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Simple Summary: This study investigates the expression of Transferrin Receptor 2 (TfR2)
in canine testicular tissues, focusing on its role in iron metabolism and its potential as a
therapeutic target. We observed high TfR2 expression in seminomas, suggesting its involve-
ment in tumor progression and highlighting its potential for targeted cancer therapies. By
contrast, Sertoli and Leydig cell tumors exhibited little to no TfR2 expression, emphasizing
distinct patterns of iron metabolism in different tumor types. These findings open avenues
for further research into TfR2-based therapeutic strategies in canine testicular tumors.

Abstract: Transferrin Receptor 2 (TfR2) is a homolog of Transferrin Receptor 1 (TfR1),
involved in regulating intra and extracellular iron levels. Altered iron pathways have
been associated with cancer onset and progression; however, their role in canine tumors
remains poorly explored. This study investigated TfR2 immunohistochemical expression
in non-neoplastic canine testis for the first time and in the most common types of canine
testicular tumors: intratubular seminomas (ITSEMs), diffuse seminomas (DSEMs), Leydig
cell tumors (LCTs), and Sertoli cell tumors (SCTs). Immunohistochemical analysis revealed
a differential pattern of TfR2 expression according to tumor type, with high expression
observed in ITSEMs and DSEMs, occasional expression in LCTs, and absence in SCTs.
These results suggest that TfR2 may play a relevant role in canine seminoma development.
Furthermore, the specific expression of TfR2 in seminomas highlights its potential as a
therapeutic target, where its role in iron regulation and possible compensatory mechanisms
warrant further investigation.
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1. Introduction
Testicular cancer is one of the most common tumors found in male dogs [1–4]. Ac-

cording to the histological classification of tumors of domestic animals [5], three histotypes
can be identified: seminomas (SEMs) (24–42% of testicular tumors), Interstitial cell tumors
(ICTs) (23–51%), and Sertoli cell tumors (SCTs) (8–33%) [6–9]. Moreover, SEMs can be
further classified as intratubular (ITSEMs) or diffuse (DSEMs) [10]. While surgical removal
of testicles is an effective approach for treating testicular tumors, castration could favor
secondary diseases such as canine prostatic neoplasia (CPN) and other neoplastic disor-
ders [11–15]. For this reason, new therapeutical approaches are needed. Since spontaneous
tumors in companion animals, especially canine ones, share several pathophysiological
and clinical similarities with human cancers, they can be studied to find translational
therapeutic targets [16]. Canine testicular seminoma presents similar histological structures
as human ones in elderly men, suggesting their relevance as potential models [17].
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Iron metabolism plays a crucial role in maintaining cellular homeostasis [18–20]; in
particular, it is involved in key processes of cell functionality such as energy metabolism
and oxygen balance [21,22]. Furthermore, iron is crucial in regulating reproductive func-
tions: (1) it is necessary to maintain testosterone synthesis [23]; (2) it is correlated to the
growth, maturation, and release of germ cells and to the correct functionality of Sertoli
cells [24]; (3) its excess can induce ferroptosis and affect sperm quality [25]. In physiological
conditions, iron uptake in the testis occurs through TfR1, a cell-surface receptor expressed
in spermatogonia, pachytene spermatocytes and Sertoli cells [26]. In these cells, TfR1 binds
the iron-carrier protein Transferrin (Tf)-Fe3+ complex [27,28], and through an endocytic
process known as the Tf cycle, iron is internalized in the cytosol where it is reduced to Fe2+

by ferrireductases [29], released from Tf and stored in the cytoplasm by Ferritin (Ft) [30].
Dysregulation of iron metabolism has been linked to tumor onset and progression [31].
Previous studies have highlighted that iron metabolism can be disrupted in different ca-
nine and human tumors [32–40]. In a previous study from our research group [32], we
described the expression of iron-related proteins, namely Transferrin Receptor 1 (TfR1),
Ferritin (FTH1) and Nuclear Co-factor (NCOA4) in non-neoplastic canine testicles and
their altered expression in neoplastic testis. Expression of the aforementioned proteins
is related to and depends on the tumor type; in particular, DSEMs showed a significant
increase in TfR1 expression in neoplastic germ cells. Transferrin Receptor 2 (TfR2) is a
homolog of TfR1 and it can also bind circulating Tf, although with lower affinity [41,42].
Their major differences concern their expression pattern: TfR1 expression is reported in
various tissues, while TfR2 expression is reported mainly in the human liver [43], and,
conversely to TfR1, it is not regulated by intracellular iron levels but it seems to be regulated
by the cell cycle stages, at least in humans [44,45]. Moreover, previous studies reported
frequent TfR2 expression in tumor cell lines, particularly in human ovarian cancer, colon
cancer and glioblastoma cell lines [46]. Unfortunately, little is known about TfR2 expression
in canine tumors. In this study, we provide evidence for TfR2 preferential expression in
canine seminomas, suggesting TfR2 as an additional therapeutical selective target in the
abovementioned tumors.

