of nutrients including iron to support mitochondrial biogenesis.

This is governed by rapid gene expression changes in ex vivo differentiated

human cervical-derived brown adipocytes. Transferrin receptor 1 (TFRC) is

upregulated in response to dibutyryl-cAMP. We aim to investigate the mech-

anism of facilitated iron uptake when thermogenesis is activated. Pharmaco-

logical inhibition and siRNA-mediated knock-down of TFRC during

stimulation decrease intracellular iron content and prevent elevation of oxy-

gen consumption and induction of thermogenic markers. Deferoxamine-

mediated iron chelation also shows comparable effects. Contrarily, the

expression of ferroportin exporter is suppressed during activation; however,

its inhibition does not increase thermogenesis. Brown adipocytes constitutively

express and secrete high amounts of transferrin, while melanotransferrin

expression and release are upregulated only in activated adipocytes. In silico

analysis suggests that melanotransferrin interacts with the helical domain of

TFRC. Our findings support that iron is critical in stimulating adipocyte

thermogenesis.

Keywords: human cervical-derived adipocytes; iron uptake;

melanotransferrin; mitochondrial biogenesis; thermogenic activation;
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Adipose tissue is recognized not only for its role in

regulating energy balance and glucose homeostasis,

but also for its involvement in diverse

pathophysiological processes mainly with regard to

metabolic diseases such as obesity and diabetes melli-

tus [1]. Three distinct types of adipocytes have been
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classified in mammals according to their thermogenic

potential: non-thermogenic white adipocytes and two

heat-producing subtypes including classical brown and

inducible brite (brown-in-white) or beige adipocytes

[2]. White adipose tissue (WAT), which is the most

abundant form of adipose tissue, plays a critical role

in nutrient homeostasis by storing energy in the form

of triacylglycerols produced by the esterification of

fatty acids with glycerol. Unlike WAT, brown adipose

tissue (BAT) dissipates energy as heat mainly via the

activity of uncoupling protein-1 (UCP1), which facili-

tates proton leak across the inner mitochondrial mem-

brane [3].

In humans, BAT has been considered only to be

found in newborns for a long period of time. How-

ever, nearly two decades ago, independent studies

demonstrated the presence of BAT in the deep cervical

(DeepC) depot of adults [4,5]. Using a refined tech-

nique of positron emission tomography/computed

tomography (PET/CT), Leitner et al. [6] observed that

brown or brownable adipose tissue can be found in

DeepC, supraclavicular, axillary, mediastinal, para-

spinal, and abdominal regions. These areas are rich in

both classical brown and beige adipocytes, distin-

guished by multilocular lipid droplets and a high den-

sity of mitochondria possessing dense cristae [7,8].

Efficient heat production requires activation primarily

by the sympathetic nervous system (SNS), which

densely innervates BAT. The released norepinephrine

binds to β-adrenergic receptors, which induce a signal-

ing cascade leading to adenylyl cyclase activation;

then, the produced 30,50-cyclic adenosine monopho-

sphate (cAMP) transmits the thermogenic signal

mainly via Protein Kinase A [9]. This results in stimu-

lation of lipolysis, fatty acid elongation, mitochondrial

biogenesis, UCP1-dependent and independent thermo-

genesis, and characteristic gene expression changes

[10,11].

Thermogenically active adipocytes utilize high

amounts of nutrients [12] either for fueling catabolism

or as structural components in various proteins. In

association with its high metabolic activity, BAT

accounts for approximately 5% of the basal metabolic

rate in adult humans, equivalent to the oxidation of

around 4 kg of fat per year [13]. Mitochondrial biogen-

esis and thermogenesis require iron as an essential

cofactor for the synthesis of iron–sulfur clusters and

heme groups incorporated into respiratory chain com-

plexes [14,15]. In rodents, iron deficiency resulted in

impaired adaptive thermogenic capacity of BAT and

contributed to the development of obesity [16–18].
Intracellular iron homeostasis is mediated by the cell

autonomous changes in the expression levels of iron

transporter and storage proteins regulated primarily at

the post-transcriptional level by two cytosolic

RNA-binding proteins, iron regulatory protein (IRP) 1

and IRP2, in response to iron availability. Transferrin

receptor 1 (TFRC) is a homodimer glycoprotein com-

posed of two 90 kDa subunits linked by disulfide

bonds [19]. It binds extracellular transferrin (TF) pro-

teins loaded with ferric iron (Fe3+) in both lobes and

mediates cellular iron uptake via receptor-mediated

endocytosis. Within endosomes, Fe3+ is reduced to fer-

rous iron (Fe2+) and subsequently transported across

the endosomal membrane into the cytoplasm. After

iron release, the apo-TF–TFRC complex is recycled to

the plasma membrane, where apo-TF dissociates at

physiological pH, allowing the receptor to initiate

another uptake cycle [20]. Melanotransferrin (MELTF)

is a TF homolog, which can be either cell membrane

bound or secreted, with a significant iron binding abil-

ity [21]. Homeostatic iron regulator (encoded by HFE )

can also bind to TFRC to regulate cellular iron uptake

[22]. Ferroportin, encoded by SLC40A1, transports

iron from the inside to the outside of the cell, playing

a key role in maintaining not only intracellular but

also systemic iron homeostasis [23].

In order to identify critical molecular regulators of

thermogenesis activation in human cervical-derived

adipocytes, adipose-derived stromal cells (ASCs) were

isolated from paired DeepC and cervical subcutaneous

(SubQ) adipose tissue biopsies. Adipocytes differenti-

ated from DeepC ASCs displayed high, while the

SubQ-derived ones had limited but significant thermo-

genesis potential, respectively [7]. When a global tran-

scriptomic profile analysis was performed, we found

that adrenergic stimulation significantly increased the

expression of TFRC and MELTF, downregulated

SLC40A1, while the expression of TF remained con-

stantly high [11] (available at Sequence Read Archive

database under accession number PRJNA1093362).

Previous studies concluded that iron availability and

its TFRC-mediated influx are critical for the thermo-

genic competency of murine brown and beige adipo-

cytes [16,17,24,25]. However, data are limited about

the requirement and the mechanism of facilitated

uptake of iron in response to adrenergic-driven ther-

mogenesis activation, especially in human cell models.

We found that the prevention of activation induced

iron influx by a chelator or pharmacological inhibition

and silencing of TFRC significantly repressed the ther-

mogenic response of both SubQ and DeepC-derived

adipocytes. Furthermore, we observed constant high

expression and secretion of TF and a strong upregula-

tion of MELTF by cervical-derived adipocytes suggest-

ing that the release of iron-binding proteins by

2 FEBS Letters (2026) ª 2026 The Author(s). FEBS Letters published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

Iron influx activates adipocyte thermogenesis R. Alrifai et al.

 18733468, 0, D
ow

nloaded from
 https://febs.onlinelibrary.w

iley.com
/doi/10.1002/1873-3468.70312 by U

niversity O
f D

ebrecen, W
iley O

nline L
ibrary on [01/03/2026]. 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



thermogenic adipocytes can stimulate iron accumula-

tion during adrenergic-driven activation.

Materials and methods

Materials

All chemicals were obtained from Sigma-Aldrich (Munich,

Germany) unless otherwise specified.

