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Ferritin is the main intracellular storage of iron. Animal studies show that female liver and kidney express more ferritin and accumulate
more iron than male. However, no study so far has investigated sex and age differences in light (FtL) and heavy (FtH) ferritin chain
expression. To address this, we relied on specific antibodies and immunochemical methods to analyse the expression of both ferritin
chains in the liver and kidney of 3-month and 2-year-old male and female Wistar rats. To see how sex hormones may affect expression
we also studied adult animals gonadectomised at the age of 10 weeks. FtL. and FtH were more expressed in both organs of female rats,
while gonadectomy increased the expression in males and decreased it in females, which suggests that it is stimulated by female and
inhibited by male steroid hormones. Normal kidney ferritin distribution and change with aging warrant more attention in studies of (patho)

physiological and toxicological processes.
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Structurally, the mammalian ferritin complex is a hollow protein
sphere or a nanocage composed of 24 subunits from two protein
chains, light (Ftl: 183 amino acids) and heavy (FtH: 182 amino
acids). A ferritin nanocage can accommodate about 4500 Fe(III)
atoms, mostly in the form of bioavailable mineral ferrihydrite, and
a significant amount is present in the liver, heart, spleen, and kidneys
(1-3).

Several genetic studies reported a more vital role of F'tH than
of FtL, as its silencing causes early embryonic death, whereas mice
without Ftl. survive. Although both chains are structured as
intracellular nanocages, FtH also promotes ferroxidase activity,
which mediates oxidation of the ferrous [Fe (II)] into a less reactive
ferric [Fe (I1I)] ion (1-8).

Previous sex and aging studies have shown that ferritin
expression reflects iron accumulation and that ferritin is higher in
female than male and in older than younger experimental animals
(9-18). These sex and age differences may be owed to the liver
hormone hepcidin as the main regulator of systemic iron availability.
Hepcidin expression is higher in female rats and depends on steroid
hormones (7, 18).

At the moment, however, we do not know how sex and age
differences affect the expression of either ferritin chain in the kidney
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and liver and whether they affect them differently, as, to the best of
our knowledge, such studies have not yet been carried out (9, 10).
The aim of this study was, therefore, to determine liver and kidney
expression of both ferritin chains in adult and old male and female
animals and to establish the effect of hormone loss (through
gonadectomy of adult animals) on their individual expression.

MATERIALS AND METHODS

Animals and treatment

Sex and age differences were studied in three-month and two-
year-old male and female Wistar rats from the colony bred at the
Institute for Medical Research and Occupational Health, Zagreb,
Croatia. Animals had free access to tap water and standard pelleted
food (4RF21, Mucedola, Settimo Milanese, Italy) and were treated
in accotdance with the Ditective 2010/63/EU (19) on the protection
of animals used for scientific experiments. The gonadectomised
group consisted of four 10-week old males castrated via scrotal
route and four females ovariectomised via dorsal route two weeks
before sacrifice. For control we used four respective male and female



Pavi¢ Vulinovi¢ M, et al. Ferritin light and heavy chain expression in the liver and kidneys of Wistar rats: aging, sex differences, and impact of gonadectomy

Ath Hig Rada Toksikol 2022;73:48-61

sham-gonadectomised animals, which underwent operation without
removing their reproductive organs (20). The sacrifice and
operations were performed under general anaesthesia with
intraperitoneal ketamine (80 mg/kg body mass) and xylazine
(12 mg/kg body mass) (Chassot AG, Bern, Switzetland). The studies
were approved by the Institute’s Ethics Committee and by the
Croatian Ministry of Agriculture under the AGEMETAR project.

Antibodies

Monoclonal antibodies against target proteins Ftl. (sc-390558,
D-1) and FtH (sc-376594, B-12) or housckeeping proteins alpha-
tubulin (sc-23948, aT), beta-actin (sc-47773, bA), and glyceraldehyde-
3-phosphate dehydrogenase (sc-365062, GAPDH, G) were obtained
from Santa Cruz Biotechnology (Dallas, TX, USA). Secondary
antibodies were bought from Jackson ImmunoResearch Laboratories
(West Grove, PA, USA). The alkaline phosphatase-labelled goat
anti-mouse IgG (GAMAP; Cat. No. 115-056-068) was used for
western blotting and CY3-labeled donkey anti-mouse IgG
(DAMCY3; Cat. No. 715-165-151) for immunohistochemical
analysis.

