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Effect of cerium oxide on iron metabolism in mice
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The use of metal nanoparticles such as cerium oxide nanoparticles
(nanoceria) in living organisms is attracting increasing attention.
We administered nanoceria to chronic kidney disease model rats,
including a 5/6 nephrectomy model and adenine administration
model rats, and reported high phosphorus adsorption capacity
and renal function improvement effects of nanoceria. However,
the iron ion concentration in the serum fluctuated significantly
after administration. Therefore, we investigated changes in
proteins related to iron metabolism following administration of
nanoceria to normal mice without chronic kidney disease over
different periods of time. Nanoceria were administered to 10-
week-old C57BL/6 mice for 4 or 12 weeks. Another group was
administrated lanthanum carbonate, which is currently used as
a phosphorus adsorbent. The amount of iron in the serum and
the concentration of transferrin in the liver were significantly
increased following nanoceria administration, and the amount
of iron in the liver was significantly decreased. There were no
changes in serum hepcidin, ferroportin, cholesterol, or low-
density lipoprotein levels. These results indicate that nanoceria
administration can affect iron metabolism in mice. Although the
detailed mechanism remains unknown, caution is warranted
when considering biological utilization in the future.
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C erium oxide (CeO2), an oxide of cerium (Ce), a lanthanide
with atomic number 58, is the most abundant rare earth

element in the Earth’s crust. Cerium exists primarily as cerium
oxide, cerium carbonate, cerium nitrate, and cerium hydroxide.
Among cerium species, cerium oxide is most commonly used as
a polishing agent for glass, and it is also added to automobile
windshields due to its ability to absorb ultraviolet rays.(1,2)

Cerium hydroxide and cerium carbonate reportedly exhibit high
ion-adsorption properties; cerium hydroxide has been put to
practical use as an adsorbent for phosphorus in water.(3) Cerium-
based compounds are primarily used industrially.
However, in recent years, cerium has also been used in some

biological applications. Cerium is also used as a cosmetic
material due to its ability to absorb ultraviolet rays,(4) and cerium
oxide nanoparticles (nanoceria) reportedly exhibit antioxidant
effects.(5,6) We previously focused on the high phosphorus-
adsorption capacity of cerium and investigated whether it could
be used to treat hyperphosphatemia in chronic kidney disease
(CKD).(7,8) The primary agent for treating hyperphosphatemia
lanthanum is carbonate hydrate.(9) However, lanthanum carbonate
hydrate has been associated with digestive system side effects
such as vomiting and diarrhea.(10)

Therefore, we investigated the potential medical application
of nanoceria by administering them to 5/6 nephrectomy model
rats as a candidate substance to replace lanthanum carbonate
hydrate for the treatment of hyperphosphatemia in CKD. In vitro,
nanoceria showed a high capacity for phosphorus adsorption,
equivalent to or greater than that of lanthanum carbonate; in vivo,

serum urea nitrogen and creatinine values were significantly
improved following nanoceria administration.(6) The detailed
mechanism of the effectiveness of nanoceria remains unclear,
however, one possible mechanism involves anion exchange
between phosphate and the surface of the nanoceria particles.(11)

The trivalent to tetravalent surface ratio seems to be important
for the antioxidant activity of cerium oxide.(4) However, in this
case, serum free iron concentrations were significantly lower
(5-folds) in 5/6 nephrectomized rats treated with nanoceria than
in untreated rats (data not shown). These results suggest that
nanoceria are suitable for the treatment of extreme hyperphos‐
phatemia in CKD, but the data suggest that it may also affect iron
homeostasis in vivo. Iron is an essential mineral involved in
oxygen transport in red blood cells.(12) Low serum iron leads to
anemia, and the presence of iron ions is also closely related to
ferroptosis, a type of cell death.(13,14) In this study, therefore,
we investigated the effect of cerium oxide administration via
nanoceria on iron metabolism in mice.