Methods

Ethics statements and obtained tissue samples

The collection of tissue samples was approved by the Medi-

cal Research Council of Hungary (20571-2/2017/EKU) in

accordance with the EU Member States’ Directive 2004/23/

EC regarding presumed consent for tissue collection. All

experiments complied with the guidelines of the Helsinki

Declaration. Informed consents were obtained from all par-

ticipants prior to the surgical procedure who underwent

planned surgical treatment because of euthyroid goiter or

other benign lesions. All tissues used in this study were col-

lected during the period 2020–2024 in the Department of

Surgery, Faculty of Medicine, University of Debrecen.

Paired biopsy samples from SubQ and DeepC adipose tis-

sues were obtained during thyroid surgery to diminish the

inter-individual variability. Patients with pre-existing diabe-

tes mellitus, malignant tumors, or abnormal thyroid hor-

mone levels at the time of surgery were excluded from the

study. Human ASCs were isolated from the stromal-

vascular fraction (SVF) of SubQ and DeepC adipose tissue

biopsies, as previously described [7,11]. Briefly, after the

connective tissues were removed, the tissues were cut into

small pieces, digested in PBS containing 120U�mL�1 colla-

genase from Clostridium histolyticum (cat#c0773), and incu-

bated at 37 °C for 1–2 h. Next, the cell suspension was

centrifuged at 330 g for 7 min and SVF pellets were resus-

pended in Dulbecco’s Modified Eagle’s Media/Nutrient F-

12 Ham (DMEM-F12, cat#T2252) medium supplemented

with 10% Fetal Bovine Serum (cat#A5256701; Thermo

Fisher Scientific, Waltham, MA, USA), 100 U�mL�1

penicillin–streptomycin (cat#11074440001; Roche, Basel,

Switzerland), 33 μM biotin (cat#B4639), and 17 μM pan-

tothenic acid (cat#P5155). The absence of Mycoplasma was

verified utilizing a polymerase chain reaction (PCR) Myco-

plasma Test Kit I/C (cat#PK-CA91; Promocell, Heidelberg,

Germany).

Differentiation and treatment of human ASCs

Primary human SubQ and DeepC-derived adipocytes were

differentiated from SVF according to a described adipo-

genic differentiation protocol to obtain cells with limited

and high thermogenic potential, respectively [11].

Adipocytes originated from 7 independent donors (five

females and two males with a mean age of 51 years old)

were included. Differentiation was induced using

serum-free DMEM-F12 medium supplemented with 33 μM
biotin, 17 μM pantothenic acid, 100 U�mL�1 penicillin/

streptomycin, 10 μg�mL�1 human apo-TF (cat#T2252),

20 nM human insulin (cat#I9278), 200 pM triiodothyronine

(cat#T6397), 100 nM hydrocortisone (cat#H0888), 2 μM
rosiglitazone (cat#71740; Cayman Chemicals, Ann Arbor,

MI, USA), 25 nM dexamethasone (cat#D1756), and 500 μM
3-isobutyl-1-methylxanthine (cat#I5879, IBMX). After

3 days, rosiglitazone, dexamethasone, and IBMX were

omitted from the differentiation medium. After 14 days of

differentiation, mature adipocytes were treated with

500 μM dibutyryl (db)-cAMP (cat#D0260) for 10 h to acti-

vate them for thermogenesis, in the presence or absence

of 10 μM iron chelator deferoxamine (cat#D9533, DFO)

[26], or 200 nM ferroportin antagonist (VIT-2763; cat#

HY-112220; Med Chem Express, Monmouth Junction,

NJ, USA), or 50 μM Ferristatin II (cat#NSC8679) TFRC

inhibitor [27].

Small-interfering RNA (siRNA)-mediated knock-down

of TFRC in human DeepC-derived adipocytes

Transfection and gene silencing experiments were

performed using DharmaFECT1 transfection reagent

(cat#T-2001-03; Dharmacon, Lafayette, CO, USA) at day

14 of differentiation by following the manufacturer’s

instructions. Mature DeepC-derived adipocytes were incu-

bated with a mixture of DharmaFECT1 and 100 nM of

TFRC-targeting siRNA (cat#L-003941-00-0005; Dharma-

con ON-TARGETplus SMARTpool Human TFRC

siRNA) or 100 nM non-targeting (scrambled) siRNA

(cat#D-001810-10-20, Dharmacon plus non-targeting con-

trol pool) for 48 h at 37 °C with 5% CO2. Following the

incubation time, adipocytes were activated with 500 μM
db-cAMP for 10 h.

RNA isolation and RT-qPCR

Cells were collected and total RNA was isolated as

described previously [7]. The concentration and purity of

the isolated RNA was checked by using a Nanodrop 2000

Spectrophotometer (Thermo Fisher Scientific). RNA was

diluted to 100 ng�μL�1 for all samples and was reverse tran-

scribed to cDNA by using a reverse transcription kit

(cat#4368814; Thermo Fisher Scientific) following the man-

ufacturer’s instructions. Validated TaqMan assays used in

qPCR were designed and supplied by Thermo Fisher Scien-

tific as listed in Table S1. qPCR was performed in a Light

Cycler 480 II (Roche). The following conditions were set to

perform the reactions: initial denaturation step at 95 °C for

1 min followed by 40 cycles of 95 °C for 12 s and 60 °C for

30 s. Gene expression values were calculated by the
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comparative threshold cycle (Ct) method as described in

the previous publication [28]. Gene expressions were nor-

malized to the geometric mean of ACTB and GAPDH.

Normalized gene expression levels equal 2�ΔCt .

Immunostaining and fluorescent imaging

Differentiated and activated adipocytes were washed and

fixed in 4% paraformaldehyde for 5 min followed by

staining with anti-TFRC (1 : 100, cat#K1821; Santa Cruz

Biotechnology, Dallas, TX, USA) primary antibody at

room temperature overnight. Alexa 633 goat anti-mouse

IgG (H+ L) (1 : 1000, cat#A21050; Thermo Fisher Scien-

tific) was used as a secondary antibody. Antibodies were

applied and additional washing steps between and after

antibody usage were performed in the presence of 0.1%

saponin in PBS for effective cell permeabilization. Finally,

cells were stained with 2 μM Hoechst 33342

(cat#VL3148741; Thermo Fisher Scientific) and AdipoRed

(1 : 40, cat#PT-7009; Lonza, Basel, Switzerland) for

15 min. Confocal imaging was performed on a Leica

(Wetzlar, Germany) TCS SP8 system coupled to a Leica

DM6000 microscope using a Leica HC PL APO 63×/1.4
NA OIL CS2 objective. Laser power, detector gain, and

offset were kept constant between samples, and the pin-

hole was maintained at 1 Airy unit. 1024 × 1024 scan for-

mat and 0.75× zoom factor were used to include more

cells. Image acquisition was performed in bidirectional

scanning mode at 100 Hz with PhaseX correction. Owing

to the thickness of lipid droplet–filled adipocytes, images

were acquired as Z-stacks with a step size of 0.4 μm.

Fluorescence was recorded in three channels in sequential

mode, and final images represent sum intensity projections

generated in FIJI IMAGEJ software (National Institutes of

Health, Bethesda, MD, USA). The Hoechst and Nile Red

channels, respectively marking nuclei and lipid droplets,

were overlaid on the immunofluorescent signal of the pro-

tein of interest to aid spatial interpretation.