Sample preparation and western blotting

We removed part of the liver and kidney from each sacrificed
animal and dissected it manually to prepate 10 % tissue homogenates
in an ice cold pH 7.4 buffer containing 300 mmol/L mannitol,
5 mmol/L EGTA, 12 mmol/L Ttis/HCl, and protease inhibitors
(SIGMAEAST™, Cat. No. S8830, Sigma-Aldrich, St. Louis, MO,
USA) using a Powergen 125 homogeniser (Fisher Scientific, Clifton,
NJ, USA). These crude homogenates were centrifuged at 5,000 g
for 15 min, pellets discarded, and supernatants used to identify
ferritin chains with western blotting, Protein concentrations were
measured with the dye-binding assay and homogenates frozen at
-20 °C until further use (20, 21).

For sodium dodecyl sulphate-polyacrylamide gel electrophoresis
(SDS-PAGE), liver or kidney tissue homogenates were mixed with
Laemmli sample buffer (20, 21) with or without 2-mercaptoethanol
and denatured at various temperatures. Proteins (40 or 60 pg per
lane) were separated with 18 % or 20 % SDS-PAGE gels using a
Mini-PROTEAN 3 system and then wet-transferred using Mini
Trans-Blot Electrophoretic Transfer Cell (both from Bio-Rad
Laboratories, Hercules, CA, USA) to the poly(vinylidene fluoride)
(PVDF) membrane (Immobilon®, Millipore, Bedford, MA, USA).
Some PVDF membranes were stained with Coomassie blue (CBS)
(Figure 1B) to check that we had the same load of proteins for all
samples and the rest were immediately incubated with 1 %
glutaraldehyde (GA) for 30 min as described elsewhere in detail (20,
21) to fixate small proteins on the membrane. We did this because
FtL (antibody D-1) did not stain without GA fixation, whereas FtH
(antibody B-12) staining was not affected by GA, which indicates
different hydrophilic properties of the two subunits (data not
shown).
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PVDF membranes were incubated with target and housekeeping
antibodies diluted in blotto milk — D-1 at the 1:1000 ratio, and B-12,
aT, bA, and GAPDH at the 1:500 ratio. As we could not detect
housckeeping proteins in some liver samples with colourimetry
because of high gel density, we relied on the nonspecific band (NB)
stained with secondary antibodies, as it appeared uniform below
the ferritin protein band (Figures 1B, 4A, and 5A). After
colourimetric-detection, we evaluated protein band densities relative
to the density of the strongest protein band in control samples (1
arbitrary unit) using the open source Image] program (US National
Institutes of Health, MA, USA).

Tissue fixation and immunohistochemistry

As described in detail in our previous work (20, 21), liver and
kidneys were perfused with 4 % paraformaldehyde (PFA) i# vivo via
the left heart ventricle for 5 min while the animals were under
anaesthesia. Liver and kidneys were then removed, sliced in 1-2 mm
thick slices, kept in 4 % PFA at 4 °C overnight, thoroughly washed
in phosphate-buffered saline containing 0.02 % NaN, (PBS), and
refrigerated in PBS until use.

The slices were soaked overnight in 30 % sucrose (in PBS),
embedded in an optimal cutting temperature medium (Tissue-Tek,
Sakura, Japan), frozen to -25 °C, cut to 4 pm thick cryosections with
a Leica CM 1850 cryotome (Leica instruments, Nussloch, Germany),
and placed on Supetfrost/Plus microscope slides (Fischer Scientific,
Pittsburgh, PA, USA). For immunostaining we followed an
optimised antigen retrieval procedure for both target antibodies
described in detail elsewhere (20, 21). Immunohistochemical staining
was examined under an Opton III RS fluorescence microscope
(Opton Feintechnik, Oberkochen, Germany) and images captured
and processed with a Spot RT Slider camera and software
(Diagnostic Instruments, Sterling Heights, MI, USA). We then used
Adobe Photoshop 6.0 (Adobe, San Jose, CA, USA) to obtain black
and white images, label them, and arrange in panels.