2. Materials and Methods
2.1. Tissue Samples

Twenty-nine testicular specimens were obtained from the archives of the Department
of Biology at the University of Naples Federico II. For each specimen, data on age, breed
and histological diagnosis were available, as summarized in Table 1.

Table 1. Breeds, age and diagnosis of 29 canine testis samples.

Samples Breed Age (ys) Histological Diagnosis

S1 Poodle 5 SCT

S2 English Setter 9 SCT

S3 English Setter 9 SCT

S4 Mixed Breed 6 SCT

S5 German Sheperd 7 SCT

S6 Mixed Breed 12 ITSEM

S7 Mixed Breed 10 ITSEM

S8 Pit bull 12 ITSEM

S9 Mixed Breed 11 ITSEM

S10 Mixed Breed 11 ITSEM
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Table 1. Cont.

Samples Breed Age (ys) Histological Diagnosis

S11 Mixed Breed 8 ITSEM

S12 Beagle 11 DSEM

S13 German Sheperd 8 DSEM

S14 German Sheperd 10 DSEM

S15 Mixed Breed 6 DSEM

S16 Mixed Breed 16 DSEM

S17 West Highland Terrier 7 DSEM

S18 Poodle 5 DSEM

S19 English Setter 9 DSEM

S20 English Setter 9 DSEM

S21 Mixed Breed 6 DSEM

S22 German Sheperd 7 DSEM

S23 Mixed Breed 8 DSEM

S24 Mixed Breed 9 LCT

S25 Mixed Breed 8 LCT

S26 German Sheperd 10 LCT

N1 Poodle 8 N.n. testis

N2 German Sheperd 9 N.n. testis

N3 English Setter 7 N.n. testis
SCT: Sertoli cell tumor; ITSEM: Intratubular seminoma; DSEM: Diffuse seminoma; LCT: Leydig cell tumor;
N.n.: Non-neoplastic.

2.2. Histology

The specimens were fixed in 10% formalin and subsequently processed for routine
histopathological analysis as described by Leandri et al. [32]. Sections measuring 3 µm
were prepared from paraffin-embedded blocks and stained with hematoxylin and eosin
(H&E) for light microscopy examination. The ethics committee’s approval and animal
testing request was waived since all animal tissue samples examined in this study were
retrieved from archives.

2.3. Immunohistochemistry

Additional 3 µm sections were prepared for immunohistochemistry (IHC) to assess
the expression of the studied protein TfR2 as previously described [32]. Details and
dilution of the antibody here used are provided in Table 2. Immunolabelling was visualized
using diaminobenzidine–tetrahydrochloride (DAB), and sections were counterstained with
hematoxylin. Specimens were observed and photographed using a light microscope (AXIO
SCOPE.A1, Carl Zeiss S.p.A., Oberkochen, Germany) equipped with a microphotography
system digital camera (Axiocam 105 color, Carl Zeiss S.p.A., Oberkochen, Germany).

Table 2. Primary antibody used for immunohistochemistry analysis.

Antibody Manufacturer/Clone Host Species Dilution

TfR2 Antibodies */Polyclonal Rabbit 1:100
* https://www.antibodies-online.com/antibody/2782221/anti-Transferrin+Receptor+2+TFR2+N-Term+antibody/
(accessed 12 November 2024).

https://www.antibodies-online.com/antibody/2782221/anti-Transferrin+Receptor+2+TFR2+N-Term+antibody/
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2.4. Western Blot

To ensure the specificity of immunolabelling, Western blotting analysis was performed
for the TfR2 antibody.

A small portion of the testicular tissue specimens was used for total protein extraction
and subsequently processed as previously described [32]. Table 3 shows antibody details
and dilutions used for Western blot analysis. After washing with Tris-buffered saline
containing 0.1% Tween-20, membranes were incubated for 1 h at room temperature with
secondary antibodies: goat anti-rabbit IgG-HRP conjugate (1:5000; EMD Millipore, 12-
348; Darmstadt, Germany). Chemiluminescent signals were generated by incubating
the membranes with an enhanced chemiluminescence substrate (Clarity Western ECL
substrate, 1705061, Bio-Rad, Hercules, CA, USA) for 5 min at room temperature. Signals
were detected using the XRS+ Chemidoc Imaging System (Bio-Rad, Hercules, CA, USA).
Biological duplicates were performed to ensure the reproducibility of the results.

Table 3. Primary antibody used for Western blot analysis.

Antibody Manufacturer/Clone Host Species Dilution

TfR2 Antibodies */Polyclonal Rabbit 1:1000
* https://www.antibodies-online.com/antibody/2782221/anti-Transferrin+Receptor+2+TFR2+N-Term+antibody/
(accessed 12 November 2024).