Immunoblotting and densitometry

Immunoblotting and densitometry were carried out as

described previously [29]. Differentiated adipocytes were

washed with ice-cold PBS, lysed by using the denaturing

agent SDS, and then collected to be loaded onto a SDS

polyacrylamide gel. Subsequently, the proteins were trans-

ferred onto PVDF Immobilon-P Transfer Membranes

(cat#IPVH00010; Merck Millipore Ltd., Cork, Ireland), fol-

lowed by a blocking step in Tris-buffered saline containing

0.05% Tween-20 (TBS-T) and 5% skimmed milk for 1 h.

Antibodies and working dilutions are listed in Table S2.

For human mitochondrial respiratory complex subunits, an

antibody cocktail was applied allowing the detection of

each complex simultaneously. The expression of the

visualized immunoreactive proteins was quantified by densi-

tometry using the FIJI IMAGEJ software as previously

described [11,30].

Iron content measurement

Mature adipocytes which were treated with db-cAMP,

DFO, VIT-2763, or a combination of db-cAMP and DFO

or VIT-2763 were homogenized in 50 μL of the iron assay

buffer. Intracellular iron levels in TFRC-silenced adipo-

cytes were also measured similarly. Total iron content

(Fe2+ and Fe3+) levels were quantified by using a commer-

cially available iron assay kit (cat#MAK025) according to

the manufacturer’s protocols. Iron levels were quantified in

the conditioned culture medium following ferristatin II

treatment. To determine iron influx, the iron concentration

in the conditioned cultured medium was measured and

compared with that of the unconditioned cultured medium.

Iron influx was calculated as the difference between the

unconditioned and conditioned medium, where a lower

iron concentration in the cultured medium indicated cellu-

lar iron uptake. The quantified intracellular iron levels were

normalized to cellular protein contents which were mea-

sured by using the Pierce™ BCA protein assay kit

(cat#23225; Thermo Fisher Scientific).

Extracellular flux assay

Oxygen consumption rate (OCR) of adipocytes was mea-

sured using an XF96 oxymeter (Seahorse Biosciences,

North Billerica, MA, USA) as described previously [31].

The OCR was recorded at baseline and after the injection

of db-cAMP, DFO, VIT-2763, ferristatin II, or a combina-

tion of db-cAMP and one of the inhibitors. For TFRC

knock-down experiments, the extracellular flux assay was

performed upon 48 h silencing by TFRC siRNA. Proton

leak respiration was monitored after injecting oligomycin

(cat#495455) at a 2 μM concentration. Cells received a single

bolus of Antimycin A (cat#A8674) at a 10 μM concentra-

tion for baseline correction (measuring non-mitochondrial

respiration). The OCR was normalized to protein contents

which were measured by using Pierce™ BCA protein assay

kit.

Measurement of human TF and MELTF secretion

The conditioned media after the 10 h activation were col-

lected and stored in �70 °C prior the measurement. ELISA

kits were used to measure TF (cat#EHTF; Thermo Fisher

Scientific) and MELTF (cat#NBP3-39829; Novus Biologi-

cals, Centennial CO, USA) secretion. The concentration of

both proteins in the conditioned media was calculated in

accordance with the supplier’s instructions.
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Interactome analysis and visualization

Protein–protein interactions among TFRC, MELTF, TF,

and ferroportin were analyzed by using STRING (https://

string-db.org) [32] and visualized by using GEPHI 0.9 (The

Gephi Consortium, Paris, France).

Single nuclei (sn) RNA-sequencing (RNA-seq) analysis

Available snRNA-seq dataset was explored by using public

webtool (https://batnetwork.org/) as described by Sun et al.

[33].

Structural modeling and protein–protein interaction

analysis

The interaction between MELTF and TFRC was predicted

using ALPHAFOLD2 and ALPHAFOLD2-MULTIMER implemen-

ted through COLABFOLD V1.5.5 (https://colab.research.

google.com/github/sokrypton/ColabFold/blob/main/Alpha

Fold2.ipynb) [34,35]. Protein inputs included the TFRC

dimer (PDB: 1SUV, chains A–B) and the MELTF mono-

mer (PDB: 6XR0, chain C) [36,37]. The TFRC–TF com-

plex structure was provided as a template to guide model

refinement. Multiple sequence alignments were generated

with mmseqs2_uniref_env, and structural templates were

identified using HHSEARCH. The five top-ranked models

were refined with the AMBER force field and evaluated

using predicted Local Distance Difference Test (pLDDT),

Predicted Aligned Error (PAE), and interface predicted

Template Modeling (ipTM) scores [38]. Interfacial residues

were identified with InterProSurf [39] by using the TFRC–
TF reference structure and the predicted TFRC–MELTF

complex. Identified residues were used to define docking

restraints. Docking simulations were performed using HAD-

DOCK 2.4 [40]. The docking protocol included rigid-body

energy minimization (1000 models), semi-flexible simulated

annealing refinement (200 models), and explicit solvent

refinement (200 models). Docking results were evaluated by

HADDOCK score, Z-score, RMSD, and buried surface area

(BSA). Two-dimensional interaction fingerprints were gen-

erated with PDBsum to identify hydrogen bonds, van der

Waals, disulfide, and electrostatic interactions [41].

Three-dimensional conformations and molecular surfaces

were visualized using PYMOL V3.1.6.1 (Schrödinger Inc,

New York City, NY, USA).

Data visualization and statistical analysis

The data are expressed as the mean� standard deviation

(SD). The normality of data distribution was assessed by

the Shapiro–Wilk test. Group comparisons were conducted

using one-way analysis of variance (ANOVA), followed by

Tukey’s post hoc test. All statistical analyses and data visu-

alizations were generated using GRAPHPAD PRISM, VERSION 8

(GraphPad Software, San Diego, CA, USA). Graphical

abstract was curated by using Biorender under licencing

rights for open access publication with agreement

AM29EBDO3Z.

Results

Adrenergic stimulation induced the expression of

iron import-related proteins while

downregulated iron exporter in cervical

area-derived adipocytes

We previously reported the global transcriptomic alter-

ations in human SubQ and DeepC-derived adipocytes

in response to db-cAMP treatment [11] and found that

the expression of genes encoding iron transport-related

proteins (Fig. 1A) was regulated upon thermogenic

activation (Fig. 1B). TFRC was among the genes

whose expressions were significantly induced by

db-cAMP (Fig. 1C), and this result was confirmed by

RT-qPCR (Fig. 1D). The expression of TF, which

encodes a key protein responsible for extracellular iron

transport by adipocytes, was also analyzed. Our

RNA-seq data showed that it was constitutively highly

expressed and not influenced by adrenergic-driven acti-

vation in either SubQ or DeepC-derived adipocytes

(Fig. 1E), and RT-qPCR verified this expression pat-

tern (Fig. 1F). In contrast, the expression of iron

exporter ferroportin (encoded by SLC40A1) was sup-

pressed by db-cAMP in both SubQ and

DeepC-derived adipocytes (Fig. 1G). The mRNA

expression data detected by RT-qPCR validated the

similar expression pattern of ferroportin (Fig. 1H).

Adrenergic stimulation driven by db-cAMP also

induced the mRNA expression (Fig. 1I,J) of MELTF,

especially in the thermogenically prone DeepC-derived

adipocytes, which to date has not been recognized as

an expressed iron transport-related protein by adipo-

cytes. Our data suggest that thermogenically activated

human cervical-derived adipocytes maintain sufficient

intracellular iron levels by upregulating the expression

of proteins required for iron uptake, meanwhile down-

regulating ferroportin that is responsible for iron

efflux.