Data presentation and statistical analysis

Immunohistochemical and western blot data were obtained
from four animals per expetimental group. Group means + standard
errors of the mean (SEM) were compared with the #test and the
level of significance was set to p<0.05.

RESULTS AND DISCUSSION

Considering previous research of age and sex differences in
ferritin expression (9-18), our study has confirmed its dependence
on age, sex, and steroid hormones for both chains in the liver and
kidney of 3-month and 2-year-old male and female Wistar rats.

Immunochemical findings in the liver are given in Figure 1.
Figure 2 shows kidney panels with parallel ferritin staining in the
female kidney based on consecutive cryosections. Detailed
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Figure 1 Liver ferritin immunochemistry conditions during procedure optimisation. (A) Sample preparation for Western blotting in reducing and non-
reducing conditions at three temperatures that all yielded a strong and sharp protein band of 20 kDa for Ftl. and 21 kDa for FtH; (B) Western blotting
for protein load — livers of 3-month-old male and female stained with Coomassie blue staining (CBS). PVDF membrane was incubated only with secondary
antibody (secAb) followed by FtH antibody reincubation. Densitometric result between CBS samples and secondary antibody nonspecific band (NB)
staining did not show difference vs protein band after FtH staining; (C) Antigen retrieval conditions for immunofluorescent staining for both ferritin
antibodies. No staining was observed either without retrieval or with sodium dodecyl sulphate (SDS). Microwave cooking in citrate buffer (CT) with
different pH gave best results for both ferritin antibodies at pH 6. Sham deparaffinisation with organic solutions and alcohol prior to cooking in citrate
buffer (DCT) did not increase staining intensity
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Figure 2 Kidney panels with parallel ferritin staining in consecutive cryosections of female kidney. Immunofluorescence of FtL (a) and FtH (b) shows
stronger staining in epithelial cells of proximal tubules throughout the cortex and much weaker and mosaic staining in the outer stripe of kidney zones.
Proximal tubules showed homogenous intracellular staining, whereas some S1 and S2 segments showed relatively dotty and faint (a, FtL) to strong (b,
FtH) staining, Arrowheads on both panels show S1 segment of the proximal tubule (a, b) leaving juxtamedullar glomeruli (G). On the b panel S2 segments
show homogenous and strong staining (arrow in G proximity). Faint (a,b) and mosaic staining (a) was observed in S3 segments (bottom of panels below
G). Many proximal tubules contained ferritin-positive vesicles in the cells and in the lumen (asterisk in the S2 segment). This was found for both chains
in the same cells/tubules of consecutive cryosections (a and b panels). However, FtH was more prominently stained in structures such as intercalated
cells in the collecting duct (ladder) and weakly in the thick ascending limb of Henley (tubule to the left above the ladder). Bar=50 pm
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distribution of ferritin chain expression in the kidneys is shown in
Figure 3.

Figures 4 and 5 show immunochemistry findings of light and
heavy ferritin chains in the liver and Figures 6 and 7 in the kidney.
The effect of gonadectomy on both ferritin chains in the liver is
detailed in Figure 8 and in the kidney in Figure 9.

We have confirmed sex and age-dependent expression of both
ferritin chains in the liver and kidneys (Figures 4-7), as female rats
had more than two times as high expression as males. Similar findings
in the liver and kidney were reported for iron accumulation (1114,
20, 22).

We have also demonstrated that the expression of both ferritin
chains depends on sex hormones, as it was higher after castration
and lower after ovariectomy (Figures 8 and 9), which is in line with
studies of iron accumulation conducted a few decades eatlier (9,
10, 14) and our more recent report of iron turnover after castration
and ovariectomy (20).

Even though both ferritin chains are responsive to sex
hormones, they do not have oestrogen or androgen response
elements in their promoters. This suggests that iron regulates their
expression through iron response proteins (IRP) and elements (IRE)
in conformations of mRNA (1-7).