3. Results
3.1. Non-Neoplastic Testis

Samples N1–N3 represented non-neoplastic testes and were used as controls. H&E
staining (Figure 1a) confirmed complete spermatogenesis, with fully formed seminiferous
tubules containing Sertoli cells and germinal cells from the stage of spermatogonia to the
stage of spermatozoa. In the interstitial tissue, Leydig cells were observed. In all non-
neoplastic samples, a low membranal anti-TfR2 signal was detected in spermatogonia at
the perinuclear site, Sertoli cells cytoplasm and spermatozoa tails (Figure 1b).
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Figure 1. (a) Testis, non-neoplastic: spermatogonia (dotted arrows), spermatocytes (fat arrows),
spermatids (asterisks), spermatozoa (thin arrows) and Sertoli cells (arrow heads) can be observed.
H&E, 40× Bar 10 µm; (b) TfR2 immunostaining in canine non-neoplastic testis: low perinuclear TfR2
signal in spermatogonia (dotted arrows), cytoplasmatic low signal in Sertoli cells (arrow heads) and
in spermatozoa tails (thin arrows); 40× Bar 10 µm.
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3.2. Neoplastic Testis

Seminomas—ITSEMs (S6–S11) displayed cells with large round nuclei, evident nucleoli,
and finely granular chromatin, along with moderate amounts of pale to clear cytoplasm.
Sertoli-like cells within the tubules showed round to typical flame-shaped cytoplasm and
small nuclei (Figure 2a). In ITSEM samples, TfR2 was highly expressed in the cytoplasm of
neoplastic cells and residual Sertoli-like cells within the tubules (Figure 2b). Conversely,
DSEM (S12–S23) showed oval to round cells with abundant cytoplasm, prominent nuclei
and multiple nucleoli (Figure 2c). In DSEM samples, TfR2 expression was observed at the
cytoplasmic level in neoplastic cells (Figure 2d).
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Leydig cell tumors—LCT samples (S24–S26) showed polygonal cells with round nuclei
and prominent central nucleoli, abundant eosinophilic highly vacuolized cytoplasm, ar-
ranged in cords (Figure 3a). In these samples, neoplastic Leydig cells showed cytoplasmic
TfR2 expression (Figure 3b).

Sertoli Cell Tumors—SCT samples (S1–S5) were defined by spindle-shaped cells with
oval hyperchromatic nuclei and prominent single or multiple nucleoli, while the cytoplasm
ranged from eosinophilic to pale. Mitotic figures were rare (Figure 4a). In these samples, no
positivity for TfR2 was observed in tumoral cells, while moderate positivity was observed
in Sertoli cells of Sertoli-only-like tubules (Figure 4b).
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H&E 40× bar 10 µm; (b) TfR2 immunostaining in SCT: no signal was detected in Sertoli cells within
the tubules (arrow heads), while moderate positivity was observed in Sertoli cells of Sertoli-only like
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3.3. Western Blot Results

The specificity of the TfR2 antibody used throughout the study was ensured through
Western blotting analysis on the total protein lysates from non-neoplastic canine testis. TfR2-
specific antibody gave an immunoreactive band of ~100 KDa in each total protein lysate of the
canine testis (Figure 5), showing that this antibody recognizes the canine isoform of TfR2 at the
right molecular weight of 100 KDa as previously observed [47,48]. This result demonstrates for
the first time the specificity of this antibody in selective immunoreactions with TfR2 in dogs.
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twice. In total, 40 µg of lysates were loaded for each sample, the tag of which is reported on the right
of the membrane. The membranes were cut using the protein ladder as a reference and incubated
with the primary anti-TfR2 antibody. The immunoreactive band against B-actin was used as a loading
control (see also Supplementary Materials).

4. Discussion
Iron metabolism is an essential biological process for maintaining cellular and systemic

homeostasis [18]. Iron is a key cofactor in various enzymatic reactions, playing a critical role
in oxygen transport [49], energy production [50], and DNA synthesis [51]. In the testis, iron
is necessary for spermatogenesis, testosterone production, and the proper functioning of
Sertoli and Leydig cells [52]. However, iron could also be a trigger for oxidative stress, in the
phenomenon identified as ferroptosis [25]. Iron metabolism dysregulation is increasingly
recognized as a hallmark of tumorigenesis [53]. For this reason, iron-related proteins are
becoming more and more studied in neoplastic tissues; particularly, great interest is posed
on iron uptake proteins such as TfR1 [54–57]. Less is known about its homolog, TfR2, even
though its expression has been reported in various cancer types [46]. In this study, we
showed that the expression of TfR2 in canine non-neoplastic testis is limited to Sertoli cells
and, to a lesser extent to spermatogonia and spermatozoa, which, interestingly, also express
TfR1 [32]. The contemporary expression of TfR1 and Tfr2 in spermatogonia confirms that
developing germ cells require high amounts of iron to support their numerous proliferative
divisions [26] and to meet this demand they increase iron uptake, preferentially through
TfR1 [32]. Also, we reported here for the first time a constant but low cytoplasmatic
positivity for TfR2 in Sertoli cells, where TfR1 is also highly expressed [32]. This appears
particularly interesting as Transferrin Receptors (TfRs) are generally described as highly
active in proliferating cells, while relatively downregulated in mature cells like SCs [58].
Although some early studies have questioned the presence of TfRs in Sertoli cells in both
rats and humans [59,60], our data reported in the present and our previous study in dogs
agree with what was observed by others [58], underlining the peculiarity of canine SCs and
suggesting their role in providing iron to developing germ cells. However, future studies
on the role of iron in the complex mechanism of supporting the growth and differentiation
of germ cells elicited by Sertoli cells should necessarily involve a broader molecular panel.