DFO-mediated iron depletion reduced oxygen

consumption and expression of mitochondrial

complex subunits and thermogenic genes in

human adrenergic activated cervical-derived

adipocytes

Primarily, we aimed to investigate whether restriction

of iron availability prevents effective thermogenesis
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Fig. 1. The effect of dibutyryl (db)-cAMP-driven stimulation of thermogenesis on the expression of iron transport-related proteins in human

ex vivo differentiated subcutaneous (SubQ) and deep cervical (DeepC)-derived adipocytes. (A) Schematic figure displaying the iron transport

proteins. Figure was created by Biorender under licencing rights for open access publication with agreement number WV29EBDIBT. (B)

Protein–protein interactions between transferrin receptor (TFRC), transferrin (TF), melanotransferrin (MELTF), and ferroportin based on

STRING (www.string-db.org) analysis was generated by GEPHI 0.9. The thickness of the edges represents the confidence level of the interac-

tion. Red: the mRNA expression was induced by db-cAMP in both SubQ and DeepC-derived adipocytes, blue: the mRNA expression was

suppressed by db-cAMP in both adipocyte types, and gray: no change in expression [11]. (C, E, G, I) Normalized mRNA counts of TFRC (C),

TF (E), SLC40A1/ferroportin (G), and MELTF (I) based on RNA-sequencing data, n= 4. The RNA-sequencing datasets generated and analyzed

for this study can be found in the Sequence Read Archive (SRA) database [https://www.ncbi.nlm.nih.gov/sra] under accession number

PRJNA1093362 [11]. Statistical analysis of FASTQ files aligned to BAM were performed by DESeq2. ****P< 0.0001. (D, F, H, J) mRNA

expression of TFRC (D), TF (F), ferroportin (H), and MELTF (J) validated by RT-qPCR. Data are presented as mean� SD, n= 3, statistical

analysis was performed by one-way ANOVA followed by Tukey’s post hoc test, *P< 0.05, **P< 0.01, and *** P< 0.001.
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activation. We found that the intracellular iron con-

tents were increased by db-cAMP in both SubQ and

DeepC-derived adipocytes, and this elevation was

impaired by DFO (Fig. 2A). Next, we investigated the

effect of DFO-mediated iron chelation on the oxygen

consumption and found that stimulated maximal and

proton leak respiration, which is associated with

UCP1-dependent heat generation, were decreased dur-

ing adrenergic stimulation in both SubQ (Fig. 2B) and

DeepC-derived (Fig. 2C) adipocytes. We also found

that DFO prevented the upregulation of mitochondrial

complex I and II subunits during thermogenic

activation by db-cAMP in both SubQ and

DeepC-derived adipocytes (Figs 2D, S1). In case of

complex IV subunit, DFO hampered the db-cAMP

stimulated upregulation only in DeepC-derived adipo-

cytes (Figs 2D, S1).

After observing the effect of DFO-mediated iron

chelation on the oxygen consumption and heat gener-

ation, we were curious whether the expression of

thermogenic genes was also affected. The db-cAMP-

stimulated elevation of UCP1 and PGC1a was ham-

pered by DFO at both mRNA and protein levels

only in DeepC-derived adipocytes (Fig. 3A,B). We

Fig. 2. The effect of iron chelator deferoxamine (DFO) on oxygen consumption and protein expression of mitochondrial complex subunits in

human ex vivo differentiated SubQ and DeepC-derived adipocytes. SubQ and DeepC-derived adipocytes were treated with 500 μM db-

cAMP, 10 μM DFO, or a combination of the two compounds for 10 h. (A) Intracellular iron content of adipocytes. (B, C) Basal, db-cAMP

stimulated maximal, and proton leak oxygen consumption rate (OCR) in SubQ (B) and DeepC-derived (C) adipocytes were quantified by

Seahorse extracellular flux analysis. (D) Protein expression of mitochondrial complex subunits detected by immunoblotting. The original

uncropped images of the full-length blots are displayed in Fig. S1. Data are presented as mean� SD, n= 4, statistical analysis was

performed by one-way ANOVA followed by Tukey’s post hoc test, *P< 0.05, **P< 0.01, and ***P< 0.001.
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also observed that iron depletion decreased the pro-

tein expression of PGC1a in DeepC-derived adipo-

cytes at unstimulated conditions (Figs 3B, S2), likely

due to impaired mitochondrial biogenesis, which

requires high amounts of iron. In addition, we also

investigated the expression of DIO2, CITED1, and

PM20D1 and found that their adrenergic-driven upre-

gulation was prevented in the presence of DFO

(Fig. 3C). These data suggest that iron depletion

inhibits the db-cAMP-stimulated elevation of intracel-

lular iron content, resulting in hampered oxygen con-

sumption, mitochondrial complex subunit I, II, and

IV, and thermogenic gene expression in the cervical-

derived adipocytes.

Inhibition of TFRC by ferristatin II decreased iron

influx and the expression of mitochondrial

respiratory chain proteins and thermogenic

markers in human adrenergic activated cervical-

derived adipocytes

As a next step, cervical-derived adipocytes were treated

with ferristatin II to specifically inhibit TFRC by pro-

moting its internalization and degradation via a

lysosome-dependent pathway [27]. In parallel with

mRNA expression shown in Fig. 1C, D, the protein

expression of TFRC was elevated by adrenergic stimu-

lation (Fig. 4A,B), primarily distributed in punctate

structures in the cytoplasm (Fig. 4A), which was

Fig. 3. The effect of iron chelator DFO on the expression of thermogenic markers in human ex vivo differentiated SubQ and DeepC-derived

adipocytes. Adipocytes were differentiated and treated as in Fig. 2. (A, B) mRNA (A) and protein (B) expression of UCP1 and PGC1a

detected by RT-qPCR and immunoblotting, respectively. The original uncropped images of the full-length blots are displayed in Fig. S2.

(C) mRNA expression of DIO2, CITED1, and PM20D1 detected by RT-qPCR. Data are presented as mean� SD, n= 4, statistical analysis

was performed by one-way ANOVA followed by Tukey’s post hoc test, *P< 0.05, **P< 0.01, and ***P< 0.001.

8 FEBS Letters (2026) ª 2026 The Author(s). FEBS Letters published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

Iron influx activates adipocyte thermogenesis R. Alrifai et al.

 18733468, 0, D
ow

nloaded from
 https://febs.onlinelibrary.w

iley.com
/doi/10.1002/1873-3468.70312 by U

niversity O
f D

ebrecen, W
iley O

nline L
ibrary on [01/03/2026]. 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



significantly decreased upon ferristatin II treatment at

both control and db-cAMP stimulated conditions

(Figs 4B, S3). Ferristatin II promotes clathrin-

independent endocytosis of TFRC; therefore, instead of

being recycled back to the plasma membrane, TFRC is

redirected to the lysosome for degradation [27]. We also

found that ferristatin II prevented the iron influx into

DeepC-derived adipocytes during thermogenic activa-

tion (Fig. 4C). In parallel, the expression of mitochon-

drial complex subunits, which contain iron–sulfur
clusters (complexes I, II, and III) or heme groups (com-

plexes II, III and IV) in their structures [14], was

decreased by ferristatin II at both unstimulated and db-

cAMP-activated conditions in SubQ and DeepC-

derived adipocytes (Figs 4D, S3). On the other hand,

TFRC inhibition did not influence protein expression of

complex V, which is composed of neither an iron–sulfur
cluster nor a heme-containing subunit in its struc-

ture [14] (Figs 4D, S3). These data indicate that TFRC-

mediated iron uptake is essential to maintain the high

expression of iron-containing mitochondrial respiratory

chain proteins during thermogenic activation.