Methods

Animals. All animal experiments were performed with
approval from the Animal Protection and Ethics Committee of
Shibaura Institute of Technology, Tokyo, Japan (approval number
#21005, permission obtained August 16, 2021). Ten-weeks-old
C57BL6J male mice were purchased from Japan SLC, Inc.
(Shizuoka, Japan) and housed under controlled conditions (22 ±
2°C, 12-h light/dark cycle). All mice were provided ad libitum
access to food and water. After 1 week of habituation and feeding
of Labo MR Stock (Nosan Corp., Kanagawa, Japan), the mice
were fed a control diet (Ctrl; AIN93G, Funabashi Farm Co., Ltd.,
Chiba, Japan) or diet supplemented with either 0.5% lanthanum
carbonate (NIKKI Corp., Saitama, Japan) (La) or 1.31% cerium
oxide (Ce) for 4 or 12 weeks. Body weight as well as food and
water intake were measured once per week. Following assess‐
ments, mice were euthanized, and blood, liver, kidney, heart and
spleen samples were obtained for analysis.

Biochemical analysis. Blood was stored at room tempera‐
ture (RT) for 1 h and centrifuged at 7,000 rpm for 20 min to
separate serum. Blood urea nitrogen (BUN), creatinine (CRE),
uric acid (UA), inorganic phosphate (IP), triglyceride (TG),
total-cholesterol (T-CHO), low-density lipoprotein cholesterol
(LDL-C), high-density lipoprotein cholesterol (HDL-C), aspar‐
tate aminotransferase (AST), alanine aminotransferase (ALT),
iron (Fe), and unsaturated iron binding capacity (UIBC) were
measured by an animal inspection service (Oriental Yeast Co.,
Ltd., Tokyo, Japan). Total iron binding capacity (TIBC) and
transferrin saturation (TSAT) were calculated as Fe + UIBC and
(Fe/TIBC) × 100, respectively.
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Western blotting. Twenty micrograms of sample protein
were separated on 15% sodium dodecyl sulfate polyacrylamide
gels. The proteins on the gels were then transferred on nitrocellu‐
lose membranes (Clear trans, 0.2 μm, #030-25643; FUJIFILM
Wako Pure Chemical Corp., Osaka, Japan). The membranes
were stained using Ponceau S solution (Sigma Aldrich Corp., St.
Louis, MO). The membrane were blocked with 2% skim milk
and incubated for 1 h at RT. After blocking, the membranes
were reacted with anti-transferrin receptor (TfR) antibody
(1:1,000, #ab84036; abcam plc., Cambridge, UK), anti-SLC40A1
(ferroportin; FPN) antibody (1:1,000, #ab78066; abcam plc.) and
anti-hepcidin-25 (Hep) antibody (1:1,000, #ab30760; abcam plc.)
overnight at 4°C. Anti-rabbit IgG HRP (Promega Co., Madison,
WI) or anti-mouse IgG HRP (Promega Co.) antibodies were
used as the secondary antibody at 1:4,000 dilution. After washing
the membranes, chemiluminescent signals were detected using
a LAS-3000 system (FUJIFILM Corp., Tokyo, Japan). Relative
band intensities were measured using Image Quant TL software,
ver. 8.2 (Cytiva, Tokyo, Japan).

Measurement of iron concentration. Sample homogenate
was mixed with 1 M HCl, incubated at RT for 30 min, and
centrifuged at 7,500 rpm and 4°C for 10 min. The iron level was
measured using an Iron Assay kit (#FE02M; Metallogenics Co.,
Ltd., Chiba, Japan), according to the manufacturer’s instructions.
Samples were analyzed using a microplate reader at a wavelength
of 750 nm.

Statistical analysis. All data are presented as means ± SE,
and differences were analyzed using the Tukey–Kramer method
with GraphPad Prism 9.2.0 (GraphPad Software Inc., San Diego,
CA). P<0.05 was considered statistically significant.

Results

Treatment with nanoceria significantly decreased body
weight. Mice were fed three different diets for 4 and 12 weeks,
respectively, and body weight was measured weekly (Fig. 1).
The body weight of mouse group gradually increased. The
lanthanum-treated and control-diet groups did not differ at any
time point, but in the nanoceria-treated group, the difference in
body weight gradually increased relative to the other two groups.
The body weight of the nanoceria-treated group tended to
decrease relative to the other two groups. However, the differ‐
ence was not significant differences in any weeks in either treat‐
ment period.