In addition to its emerging role in non-neoplastic testicular canine tissues, TfR2 ex-
pression in neoplastic testicular tissues revealed intriguing and unexpected patterns; most
notably, they suggest that TfR2 was preferentially expressed in germ cell tumors, repre-
senting a peculiar feature of this type of neoplasia in dogs. In our previous study, we
highlighted that TfR1 expression in ITSEMs was limited to Sertoli-like cells, with no de-
tectable signal in neoplastic germ cells, whereas it was robustly expressed in neoplastic
germ cells of DSEMs [32]. Conversely, in the present study, TfR2 was strongly expressed in
both ITSEMs and DSEMs cells. Since, to the best of our knowledge, such a behavior is de-
scribed here for the first time, we have no terms of comparison and can only attempt some
speculations keeping in mind the known biological role of TfRs and, in particular, of TfR2.
In fact, it is known that TfR2 has a regulatory function on intra and extra-cytoplasmic iron
levels, through the modulation of hepcidin [61–68]. A previous study by Wang et al. [69]
was the first to demonstrate hepcidin mRNA expression in human testicular tumors, indi-
cating a potential role for hepcidin in the progression of these cancers. Thus, we cannot
exclude the atypical activation of the hepcidin molecular circuit in canine SEMs, since it
could contribute to maintaining high iron cytoplasmic levels favoring neoplastic growth
by preventing the release of iron from the cell to circulating Tf. However, in ITSEMs, the
elevated TfR2 expression in the absence of TfR1 may also suggest a compensatory mecha-
nism in response to impaired iron metabolism, potentially driving tumor progression and
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malignancy through atypical activation of TfR2 pathways. Also, the concurrent expression
of TfR1 and TfR2 in neoplastic germ cells of DSEMs could point to an increased demand for
iron to sustain a higher proliferation rate [70,71]. Further studies in this direction will help
us better understand which molecular pathways related to iron metabolism are actually
activated in these canine tumors.

Regarding the LCT and SCT, while LCT showed low positivity for TfR2 compared
to normal Leydig cells, intriguing results were observed in SCTs: the absence of TfR2
expression. This aligns with previous findings [32], which reported a lack of expression
for other iron-related proteins, including TfR1, FTH1, and occasional NCOA4 expression.
Given the critical role of Sertoli cells in mediating iron exchange with germinal cells for
normal spermatogenesis [72,73], the absence of germinal cells in SCTs likely disrupts
their “nurse cell” function and alters the iron flow. Consequently, Sertoli cells in these
tumors appear to reduce the expression of iron uptake proteins which could justify the low
proliferation rates characterizing SCTs [70,74]. The lack of TfR2 expression strengthens the
evidence for altered iron metabolism in SCTs and highlights the need for comprehensive
studies on the iron-protein network in these tumors.

TfR2 proved expression in canine SEMs is an important finding for therapy. Currently,
bilateral castration is the treatment of choice for testicular tumors in dogs, while chemother-
apy and radiotherapy are still discussed as only limited studies in metastatic or highly
aggressive SEMs are available [75,76]. However, collateral effects are often associated with
castration such as prostate cancer, lymphosarcoma, and joint diseases [77–79]. Therefore,
specific delivery of therapeutic molecules via receptor-mediated endocytosis into malig-
nant cells could reduce those systemic effects [54]. While the use of TfR1 has already been
established [54], less is known about TfR2 in cancer therapy [80]. Our data support the
opinion that TfR2 could specifically target SEMs neoplastic cells given its higher expression
in those cancer types. Among the existing antineoplastic drugs, cisplatin has been widely
used to treat human testicular cancer [81,82] and canine SEMs [75], being generally well
tolerated by most canine patients [83]. Cisplatin can induce ferroptosis, an iron-dependent
cell death [84], by disrupting the glutathione-dependent antioxidant mechanisms, leading
to uncontrolled lipid peroxidation and subsequently to cell death [85]. Considering the
specificity of TfR2 in SEMs and the possibility of conjugating cisplatin to Tf [86], it could
be possible to increase selectivity and intracellular drug concentration in these tumors by
administering this conjugated to decrease overall toxicity, especially in metastatic and more
aggressive forms [54].