Next, we investigated the effect of ferristatin II-

mediated TFRC inhibition on the expression of thermo-

genic markers. We found that ferristatin II prevented the

db-cAMP-stimulated upregulation of UCP1 and PGC1a

at both mRNA and protein levels in human SubQ and

DeepC-derived adipocytes (Fig. 5A,B). In unstimulated

conditions, the inhibitor also reduced the protein expres-

sion of UCP1 and PGC1a in the DeepC-derived adipo-

cytes with high thermogenic competency (Figs 5B, S4),

likely because of impaired mitochondrial biogenesis

resulting from iron deficiency. The adrenergic-driven

upregulation of other thermogenic marker genes, includ-

ing DIO2, CITED1, and PM20D1, was also hampered

by ferristatin II (Fig. 5C). These findings suggest that

iron also plays a role in heat generation by regulating

gene expression of thermogenic markers.

TFRC knock-down by siRNA impaired

mitochondrial respiration and the expression of

mitochondrial complex subunits and

thermogenic markers during thermogenic

activation of DeepC-derived adipocytes

To specifically examine the effects of TFRC, finally we

used siRNA targeting multiple sequences to knock

down TFRC expression in the thermogenically prone

DeepC-derived adipocytes. First, we checked whether

the knock down was successful and found that the

mRNA and protein expression of TFRC was signifi-

cantly reduced upon siRNA-mediated knock down

(Figs 6A,B, S5). In parallel, the db-cAMP-driven

elevation of intracellular iron content (Fig. 6C), stimu-

lated maximal and proton leak respiration (Fig. 6D)

was also prevented as a result of TFRC silencing. We

also observed that the protein expression of mitochon-

drial complex subunits I, II, and IV was decreased in

response to TFRC knock down during adrenergic acti-

vation (Figs 6E, S5). Next, we investigated the expres-

sion of thermogenic genes upon TFRC silencing and

found that the db-cAMP-stimulated upregulation of

UCP1 and PGC1a was hampered by TFRC knock

down (Fig. 7A,B, S6). In addition, the mRNA expres-

sion of DIO2 and CITED1 was also decreased as a

result of TFRC silencing during activation (Fig. 7C).

These findings demonstrate that TFRC-mediated iron

uptake is essential to support mitochondrial respiration,

the expression of iron-containing respiratory chain pro-

teins, and thermogenic gene expression during adrener-

gic stimulation in human thermogenic adipocytes.

Ferroportin inhibition did not increase further

mitochondrial respiration and the expression of

mitochondrial complex subunits and

thermogenic markers in human cervical-derived

adipocytes

Previous RNA-seq data was validated (Fig. 1G) show-

ing that the expression of SLC40A1 that encodes fer-

roportin was significantly decreased by db-cAMP at

both mRNA and protein levels in SubQ and DeepC-

derived adipocytes (Fig. S7A,B,G). Ferroportin inhibi-

tor, VIT-2763, did not alter the expression of ferropor-

tin at either mRNA or protein levels (Fig. S7A,B,G).

In parallel, the intracellular iron content (Fig. S7C),

oxygen consumption (Fig. S7D,E), and mitochondrial

complex subunits I–V expression (Fig. S7F,G) were

not affected significantly by VIT-2763 in neither con-

trol nor adrenergic stimulated conditions. We further

assessed the effect of ferroportin inhibition on the

expression of thermogenic markers and observed sig-

nificant alterations neither in UCP1 and PGC1a

mRNA or protein levels (Fig. S8A,B,D) nor in the

expression of other thermogenesis-related genes such

as DIO2, CITED1, and PM20D1 (Fig. S8C). Collec-

tively, these results suggest that ferroportin inhibition

results in negligible influence on mitochondrial func-

tion or regulation of thermogenic gene expression in

human cervical-derived adipocytes.

Human thermogenic adipocytes expressed and

secreted TF and MELTF

Having observed the importance of TFRC-mediated

iron influx in the efficient thermogenic response of
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human cervical-derived adipocytes, we investigated its

potential interacting partners including TF and

MELTF. First, we utilized publicly available snRNA-

seq database [33] and found that the expression of TF

was enriched in adipocytes cluster within human BAT

(Fig. 8A), while the expression of MELTF was

detected in dendritic cells and preadipocytes (Fig. 8B)

in the absence of thermogenesis activation. Consis-

tently, analysis of isolated unstimulated human brown

adipocytes from eight independent donors revealed

Fig. 5. Inhibition of TFRC by ferristatin II decreased the expression of thermogenic markers in human ex vivo differentiated SubQ and

DeepC-derived adipocytes. Adipocytes were differentiated and treated as in Fig. 4. (A, B) mRNA (A) and protein (B) expression of UCP1 and

PGC1a detected by RT-qPCR and immunoblotting, respectively. The original uncropped images of the full-length blots are displayed in

Fig. S4. (C) mRNA expression of DIO2, CITED1, and PM20D1 detected by RT-qPCR. Data are presented as mean� SD, n= 4, statistical

analysis was performed by one-way ANOVA followed by Tukey’s post hoc test, *P< 0.05, **P< 0.01, and ***P< 0.001.

Fig. 4. Inhibition of TFRC by ferristatin II decreased the iron flux and mitochondrial complex subunits content in human ex vivo differentiated

SubQ and DeepC-derived adipocytes. SubQ and DeepC-derived adipocytes were treated with 500 μM dibutyryl (db)-cAMP, 50 μM ferristatin

II, or a combination of the two compounds for 10 h. (A) Distribution of lipid droplets and TFRC. Bars represent 25 μm. (B) Protein expression

of TFRC detected by immunoblotting. (C) Iron flux in DeepC-derived adipocytes. (D) Protein expression of mitochondrial complex subunits

detected by immunoblotting. The original uncropped images of the full-length blots are displayed in Fig. S3. Data are presented as

mean� SD, n= 4; statistical analysis was performed by one-way ANOVA followed by Tukey’s post hoc test, *P< 0.05, **P< 0.01, and

***P< 0.001.
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Fig. 7. The effect of TFRC knock-down on the expression of thermogenic markers in human ex vivo differentiated DeepC-derived

adipocytes. (A, B) mRNA (A) and protein (B) expression of UCP1 and PGC1a detected by RT-qPCR and immunoblotting, respectively. The

original uncropped images of the full-length blots are displayed in Fig. S6. (C) mRNA expression of DIO2 and CITED1 detected by RT-qPCR.

Data are presented as mean� SD, n= 3-4, statistical analysis was performed by one-way ANOVA followed by Tukey’s post hoc test,

*P< 0.05, **P< 0.01, and ***P< 0.001.