Some details we observed in the staining of both ferritin chains
in three-month and two-year-old kidneys warrant more rigorous
investigation that would include colocalisation analysis of specific
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proteins to confirm the presence of both in same cellular locations,
as indicated by unexpected localisation of ferritin chains in
intercalated cells and macula densa in our histological findings.
Intercalated cells are involved in sequestering iron through complex
neutrophil gelatinase-associated lipocalin/receptor-mediated
endocytosis during inflammation (23), whereas wacula densa cells
seem to involve the expression of hypoxia sensors and erythropoietin,
which may explain the strong staining of both ferritin chains ready
to release iron for enzymes needed in erythropoietin expression
(24).

The role of iron in kidney diseases has recently been emphasised,
and more precise localisation of ferritin throughout the kidney may
tell us more about its functions in (pato)physiology (5, 25-28).
However, protein expression in organs detected by western blotting
in our study has yet to be confirmed by 7 situ distribution in order
to reveal a more precise expression pattern.

Our findings have shown strong ferritin staining of interstitial
cells irregularly present in all kidney zones. We assume that it could
be associated with macrophages (Figures 6 and 7, ¢ and d), as
macrophages have recently been recognised as a new source of
serum ferritin (25, 28). This could be relevant for our positive
findings of ferritin in aged rats.

Another interesting finding in our study is intracellular
abundance of ferritin-positive vesicles, which may reflect ferritin/
iron lysosomal turnover. Lysosomal iron may be protected with