5. Conclusions
For the first time, this study highlights the expression of TfR2 in canine testicular

tissue, revealing its potential relevance, especially in SEMs. Besides suggesting a new
possible therapeutic target, our results could open the road to new translational studies in
human oncology.
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17. Ciaputa, R.; Nowak, M.; Madej, J.A.; Janus, I.; Górzyńska, E.; Kandefer-Gola, M. Expression of Selected Markers in Immunohisto-

chemical Diagnosis of Canine and Human Testicular Tumours. Bull. Vet. Inst. Pulawy 2015, 59, 99–106. [CrossRef]
18. Anderson, G.J.; Frazer, D.M. Current Understanding of Iron Homeostasis. Am. J. Clin. Nutr. 2017, 106, 1559S–1566S. [CrossRef]
19. Chen, C.; Paw, B.H. Cellular and Mitochondrial Iron Homeostasis in Vertebrates. Biochim. Biophys. Acta BBA-Mol. Cell Res. 2012,

1823, 1459–1467. [CrossRef]
20. Ru, Q.; Li, Y.; Chen, L.; Wu, Y.; Min, J.; Wang, F. Iron Homeostasis and Ferroptosis in Human Diseases: Mechanisms and

Therapeutic Prospects. Signal Transduct. Target. Ther. 2024, 9, 271. [CrossRef]
21. Papanikolaou, G.; Pantopoulos, K. Iron Metabolism and Toxicity. Toxicol. Appl. Pharmacol. 2005, 202, 199–211. [CrossRef]
22. Watt, R.K.; Hilton, R.J.; Graff, D.M. Oxido-Reduction Is Not the Only Mechanism Allowing ions to Traverse the Ferritin Protein

Shell. Biochim. Biophys. Acta 2010, 1800, 745–759. [CrossRef]

https://doi.org/10.1186/s12917-017-1126-0
https://www.ncbi.nlm.nih.gov/pubmed/28659149
https://doi.org/10.1016/j.jcpa.2016.05.012
https://www.ncbi.nlm.nih.gov/pubmed/27392423
https://doi.org/10.1016/j.jcpa.2015.02.005
https://www.ncbi.nlm.nih.gov/pubmed/25824119
https://doi.org/10.1177/1040638719854791
https://doi.org/10.1016/j.jcpa.2007.11.002
https://doi.org/10.1292/jvms.71.919
https://doi.org/10.1016/j.prevetmed.2020.105201
https://doi.org/10.1186/s12917-014-0169-8
https://doi.org/10.1016/S1090-0233(98)80059-2
https://doi.org/10.1155/2009/591753
https://doi.org/10.1111/j.1939-1676.1999.tb01136.x
https://www.ncbi.nlm.nih.gov/pubmed/10225598
https://doi.org/10.5326/JAAHA-MS-5621
https://www.ncbi.nlm.nih.gov/pubmed/21498594
https://doi.org/10.1016/j.trsl.2011.11.005
https://www.ncbi.nlm.nih.gov/pubmed/22340765
https://doi.org/10.1515/bvip-2015-0015
https://doi.org/10.3945/ajcn.117.155804
https://doi.org/10.1016/j.bbamcr.2012.01.003
https://doi.org/10.1038/s41392-024-01969-z
https://doi.org/10.1016/j.taap.2004.06.021
https://doi.org/10.1016/j.bbagen.2010.03.001


Animals 2025, 15, 264 10 of 12

23. Tsao, C.-W.; Liao, Y.-R.; Chang, T.-C.; Liew, Y.-F.; Liu, C.-Y. Effects of Iron Supplementation on Testicular Function and Spermato-
genesis of Iron-Deficient Rats. Nutrients 2022, 14, 2063. [CrossRef]

24. Yokonishi, T.; McKey, J.; Ide, S.; Capel, B. Sertoli Cell Ablation and Replacement of the Spermatogonial Niche in Mouse. Nat.
Commun. 2020, 11, 40. [CrossRef] [PubMed]

25. Yuan, W.; Sun, Z.; Ji, G.; Hu, H. Emerging Roles of Ferroptosis in Male Reproductive Diseases. Cell Death Discov. 2023, 9, 358.
[CrossRef] [PubMed]

26. Leichtmann-Bardoogo, Y.; Cohen, L.A.; Weiss, A.; Marohn, B.; Schubert, S.; Meinhardt, A.; Meyron-Holtz, E.G. Compartmen-
talization and Regulation of Iron Metabolism Proteins Protect Male Germ Cells from Iron Overload. Am. J. Physiol.-Endocrinol.
Metab. 2012, 302, E1519–E1530. [CrossRef] [PubMed]

27. De Domenico, I.; McVey Ward, D.; Kaplan, J. Regulation of Iron Acquisition and Storage: Consequences for Iron-Linked Disorders.
Nat. Rev. Mol. Cell Biol. 2008, 9, 72–81. [CrossRef] [PubMed]

28. Hsu, V.W.; Bai, M.; Li, J. Getting Active: Protein Sorting in Endocytic Recycling. Nat. Rev. Mol. Cell Biol. 2012, 13, 323–328.
[CrossRef]

29. Knutson, M.D. Steap Proteins: Implications for Iron and Copper Metabolism. Nutr. Rev. 2007, 65, 335–340. [CrossRef]
30. Harrison, P.M.; Arosio, P. The Ferritins: Molecular Properties, Iron Storage Function and Cellular Regulation. Biochim. Biophys.