Fig. 6. The effect of TFRC knock-down on intracellular iron level, oxygen consumption, and protein expression of mitochondrial complex

subunits in human ex vivo differentiated DeepC-derived adipocytes. (A, B) mRNA (A) and protein expression (B) of TFRC detected by RT-

qPCR and immunoblotting, n= 3. (C) Intracellular iron level in TFRC-silenced DeepC-derived adipocytes during adrenergic stimulation for

10 h, n= 3. (D) Basal, db-cAMP stimulated maximal, and proton leak oxygen consumption rate (OCR) were quantified by Seahorse

extracellular flux analysis, n= 4. (E) Protein expression of mitochondrial complex subunits detected by immunoblotting, n= 4. The original

uncropped images of the full-length blots are displayed in Fig. S5. Data are presented as mean� SD, statistical analysis was performed by

one-way ANOVA followed by Tukey’s post hoc test, *P< 0.05, **P< 0.01, and ***P< 0.001.
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that only the expression of TF was enriched (Fig. 8C)

while MELTF was undetectable (Fig. 8D). These find-

ings are in association with our bulk RNA-seq data in

which we found that TF was constitutively expressed

at a high level (Fig. 1E) while the expression of

MELTF was strongly induced upon adrenergic
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stimulation (Fig. 1I) in human cervical-derived adipo-

cytes. Finally, we confirmed at the protein level that

adipocytes secrete TF independently of stimulation

(Fig. 8E), while the secretion of MELTF was elevated

by adrenergic activation (Fig. 8F). Of note, MELTF

secretion remained 20–50 times lower as compared to

TF release even in db-cAMP stimulated condition sug-

gesting that MELTF can support an auxiliary mecha-

nism of iron uptake during active thermogenesis

coupled with high iron demand.

MELTF is predicted to form a complex with TFRC

based on in silico analysis

The human TFRC is a homodimeric transmembrane

protein which consists of intracellular, transmembrane,

and extracellular domains [42] (Fig. 9A). The extracel-

lular domain is responsible for binding TF; the

receptor-ligand interaction occurs outside the cell lead-

ing to vesicular traffic into the cell. TF is a globular

protein containing an N- and a C-terminal domain

(N- and C-lobes, respectively). Both lobes can be

divided into two subdomains: N1 and N2, as well as

C1 and C2 [43]. Similarly to TF, MELTF also con-

tains N- and C-lobes (and the respective N1, N2, C1,

and C2 subdomains); however, the spatial arrangement

of these domains is different than that of the TF [36].

The N-lobes of TF and MELTF are highly analogous

while the C-lobes exhibit relatively low overall struc-

tural similarity (Fig. 9B). However, it is important to

note that despite the low similarity of the C-lobe

domains, the C1 and C2 subdomains of TF and

MELTF are highly similar (Fig. S9). The arrangement

of the domains and the subdomains might change due

to the conformational flexibility provided by the inter-

domain hinge regions [43].

The previously observed strong induction of

MELTF secretion during thermogenesis activation

prompted us to estimate the possible binding mode of

MELTF to TFRC in silico. Model complexes were

prepared (Fig. S10) and the putative binding mode of

MELTF was compared to that of TF and HFE pro-

teins (Fig. 9C). Because of the structural similarity of

the N-lobes, we assumed that binding of MELTF to

TFRC might resemble that of TF, at least in the con-

text of the N-lobe of MELTF. The predicted binding

mode of MELTF was seemingly similar to that of TF;

the area of the interaction surfaces and the number of

intermolecular contacts were also comparable

(Table S3). The proposed model showed that the C-

lobe of MELTF forms most of the polar interactions

(H-bonds and salt bridges) with the helical domain of

TFRC. Similar to this, TF and HFE also interact with

the helical domain of TFRC (Fig. 9C). Despite the

high structural similarity of the N-lobes of TF and

MELTF (Fig. 9B), the binding modes of these

domains are not identical (Fig. 9C). The C-lobes

exhibit considerable differences (Fig. 9B) and their

binding mode is also different (Fig. 9C). Although the

overall number of the interactions is comparable, the

pattern of interactions between TFRC and MELTF is

considerably different from that of TF; only a few

TFRC residues contribute to binding both MELTF

and TF via polar interactions (D126 of the protease-

like domain as well as R623, R629, R646, E664, and

E759 residues of the helical domain).

The comparison of the binding modes implies that

MELTF, TF, and HFE also use the same surfaces and

interact mainly with the helical domain of TFRC, but

the pattern of interactions and the spatial positions of

the subdomains are different. We predict that the

binding of MELTF to TFRC is not identical with that

of TF.

TF and MELTF expression in human WAT

positively correlated with metabolic health

As a final step, to explore the potential role of extra-

cellular iron transport proteins in adipose tissue func-

tion, we examined the expression of TF and MELTF

in human WAT and their association with metabolic

health. When data from the open access adiposetissue.

org database [44] were retrieved, we found that the

expression of MELTF in WAT was higher in non-

obese individuals as compared to patients with obesity

and it was significantly increased by weight loss

[45–48] (Fig. 10A). In addition, the mRNA expression

of MELTF was elevated after 8 weeks of diet

Fig. 8. TF and MELTF were expressed and secreted by ex vivo differentiated human adipocytes. (A, B) Dot plot displaying the expression of

TF (A) and MELTF (B) in single-nuclei RNA-sequencing (snRNA-seq) data for human brown adipose tissue. (C, D) Embedding plots showing

the expression of TF (C) and MELTF (D) by snRNA-seq from isolated brown adipocytes from 8 donors. Data displayed in panels A–D were

retrieved from batnetwork.org [33]. (E, F) Protein secretion of TF (E) and MELTF (F) by control (ctrl) and db-cAMP-activated SubQ and

DeepC-derived adipocytes detected by ELISA. Data are presented as mean� SD, n= 3, Statistical analysis was performed by one-way

ANOVA followed by Tukey’s post hoc test, ***P< 0.001. UM, unconditioned medium.
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restriction resulting in weight loss [49,50] (Fig. 10B).

We also found that the expression of TF in human

abdominal SubQ WAT was inversely correlated with

body mass index (BMI), waist and hip circumference,

homeostatic model assessment of insulin resistance

(HOMA-IR), circulating glucose and insulin, circulat-

ing low-density lipoprotein (LDL), total cholesterol,

hemoglobin A1c (HbA1c), and fat cell volume, while

positively correlated with blood plasma high-density

lipoprotein levels [44] (Fig. 10C). These findings sug-

gest that the expression of TF and MELTF in human

WAT is linked to improved metabolic health and cor-

roborates the importance of iron transport in adipose

tissue as a contributor to metabolic homeostasis.

Fig. 9. Structure of human TFRC and its interactions with TF, MELTF, and homeostatic iron regulator (HFE). (A) Overall structure of human

TFRC. The domain organization and boundaries are shown based on UniProt database (UniProt ID: P02786) and Testi et al. [42]. The

structure of the extracellular domain (122-756 residues) is shown by ribbon representation based on an electron microscopy structure (PDB

ID: 1SUV) [37]. The helical, apical, and protease-like domains are shown by different colors, and the cysteine residues forming disulfide

bonds are shown by yellow. (B) Structural alignment of TF and MELTF. TF and MELTF are shown by ribbon representation, based on

experimentally determined structures. The complex of TFRC and TF is represented based on an electron microscopy structure (PDB ID:

1SUV) [37]. The N- and C-lobes of TF have blue and red colors, respectively. (C) Binding of TF, MELTF, and HFE to TFRC. TFRC is shown in

side view and is colored by green; the interaction partners have different colors. The N- and C-lobes of TF have blue and red colors,

respectively. The complex of TFRC and MELTF is shown based on a proposed model that was prepared in this work by using ALPHAFOLD.