Figure 3 Details of ferritin chain expression in the kidneys. Panel a, b, and ¢ show FtL and panels d, e, and f FtH staining in specific nephron segments.
Intracellular staining was mostly homogenous in epithelial cells of the proximal tubule (PT). Staining in the S1 segment leaving glomeruli (G) was relatively
faint for FtL (a) and stronger for FtH (d) (asterisk in the ST segment of PT leaving G). Ferritin-positive were specific structures of macula densa with both
antibodies (arrowhead in b, e below G). Intracellular vesicles can be seen in all PT tubules (arrow in b and ¢) and in the PT lumen (arrow in ¢ and f). Both
ferritin chains were positive in intercalated cells of the collecting duct (asterisk in c, f). Panels d, e, and f show some positive FtH staining in glomeruli,
possibly in the podocytes, mesangial cells, and/or patietal layer. This was not prominent with FtL (G in a, b). Bar=20 um
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Figure 4 Immunochemistry of the
light ferritin chain in the liver.
Western blotting with D-1 antibody
against FtL. (A) followed by
densitomettic evaluation (B) of the
protein bands labeled in liver tissue
homogenates. Ftl. immunostaining
in cryosections of the liver tissues
of three-month (3m) and two-year
(2y) old male (M) and female (F)
rats (C). The strong protein band
of ~ 20 kDa represents the FtL
chain and was used for densitometric
evaluation in relation to NB (A).
Fach band represents FtL protein
expression in tissue homogenates
from individual animals. Higher
expression of FtL is visible in
female rats regardless of age and in
2-yeat-old male and female animals.
Additional protein bands are from
alpha-tubulin (aT), beta-actin (bA),
and GAPDH (G) as unused
housekeeping proteins.
Densitometric evaluation of
protein bands (B) is shown by bars,
each representing mean = SEM of
band density of four animals per
group. Statistics: vs respective M or
3-month-old animals, **P<0.01.
Immunohistochemical images of
FtL in liver tissue ctyosections (C)
show similar findings in 3m (a, b)
and 2y (¢, d) old M (a, ¢) and F (b,
d) rats. Intracellular staining is
stronger in 3m old F vs 3m old M
(a, b) and 2y old F vs 2y old M (c,
d), 2y old M vs 3m old M (a, ¢), and
2y old F (b, d) vs 3m old F.
Bar=30 um
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Figure 5 Immunochemistry of the
heavy ferritin chain in the liver.
Western blotting with B-12
antibody against FtH (A) and
densitometric evaluation (B) of the
protein bands. FtH immunostaining
in cryosections of the liver tissues
of three-month (3m) and two-year
(2y) old male (M) and female (F)
rats (C). The strong protein band
of ~21 kDa represents the FtH and
was used for densitometric
evaluation in relation to NB. Each
band represents FtH protein
expression in tissue homogenates
from individual animals. Higher
expression of FtH is visible in
female rats regardless of age and in
2-year-old male and female animals
in M and F. Densitometric
evaluation of the protein bands (B)
is shown by bars, each representing
mean £ SEM of band density of
four animals per group. Statistics:
vs respective males or 3-month-old
animals, **P <0.01.
Immunohistochemical images of
FtH in liver tissue cryosections (C)
show similar findings in 3m (a, b)
and 2y (¢, d) old M (a, ¢) and F (b,
d) rats. Intracellular staining is
stronger in 3m old F vs 3m old M
(a, b) and in 2y old F vs 2y old M
(c, d) and in 2y old M vs 3m old M
(a, ¢) and in 2y old F vs 3m old F
(b, d). Bar=30 pm
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Figure 6 Immunochemistry of the
light ferritin chain in the kidney.
Western blotting with D-1 antibody
against FtL (A) followed by
densitometric evaluation (B) of the
protein bands labeled in kidney
tissue homogenates. FtL
immunostaining in cryosections of
the kidney tissues of three-month
(3m) and two-year (2y) old male (M)
and female (F) rats (C). The strong
protein band represents FtlL and
was used for densitometric
evaluation in relation to beta-actin
(bA). Each band represents FtL
protein expression in tissue
homogenates from individual
animals. Higher expression of FtL
is visible in female rats regardless
of age and in 2-year-old male and
female animals. Additional protein
bands are from alpha-tubulin (aT),
beta-actin (bA), and GAPDH (G)
as housekeeping proteins.
Densitometric evaluation of
protein bands (B) is shown by bars,
each representing mean £ SEM of
band density of four animals per
group. Statistics: vs respective M or
3m old animals, **P <0.01.
Immunohistochemical images of
FtL in kidney tissue cryosections
(C) show similar findings in 3m (a,
b) and 2y (c, d) old M (a, c¢) and F
(b, d) rats. Intracellular staining is
stronger in 3m old F vs 3m old M
(a, b), 2y old F vs 2y old M (c, d),
2y old M (a, ¢) vs 3m old M, and 2y
old F (b, d) vs 3m old F. Glomeruli
(G) are marked on panel (C) and
arrowhead in ¢ marks wacula densa,
whereas arrows mark positive
interstitial staining, probably
macrophages. Bar=20 um
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Figure 8 Effect of gonadectomy on both ferritin chain expression in the liver. Expression of FtL and FtH protein (A, B) in the liver by western blotting,
Each band represents FtL or FtH expression in the tissue of individual animals. Additional protein bands are from alpha-tubulin (aT), beta-actin (bA),
and GAPDH (G). Each bar represents mean = SEM of band density from four animals per group. Data wete analysed with the #test. Ovariectomy
statistically decreased the expression of both ferritin chains and castration increased their expression. Statistics: sham-gonadectomised (SG) vs castrated
males *¥P<0.01 (A); SG vs ovatiectomised females *P<0.05 (B)
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Figure 9 Effect of gonadectomy on both ferritin chain expression in the kidney. Expression of FtLL and FtH protein (A, B) in the kidney by western
blotting. Each band represents FtL. or FtH expression in the tissue of individual animals. Each bar represents mean = SEM of band density from four
animals per group. Data were analysed with the #test. Additional protein bands are from alpha-tubulin (aT), beta-actin (bA), and GAPDH (G). Ovariectomy
statistically decreased the expression of both ferritin chains and castration increased their expression. Statistics: sham-gonadectomised (SG) vs castrated
males **P <0.01 (A); SG vs ovariectomised females *P < 0.05 (B)



Pavi¢ Vulinovi¢ M, et al. Ferritin light and heavy chain expression in the liver and kidneys of Wistar rats: aging, sex differences, and impact of gonadectomy

Ath Hig Rada Toksikol 2022;73:48-61

higher expression of inducible metallothioneins (MT) in some
proximal tubules, which may attenuate reactive oxygen species (ROS)
or directly sequester iron in organelles (29-33). Also, these vesicles
can stay in the cell and form lipofuscin as time goes by (aging
pigment of incompletely degraded proteins) (32). Our previous
study (21) reports that expelled vesicles to the lumen of proximal
tubules through exocytosis may correlate with MT-positive vesicles.
It is possible that some reabsorption mechanism takes place in the
form of megalin/cubilin scavenger receptors (21), which are present
on the apical membrane of the S3 segment of proximal tubules.
This is visible in Figure 3 (a and b, bottom).