Acta 1996, 1275, 161–203. [CrossRef]
31. Lelièvre, P.; Sancey, L.; Coll, J.-L.; Deniaud, A.; Busser, B. Iron Dysregulation in Human Cancer: Altered Metabolism, Biomarkers

for Diagnosis, Prognosis, Monitoring and Rationale for Therapy. Cancers 2020, 12, 3524. [CrossRef]
32. Leandri, R.; Power, K.; Buonocore, S.; De Vico, G. Preliminary Evidence of the Possible Roles of the Ferritinophagy-Iron Uptake

Axis in Canine Testicular Cancer. Animals 2024, 14, 2619. [CrossRef]
33. De Vico, G.; Martano, M.; Maiolino, P.; Carella, F.; Leonardi, L. Expression of Transferrin Receptor-1 (TFR-1) in Canine Osteosarco-

mas. Vet. Med. Sci. 2020, 6, 272–276. [CrossRef]
34. Evaluation of Serum Ferritin as a Tumor Marker for Canine Histiocytic Sarcoma—Friedrichs—2010—Journal of Veterinary Internal

Medicine—Wiley Online Library. Available online: https://onlinelibrary.wiley.com/doi/abs/10.1111/j.1939-1676.2010.0543.x
(accessed on 26 December 2024).

35. Kazmierski, K.J.; Ogilvie, G.K.; Fettman, M.J.; Lana, S.E.; Walton, J.A.; Hansen, R.A.; Richardson, K.L.; Hamar, D.W.; Bedwell,
C.L.; Andrews, G.; et al. Serum Zinc, Chromium, and Iron Concentrations in Dogs with Lymphoma and Osteosarcoma. J. Vet.
Intern. Med. 2001, 15, 585–588. [CrossRef] [PubMed]

36. Marques, O.; Canadas, A.; Faria, F.; Oliveira, E.; Amorim, I.; Seixas, F.; Gama, A.; Lobo-da-Cunha, A.; da Silva, B.M.; Porto, G.;
et al. Expression of Iron-Related Proteins in Feline and Canine Mammary Gland Reveals Unexpected Accumulation of Iron.
Biotech. Histochem. 2017, 92, 584–594. [CrossRef] [PubMed]

37. Polak, K.Z.; Schaffer, P.; Donaghy, D.; Zenk, M.C.; Olver, C.S. Iron, Hepcidin, and Microcytosis in Canine Hepatocellular
Carcinoma. Vet. Clin. Pathol. 2022, 51, 208–215. [CrossRef] [PubMed]

38. Rosenblum, S.L. Inflammation, Dysregulated Iron Metabolism, and Cardiovascular Disease. Front. Aging 2023, 4, 1124178.
[CrossRef]

39. Steinbicker, A.U.; Muckenthaler, M.U. Out of Balance-Systemic Iron Homeostasis in Iron-Related Disorders. Nutrients 2013, 5,
3034–3061. [CrossRef]

40. Tian, Y.; Tian, Y.; Yuan, Z.; Zeng, Y.; Wang, S.; Fan, X.; Yang, D.; Yang, M. Iron Metabolism in Aging and Age-Related Diseases. Int.
J. Mol. Sci. 2022, 23, 3612. [CrossRef]

41. Kawabata, H.; Yang, R.; Hirama, T.; Vuong, P.T.; Kawano, S.; Gombart, A.F.; Koeffler, H.P. Molecular Cloning of Transferrin
Receptor 2. A New Member of the Transferrin Receptor-Like Family. J. Biol. Chem. 1999, 274, 20826–20832. [CrossRef]

42. Kawabata, H.; Germain, R.S.; Vuong, P.T.; Nakamaki, T.; Said, J.W.; Koeffler, H.P. Transferrin Receptor 2-Alpha Supports Cell
Growth Both in Iron-Chelated Cultured Cells and In Vivo. J. Biol. Chem. 2000, 275, 16618–16625. [CrossRef]

43. Herbison, C.E.; Thorstensen, K.; Chua, A.C.G.; Graham, R.M.; Leedman, P.; Olynyk, J.K.; Trinder, D. The Role of Transferrin
Receptor 1 and 2 in Transferrin-Bound Iron Uptake in Human Hepatoma Cells. Am. J. Physiol. Cell Physiol. 2009, 297, C1567–C1575.
[CrossRef]

44. Fleming, R.E.; Migas, M.C.; Holden, C.C.; Waheed, A.; Britton, R.S.; Tomatsu, S.; Bacon, B.R.; Sly, W.S. Transferrin Receptor 2:
Continued Expression in Mouse Liver in The Face of Iron Overload and in Hereditary Hemochromatosis. Proc. Natl. Acad. Sci.
USA 2000, 97, 2214–2219. [CrossRef]