The binding of HFE to TFRC is shown based on a crystal structure (PDB ID: 1DE4) [22]. RMS, Root Mean Square deviation.
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Discussion

Thermogenically active adipocytes require high amounts

of nutrients including iron, in particular to support

mitochondrial biogenesis and energy metabolism [61].

The regulation of iron homeostasis has been recognized

as a critical determinant for the thermogenic compe-

tency of murine adipocytes. Previous studies showed

that DFO-mediated iron chelation impaired the brow-

ning program by modulating the expression of Adipoq,

Pparg, Ppargc1a, and Ucp1 in mouse 3T3-L1 cell line

[62] and in immortalized murine beige adipocytes [25].

Yook et al. [16] also reported that the iron chelator

treatment during differentiation significantly reduced

the expression of Ucp1, Prdm16, CytC, Pgc1a, and

mitochondrial complex subunits I, II, and IV in HIB1B-

derived mouse brown adipocytes and C3H/10T1/2-

derived murine beige adipocytes. Another study found

that dietary iron deficiency disturbed iron homeostasis

in mouse inguinal WAT (iWAT) and impaired adaptive

thermogenesis; therefore, the mice became more prone

to diet-induced weight gain [17].

Wang et al. [63] described that the iron content of

mouse BAT was significantly increased upon acute

cold challenge. However, the mechanisms by which the

Fig. 10. Correlation of MELTF and TF expression in abdominal SubQ white adipose tissue with clinical parameters. Data were retrieved from

adiposetissue.org [44]. (A) Meta-analysis forest plot comparing the MELTF mRNA levels in people living with or without obesity

(< 30 kg�m�2 vs. ≥ 30 kg�m�2 BMI). SMD: Standardized mean differences (Data referenced from [45–60]). (B) Boxplots displaying the expres-

sion of MELTF after diet restriction (Data referenced from [49,50]). (C) The transcriptome (upper panels) and proteome (bottom panels) ana-

lyses were categorized into three groups: anthropometric (left panels), focusing on TF gene and protein expression in correlation with

measurements of body distribution parameters; circulating diagnostic markers (middle panels) examining molecules present in the blood-

stream (e.g., hormones); and tissue-specific responses (right panels). BMI, body mass index; CRP, C-reactive protein; HbA1c, hemoglobin

A1c; HDL, high-density lipoprotein; HOMA-IR, Homeostatic Model Assessment for Insulin Resistance; iso, isoproterenol; LDL, low-density

lipoprotein; LEP, leptin; TG, triglyceride; TNF, tumor necrosis factor; WHR, waist-hip ratio.
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SNS-driven thermogenesis activation mediates iron

accumulation in brown adipocytes, especially in

human primary cell models, are still unrevealed. In

our experiments, we validated that thermogenic adipo-

cytes have elevated iron demands which are closely

linked to mitochondrial biogenesis. During adrenergic

stimulation by db-cAMP, human cervical-derived adi-

pocytes significantly increased their intracellular iron

levels along with the expression of TFRC and

MELTF, while downregulating the expression of the

iron exporter ferroportin, indicating that an expanded

iron pool is required for supporting heat generation.

We found that ex vivo iron depletion by DFO during

adrenergic stimulation led to the decreased expression

of thermogenic genes and mitochondrial complex sub-

units I, II, and IV, and oxygen consumption. Iron and

heme participate in mitochondrial energy metabolism,

as components of the iron–sulfur clusters and cyto-

chromes, including the tricarboxylic acid cycle, oxida-

tive phosphorylation, and fatty acid oxidation. Iron

depletion, along with the reduced iron–sulfur cluster

synthesis, results in impaired function of the electron

transport chain and thermogenesis, which then leads

to decreased energy expenditure [14,15]. In addition to

mitochondrial biogenesis, iron was also found to be

essential for rewriting epigenetic marks during adipo-

cyte differentiation by interacting with histone

demethylase jumonji domain containing 1A (JMJD1A)

and the DNA demethylase ten-eleven translocation 2

(TET2) [64] suggesting that it also plays an important

role in the regulation of gene expression. Future exper-

iments are required to understand how the iron con-

tent of adipocytes can influence chromatin structure

and the transcription of key genes mediating critical

metabolic events along with thermogenesis when the

cells are activated by an adrenergic cue.

TFRC is a cell surface receptor necessary for cellu-

lar iron uptake by the process of receptor-mediated

endocytosis [19]. In response to db-cAMP administra-

tion, the upregulated TFRC protein was accumulated

in punctate structures reflecting endoplasmic localiza-

tion. We speculate that the high iron uptake facilitates

rapid intracellular trafficking of TFRC, which may

account for the strong endoplasmic signal in heat-

producing adipocytes. Time-lapse microscopy of fluo-

rescently tagged TFRC could be performed in future

studies to follow the turnover of the transporter. In

accordance with our findings, a previous study also

reported that the expression of Tfrc was induced by

cold, β3-adrenergic agonist, and rosiglitazone in mouse

iWAT and BAT. In contrast, high fat diet (HFD) and

aging significantly decreased the expression of Tfrc in

murine iWAT and BAT [25]. Other studies in mice

showed that the inhibition of Tfrc-mediated iron influx

impaired mitochondrial function and beige adipocyte

differentiation [16,24,25]. In mice, Tfrc deficiency led

to HFD-induced dyslipidemia, insulin resistance, and

inflammation [24]. Partial reduction of Tfrc expression

(around 20%) downregulated the expression of Ucp1

protein by 50% [16]. Our data showed that both phar-

macological inhibition and siRNA-mediated knock-

down of TFRC abrogated the db-cAMP-stimulated

upregulation of thermogenic markers including UCP1

and PGC1a, as well as the proton leak respiration,

which is associated with UCP1-dependent heat genera-

tion, and the expression of mitochondrial complex

subunits I, II, and IV. Yook et al. [16] observed that

Tfrc silencing during HIB1B-derived brown adipocyte

differentiation led to reduced Ftl (that encodes ferritin

light chain) expression; however, our data showed that

human cervical-derived adipocytes expressed negligible

levels of FTL and FTH (that encodes ferritin heavy

chain), and their expression was not affected by db-

cAMP [11]. Li et al. [24] proposed that Tfrc gene may

be transcriptionally regulated by hypoxia-inducible fac-

tor 1 alpha (Hif1α) in mouse iWAT but not in BAT,

as they found that Hif1α was enriched at the Tfrc pro-

moter during beigeing. Our data extended the current

knowledge based on experiments carried out in mouse

models by supporting that TFRC-mediated iron

uptake is rapidly induced and may play an important

role in the thermogenic response in human BAT as a

result of an SNS stimulus.