Interactions between essential and toxic transition metals (TM)
and mechanisms that protect or damage the cell/organism have
been studied for many years (30). For iron as an endogenous source
of ROS, scavenger interactions with ferritin and MT are of particular
interest (31-37).

The significance of ferritin is also visible at the molecular level
through regulation of iron accumulation and autophagocytosis and
recycling of material within the cell (38, 39). Sex differences in
autophagy and some discases call for a revision of current
knowledge about the metabolism of iron and other TMs and of
implications related to aging, sterile inflammation, and degenerative
diseases (40—46). Essential TMs, iron in particular, are involved in
all cellular processes, and our study shows that it is important to
establish whether sex differences or their absence play an important
role in research models and human diseases, as suggested eatlier (5,
206, 40-42).

Some novel markers, such as nuclear receptor coactivator 4
(NCOAA4) are believed to drive ferritinophagy — autophagic
degradation of ferritin that can lead to ferroptosis as regulated cell
death independent of apoptosis, with iron lipid oxidation and GSH
depletion (38, 39).

One of our aims was to establish the role of aging on ferritin
expression. Until now, such an association between aging and iron
accumulation in organs or between expressions of the two ferritin
chains was studied only individually, like in female liver along with
methionine-centred redox cycle changes (11) or in male heart and
liver with oral iron chelator that decreased apoptosis protein
expression (12), or in the male muscle in relation to protein oxidative
damage (47). The last study suggested that accumulated iron and
ferritin caused sarcopaenia. However, molecular pathways in aging
and the role of ROS-producing iron and both ferritin chains remain
elusive (5, 26-28, 30).

Our work contributes to current research with new data on sex
and age differences in the expression and distribution of both ferritin
chains and provides the background of all physiological processes.

CONCLUSION

Our study returns to the basic questions about the importance
of sex, sex hormones, and age in the expression of both ferritin
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chains as the main iron storage cell structures by giving new insights
into their distribution in the liver and kidney. These insights call for
new (patho)physiological and toxicological investigations, which
should clarify how the sex and age-dependent relationship between
iron and ferritin affects the system, especially in oxidative stress.
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Ekspresija lakog i teskog lanca feritina u jetri i bubrezima Wistar Stakora: spolne razlike, starenje i utjecaj gonadektomije

Feritin je glavni skladisni protein unutarstani¢noga zeljeza. U korelaciji s ekspresijom feritina, istrazivanja na zivotinjama pokazuju da jetra
i bubrezi u Zenki nakupljaju vise Zeljeza nego u muzjaka. Medutim, dosad se nijedno istrazivanje nije bavilo spolnim i dobnim razlikama
u ekspresiji lakog (FtL) i teskog (FtH) lanca koji ¢ine feritinski nanokavez. Kako bismo to rijesili, oslonili smo se na specifi¢na protutijela
i imunokemijske metode za analizu ekspresije obaju feritinskih lanaca u jetri i bubrezima odraslih i starih muzjaka i zenki stakora soja
Wistar. Da bismo vidjeli kako spolni hormoni mogu utjecati na ekspresiju feritina, proucavali smo i gonadektomirane odrasle Zivotinje.
FtL i FtH bili su izrazeniji u odraslih i starih zivotinja u obama organima u zenki stakora; gonadektomija je povecala ekspresiju u muzjaka,
a smanjila je u zenki, sto upucuje na to da feritine stimuliraju zenski, a inhibiraju muski steroidni hormoni. Normalna raspodjela feritina
u bubrezima i promjena sa starenjem zahtijevaju vise paznje u proucavanju (pato)fizioloskih i toksikoloskih procesa.

KLJUCNE RIJECI: epitelne stanice; feritinski nanokavez; hepatociti; imunofluorescencija; interkalirane stanice, metabolizam Zeljeza;
macula densa; nefron; steroidni hormoni; western blot