45. Kawabata, H.; Nakamaki, T.; Ikonomi, P.; Smith, R.D.; Germain, R.S.; Koeffler, H.P. Expression of Transferrin Receptor 2 in
Normal and Neoplastic Hematopoietic Cells. Blood 2001, 98, 2714–2719. [CrossRef]

46. Calzolari, A.; Oliviero, I.; Deaglio, S.; Mariani, G.; Biffoni, M.; Sposi, N.M.; Malavasi, F.; Peschle, C.; Testa, U. Transferrin Receptor
2 Is Frequently Expressed in Human Cancer Cell Lines. Blood Cells Mol. Dis. 2007, 39, 82–91. [CrossRef] [PubMed]

https://doi.org/10.3390/nu14102063
https://doi.org/10.1038/s41467-019-13879-8
https://www.ncbi.nlm.nih.gov/pubmed/31896751
https://doi.org/10.1038/s41420-023-01665-x
https://www.ncbi.nlm.nih.gov/pubmed/37770442
https://doi.org/10.1152/ajpendo.00007.2012
https://www.ncbi.nlm.nih.gov/pubmed/22496346
https://doi.org/10.1038/nrm2295
https://www.ncbi.nlm.nih.gov/pubmed/17987043
https://doi.org/10.1038/nrm3332
https://doi.org/10.1111/j.1753-4887.2007.tb00311.x
https://doi.org/10.1016/0005-2728(96)00022-9
https://doi.org/10.3390/cancers12123524
https://doi.org/10.3390/ani14172619
https://doi.org/10.1002/vms3.258
https://onlinelibrary.wiley.com/doi/abs/10.1111/j.1939-1676.2010.0543.x
https://doi.org/10.1111/j.1939-1676.2001.tb01595.x
https://www.ncbi.nlm.nih.gov/pubmed/11817065
https://doi.org/10.1080/10520295.2017.1369160
https://www.ncbi.nlm.nih.gov/pubmed/29172705
https://doi.org/10.1111/vcp.13085
https://www.ncbi.nlm.nih.gov/pubmed/35274348
https://doi.org/10.3389/fragi.2023.1124178
https://doi.org/10.3390/nu5083034
https://doi.org/10.3390/ijms23073612
https://doi.org/10.1074/jbc.274.30.20826
https://doi.org/10.1074/jbc.M908846199
https://doi.org/10.1152/ajpcell.00649.2008
https://doi.org/10.1073/pnas.040548097
https://doi.org/10.1182/blood.V98.9.2714
https://doi.org/10.1016/j.bcmd.2007.02.003
https://www.ncbi.nlm.nih.gov/pubmed/17428703


Animals 2025, 15, 264 11 of 12

47. Forejtnikovà, H.; Vieillevoye, M.; Zermati, Y.; Lambert, M.; Pellegrino, R.M.; Guihard, S.; Gaudry, M.; Camaschella, C.; Lacombe,
C.; Roetto, A.; et al. Transferrin Receptor 2 Is a Component of The Erythropoietin Receptor Complex and Is Required for Efficient
Erythropoiesis. Blood 2010, 116, 5357–5367. [CrossRef] [PubMed]

48. Pagani, A.; Vieillevoye, M.; Nai, A.; Rausa, M.; Ladli, M.; Lacombe, C.; Mayeux, P.; Verdier, F.; Camaschella, C.; Silvestri, L.
Regulation of Cell Surface Transferrin Receptor-2 By Iron-Dependent Cleavage and Release of a Soluble Form. Haematologica 2015,
100, 458–465. [CrossRef] [PubMed]

49. Goswami, T.; Rolfs, A.; Hediger, M.A. Iron Transport: Emerging Roles in Health and Disease. Biochem. Cell Biol. 2002, 80, 679–689.
[CrossRef]

50. Zhang, S.; Xin, W.; Anderson, G.J.; Li, R.; Gao, L.; Chen, S.; Zhao, J.; Liu, S. Double-Edge Sword Roles of Iron in Driving Energy
Production Versus Instigating Ferroptosis. Cell Death Dis. 2022, 13, 40. [CrossRef]

51. Puig, S.; Ramos-Alonso, L.; Romero, A.M.; Martínez-Pastor, M.T. The Elemental Role of Iron in DNA Synthesis and Repair.
Metallomics 2017, 9, 1483–1500. [CrossRef]

52. Kurniawan, A.L.; Lee, Y.-C.; Shih, C.-K.; Hsieh, R.-H.; Chen, S.-H.; Chang, J.-S. Alteration in Iron Efflux Affects Male Sex Hormone
Testosterone Biosynthesis in a Diet-Induced Obese Rat Model. Food Funct. 2019, 10, 4113–4123. [CrossRef]

53. Zhang, C.; Zhang, F. Iron Homeostasis and Tumorigenesis: Molecular Mechanisms and Therapeutic Opportunities. Protein Cell
2015, 6, 88–100. [CrossRef]