Long-term treatment with nanoceria increased serum iron
levels. After completion of the two different feeding periods
for each diet, serum was collected and used to analyze iron-
related parameters. After 4 weeks of treatment, TIBC was signifi‐
cantly increased in the nanoceria-treated group compared with
the controls (Fig. 2). Irons levels and the iron parameters UIBC
and TIBC were significantly increased after 12 weeks of treat‐
ment with nanoceria compared with the age-matched controls.
TIBC scores were significantly higher after with 12 weeks of
treatment with nanoceria compared with the other two groups.

Nanoceria treatment did not affect other serum indices,
regardless of administration period. There were no signifi‐
cant differences between any of the serum indices in any mouse
group or treatment period (Table 1).

Nanoceria treatment did not affect tissue weight during
any administration period. The weight of the kidney, liver,
spleen, and heart was measured for the mice in each group (Fig.
3). There were no significant differences in the weight of any of
the tissues between any group or treatment period.
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Fig. 1. Changes in the body weight and the ratio of body weight gain. Graphs show data for 4 (A) or 12 weeks (B) of treatment. Data are shown
as mean ± SE. Statistical analyses were performed using two-way analysis of variance (ANOVA) and Tukey–Kramer test for post-hoc compar‐
isons. #p<0.05 compared to the age matched La group. Ctrl, control diet, n = 6; La, lanthanum-added diet, n = 6; Ce, cerium-added diet, n = 6.
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Fig. 2. Changes in iron-related serum indices in each group. Iron (Fe) and unsaturated iron-binding capacity (UIBC) were measured. Total iron-
binding capacity (TIBC) and transferrin saturation (TSAT) were calculated according to Fe + UIBC and (Fe/TIBC) × 100, respectively. Ctrl, control diet,
n = 6; La, lanthanum-added diet, n = 6; Ce, cerium added diet, n = 6. Each diet was administrated for 4 and 12 weeks. Data are shown as mean ±
SE. Statistical analyses were performed using the Tukey–Kramer method. *p<0.05, **p<0.01, ****p<0.0001.

Table 1. Serum parameters in each mouse

Weeks Ctrl La Ce

BUN (mg/dl)
4 31.0 ± 2.49 30.3 ± 4.08 26.2 ± 1.77

12 31.9 ± 1.45 37.9 ± 3.91 32.7 ± 3.88

CRE (mg/dl)
4 0.12 ± 0.01 0.12 ± 0.01 0.11 ± 0.00

12 0.13 ± 0.01 0.14 ± 0.01 0.13 ± 0.01

UA (mg/dl)
4 1.75 ± 0.27 1.70 ± 0.20 1.73 ± 0.23

12 2.13 ± 0.34 2.40 ± 0.22 2.14 ± 0.23

IP (mg/dl)
4 9.05 ± 0.45 8.67 ± 0.44 8.60 ± 0.25

12 7.60 ± 0.42 9.37 ± 0.43 8.20 ± 0.54

TG (mg/dl)
4 120.0 ± 7.84 129.3 ± 13.21 128.7 ± 6.82

12 53.2 ± 4.53 64.2 ± 6.80 66.8 ± 6.09

T-CHO (mg/dl)
4 120.2 ± 3.27 104.3 ± 8.55 114.3 ± 8.93

12 100.3 ± 8.06 101.3 ± 7.64 98.8 ± 6.29

LDL-C (mg/dl)
4 5.17 ± 0.31 5.00 ± 0.37 4.33 ± 0.42

12 3.17 ± 0.65 2.83 ± 0.31 2.50 ± 0.34

HDL-C (mg/dl)
4 71.0 ± 2.00 58.3 ± 5.54 67.0 ± 6.00

12 58.3 ± 5.40 61.2 ± 6.26 62.3 ± 5.26

AST (IU/L)
4 58.3 ± 2.01 66.0 ± 6.24 63.0 ± 6.72

12 68.8 ± 7.12 62.5 ± 5.12 76.5 ± 7.35

ALT (IU/L)
4 17.3 ± 1.28 17.7 ± 2.92 17.8 ± 1.42

12 20.7 ± 1.86 16.2 ± 0.87 20.5 ± 3.97
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Transferrin receptor protein expression significantly
increased in mice treated with long-term nanoceria admin‐
istration. Levels of iron-related proteins in the liver were
compared using Western blotting. The expression level of TfR,
a receptor that takes up iron from the blood, was significantly
increased in the nanoceria-treated group compared with the other
two groups. However, there were no differences between the
groups in the expression levels of FPN, which releases iron from
organs into the blood, and there were no differences in the levels
of Hep.