Ferroportin, encoded by SLC40A1, transports iron

from the inside to the outside of the cell, playing a key

role in maintaining systemic iron homeostasis [23]. A

previous study reported that the expression of

SLC40A1 was significantly lower in thermogenic as

compared to non-thermogenic adipocytes derived from

human abdominal SubQ WAT [65]. Contrarily, adi-

pose tissue expansion by overfeeding significantly ele-

vated the expression of SLC40A1 in abdominal SubQ

WAT of healthy men [66]. In parallel, our data

showed that adrenergic stimulation significantly

decreased the expression of ferroportin. However, the

pharmacological inhibition of ferroportin affected nei-

ther the expression of thermogenic markers nor oxygen

consumption significantly. In contrast to our findings,

β3-adrenergic receptor activation by CL-316243

increased the protein expression of ferroportin in

mouse iWAT and this elevation was diminished when

the stimulus was withdrawn [18]. Another study

showed that the lack of ferroportin in murine adipo-

cytes resulted in iron accumulation and insulin resis-

tance [67]. On the other hand, Britton et al. [68] found

that adipocyte-specific ferroportin deletion did not lead
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to increased adipocyte iron stores and dysregulation of

adiponectin, leptin, and resistin expression. The

observed discrepancy between the current and previ-

ously published results may reflect the differences in

species (humans vs mice), adipose tissue depots (cervi-

cal depots vs iWAT), and the complexity of iron

metabolism regulation. Ferroportin is regulated by

hepcidin, which binds to the iron exporter and pro-

motes its internalization and degradation [69]. Hepci-

din, encoded by HAMP, is primarily secreted by

hepatocytes. Extrahepatic production of hepcidin has

been reported in kidney, heart, and adipose tissue;

however, our RNA-sequencing data showed that the

expression of HAMP was negligible in human cervical-

derived adipocytes [11].

We also found that TF was secreted by ex vivo dif-

ferentiated human primary adipocytes; however, db-

cAMP-driven stimulation increased neither its expres-

sion nor its release further. SnRNA-seq data retrieved

from Sun et al. [33] showed that the expression of TF

is abundant in the adipocyte cell clusters within human

BAT originated from the DeepC depot, even in the

absence of adrenergic activation, indicating that the

released TF may play an active role in iron homeosta-

sis and metabolic regulation within thermogenic adipo-

cytes. The expression of TF in human abdominal

SubQ WAT is inversely correlated with BMI, waist

and hip circumference, HOMA-IR, adipocyte volume,

and blood plasma glucose, insulin, LDL, total choles-

terol, and HbA1c levels [44].

MELTF is an iron-binding member of the TF super-

family which can be membrane-anchored or secreted

to the serum [36]. It is highly expressed in various

malignant cells including melanoma, colorectal [70],

and lung cancers [71]. Hitherto, the function of

MELTF in iron transport into adipocytes remained

unclear. First, we found that the MELTF expression

and secretion by adipocytes were strongly elevated by

adrenergic stimulation of thermogenesis. By utilizing

ALPHAFOLD2 and HADDOCK, the predicted interaction

surface for TFRC-MELTF was similar to that of

TFRC-TF and TFRC-HFE, nevertheless, the pattern

of receptor-ligand interactions, that is, the mode of

binding to TFRC is different. The predicted model

complexes imply ability of MELTF for binding to

TFRC and our computation analyses are in agreement

with a previous assumption according to which

MELTF potentially has an ability for binding to

TFRC, due to its high degree of homology with TF

[21]. These results suggest MELTF’s possible role in

mediating iron influx (Fig. 9) in adipocytes when the

cells are activated by an adrenergic stimulus. When

data from the open access adiposetissue.org database

[44] were retrieved, we found that the expression of

MELTF in WAT was higher in non-obese individuals

as compared to patients with obesity and it was signifi-

cantly increased by weight loss [45–48]. In addition,

the mRNA expression of MELTF is elevated after

8 weeks of diet restriction [49,50]. The role of MELTF

in iron uptake remains to be confirmed experimentally

in distinct physiological or pathological situations. Pre-

vious studies reported that MELTF mediates iron

uptake in the brain [72,73], but not in a human mela-

noma cell line [74]. Although our in silico analysis pre-

dicted binding between TFRC and MELTF,

functional experiments are required to confirm this

interaction and to delineate the iron transporting role

of MELTF in the function of adipocytes, especially

when they are stimulated by the SNS.

The relationship between obesity and iron deficiency

was first observed six decades ago [75,76]. A quantita-

tive meta-analysis study involving 13.393 individuals

with obesity and 26.621 lean subjects reported that

individuals with obesity had lower serum iron levels

and higher risk of iron deficiency as compared to lean

ones [77]. A recent Mendelian randomization study

supported a causal link between obesity and iron defi-

cient anemia and strengthened the epidemiological evi-

dence that iron metabolism is impaired in obesity [78].

Iron deficiency causes fatigue and in severe cases

immunological, developmental, or neurocognitive

defects [79]. Oral iron supplementation is commonly

used as first-line therapy due to its convenience and

low cost, but effective repletion requires relatively high

doses (50–200mg�day�1 for 3–12 weeks) of which only

10–20% is absorbed and therefore can trigger side

effects [80]. Careful assessment is required before

recommending iron supplementation for the preven-

tion or treatment of obesity-related metabolic disor-

ders. In cases where obesity is accompanied by iron

deficiency, supplementation may help to restore adipo-

cyte function and thereby contribute to improved met-

abolic health at least partially by supporting

thermogenic activation. A limitation of the present

study is the relatively small number of human primary

adipocyte samples which may limit the extrapolation

of our findings to broader populations. Taken

together, our findings provide supporting evidence that

iron is a critical nutritional factor in stimulating adipo-

cyte thermogenesis.
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NJ, Enerbäck S et al. (2009) Functional brown adipose

tissue in healthy adults. N Engl J Med 360, 1518–1525.
doi: 10.1056/NEJMoa0808949

5 Cypess AM, Lehman S, Williams G, Tal I, Rodman D,

Goldfine AB, Kuo FC, Palmer EL, Tseng YH, Doria A

et al. (2009) Identification and importance of brown

adipose tissue in adult humans. N Engl J Med 360,

1509–1517. doi: 10.1056/NEJMoa0810780

6 Leitner BP, Huang S, Brychta RJ, Duckworth CJ,

Baskin AS, McGehee S, Tal I, Dieckmann W, Gupta

G, Kolodny GM et al. (2017) Mapping of human

brown adipose tissue in lean and obese young men.

Proc Natl Acad Sci USA 114, 8649–8654. doi: 10.1073/
pnas.1705287114
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38 Wróblewski K and Kmiecik S (2024) Integrating

AlphaFold pLDDT scores into CABS-flex for enhanced

protein flexibility simulations. Comput Struct Biotechnol

J 23, 4350–4356. doi: 10.1016/j.csbj.2024.11.047
39 Negi SS, Schein CH, Oezguen N, Power TD and Braun

W (2007) InterProSurf: a web server for predicting

interacting sites on protein surfaces. Bioinformatics 23,

3397–3399. doi: 10.1093/bioinformatics/btm474

40 Honorato RV, Trellet ME, Jiménez-Garcı́a B,

Schaarschmidt JJ, Giulini M, Reys V, Koukos PI,

Rodrigues JPGLM, Karaca E, van Zundert GCP et al.

(2024) The HADDOCK2.4 web server for integrative

modeling of biomolecular complexes. Nat Protoc 19,

3219–3241. doi: 10.1038/s41596-024-01011-0
41 Laskowski RA, Jabłońska J, Pravda L, Vařeková RS
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55 Stancáková A, Civelek M, Saleem NK, Soininen P,

Kangas AJ, Cederberg H, Paananen J, Pihlajamäki J,
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