54. Daniels, T.R.; Bernabeu, E.; Rodríguez, J.A.; Patel, S.; Kozman, M.; Chiappetta, D.A.; Holler, E.; Ljubimova, J.Y.; Helguera, G.;
Penichet, M.L. The Transferrin Receptor and the Targeted Delivery of Therapeutic Agents Against Cancer. Biochim. Biophys. Acta
2012, 1820, 291–317. [CrossRef]

55. Nagai, K.; Nakahata, S.; Shimosaki, S.; Tamura, T.; Kondo, Y.; Baba, T.; Taki, T.; Taniwaki, M.; Kurosawa, G.; Sudo, Y.; et al.
Development of a Complete Human Anti-Human Transferrin Receptor C Antibody as a Novel Marker of Oral Dysplasia and
Oral Cancer. Cancer Med. 2014, 3, 1085–1099. [CrossRef] [PubMed]

56. Moreno-Navarrete, J.M.; Novelle, M.G.; Catalán, V.; Ortega, F.; Moreno, M.; Gomez-Ambrosi, J.; Xifra, G.; Serrano, M.; Guerra,
E.; Ricart, W.; et al. Insulin Resistance Modulates Iron-Related Proteins in Adipose Tissue. Diabetes Care 2014, 37, 1092–1100.
[CrossRef] [PubMed]

57. Senyilmaz, D.; Virtue, S.; Xu, X.; Tan, C.Y.; Griffin, J.L.; Miller, A.K.; Vidal-Puig, A.; Teleman, A.A. Regulation of Mitochondrial
Morphology and Function by Stearoylation of TFR1. Nature 2015, 525, 124–128. [CrossRef]

58. Roberts, K.P.; Griswold, M.D. Characterization of Rat Transferrin Receptor cDNA: The Regulation of Transferrin Receptor mRNA
in Testes and in Sertoli Cells in Culture. Mol. Endocrinol. 1990, 4, 531–542. [CrossRef] [PubMed]

59. Sylvester, S.R.; Griswold, M.D. Localization of Transferrin and Transferrin Receptors in Rat Testes. Biol. Reprod. 1984, 31, 195–203.
[CrossRef]

60. Vannelli, B.G.; Orlando, C.; Barni, T.; Natali, A.; Serio, M.; Balboni, G.C. Immunostaining of Transferrin and Transferrin Receptor
in Human Seminiferous Tubules. Fertil. Steril. 1986, 45, 536–541. [CrossRef]

61. Atanasiu, V.; Manolescu, B.; Stoian, I. Hepcidin—Central Regulator of Iron Metabolism. Eur. J. Haematol. 2007, 78, 1–10. [CrossRef]
62. Kemna, E.H.J.M.; Tjalsma, H.; Willems, H.L.; Swinkels, D.W. Hepcidin: From Discovery to Differential Diagnosis. Haematologica

2008, 93, 90–97. [CrossRef]
63. Knutson, M.D.; Oukka, M.; Koss, L.M.; Aydemir, F.; Wessling-Resnick, M. Iron Release from Macrophages after Erythrophagocy-

tosis Is Up-Regulated by Ferroportin 1 Overexpression and down-Regulated by Hepcidin. Proc. Natl. Acad. Sci. USA 2005, 102,
1324–1328. [CrossRef]

64. Ganz, T.; Nemeth, E. Iron Imports. IV. Hepcidin and Regulation of Body Iron Metabolism. Am. J. Physiol. Gastrointest. Liver
Physiol. 2006, 290, G199–G203. [CrossRef]

65. Nemeth, E.; Tuttle, M.S.; Powelson, J.; Vaughn, M.B.; Donovan, A.; Ward, D.M.; Ganz, T.; Kaplan, J. Hepcidin Regulates Cellular
Iron Efflux by Binding to Ferroportin and Inducing its Internalization. Science 2004, 306, 2090–2093. [CrossRef] [PubMed]

66. Silvestri, L.; Nai, A.; Pagani, A.; Camaschella, C. The Extrahepatic Role of TFR2 in Iron Homeostasis. Front. Pharmacol. 2014, 5, 93.
[CrossRef] [PubMed]

67. Goswami, T.; Andrews, N.C. Hereditary Hemochromatosis Protein, HFE, Interaction with Transferrin Receptor 2 Suggests a
Molecular Mechanism for Mammalian Iron Sensing. J. Biol. Chem. 2006, 281, 28494–28498. [CrossRef] [PubMed]

68. Rishi, G.; Wallace, D.F.; Subramaniam, V.N. Hepcidin: Regulation of the Master Iron Regulator. Biosci. Rep. 2015, 35, e00192.
[CrossRef]

69. Wang, X.; Shi, Q.; Gong, P.; Zhou, C.; Cao, Y. An Integrated Systematic Analysis and the Clinical Significance of Hepcidin in
Common Malignancies of the Male Genitourinary System. Front. Genet. 2022, 13, 771344. [CrossRef]
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