Organ iron content was significantly lower after treat‐
ment with nanoceria. The amount of iron in the liver and
spleen was measured using a metalloassay kit. After 4 and 12
weeks of treatment with nanoceria, the level of iron in liver and
spleen was significantly reduced compared with the other two
groups. In the spleen, the iron level 4 weeks after initiation of
treatment with nanoceria was significantly lower than that in the
lanthanum-treated group, and the iron content 12 weeks after
initiation of treatment with nanoceria was significantly lower
than that of the other two groups.

Discussion

Long-term treatment with nanoceria tended to decrease
body weight in mice. Iron is normally involved in oxygen
transport and DNA synthesis as hemoglobin, but it has been
reported that excessive iron induces the Fenton reaction and puts
cells and tissues in a state of oxidative stress.(12,15) When dietary
heme iron and non-heme iron are absorbed from the small intes‐
tine, non-heme iron is reduced to divalent iron via duodenal
cytochrome B reductase in the membrane of intestinal epithelial
cells. It is then taken up into cells via divalent metal transporter 1
and transported into the blood by FPN within the blood vessel
lumen. After being absorbed, iron is bounded by transferrin in
the blood and transported to various tissues. Iron is stored in the
liver and spleen as ferritin.(16–18) Almost no iron is excreted from
the body; only trace amounts are excreted through the sloughing
of gastrointestinal epithelial cells and through the urine and
sweat.(19,20) Therefore, to investigate the effect of nanoceria
administration on iron metabolism, nanoceria were mixed into
the mouse feed and administered for short and long terms. These
mice were compared to a control group of mice treated with

Liver

Kidney

Ctrl La Ce Ctrl La Ce

4 weeks 12 weeks 

4 weeks 12 weeks

(g) (g/100 g b.w.) (g) (g/100 g b.w.)

Liver
Ctrl 0.85 ± 0.02 3.16 ± 0.06 0.88 ± 0.05 2.81 ± 0.13

La 0.77 ± 0.04 2.86 ± 0.15 0.86 ± 0.04 2.73 ± 0.12

Ce 0.80 ± 0.06 2.96 ± 0.20 0.82 ± 0.02 2.83 ± 0.10

Kidney
Ctrl 0.28 ± 0.01 1.03 ± 0.02 0.34 ± 0.01 1.09 ± 0.05

La 0.29 ± 0.01 1.09 ± 0.03 0.34 ± 0.02 1.06 ± 0.04

Ce 0.29 ± 0.01 1.07 ± 0.02 0.33 ± 0.02 1.14 ± 0.04

Heart
Ctrl 0.11 ± 0.00 0.40 ± 0.01 0.15 ± 0.01 0.47 ± 0.03

La 0.12 ± 0.01 0.43 ± 0.03 0.14 ± 0.01 0.44 ± 0.02

Ce 0.11 ± 0.00 0.41 ± 0.01 0.13 ± 0.01 0.46 ± 0.02

Spleen
Ctrl 0.06 ± 0.00 0.22 ± 0.02 0.07 ± 0.00 0.23 ± 0.01

La 0.06 ± 0.00 0.23 ± 0.02 0.07 ± 0.00 0.21 ± 0.01

Ce 0.06 ± 0.00 0.20 ± 0.01 0.06 ± 0.01 0.21 ± 0.02

Fig. 3. Tissue weight and representative images of liver and kidney in each mouse group. The weight of the liver, kidney, heart, and spleen were
determined in each mouse group (A). Representative photographs of liver and kidney from each group (B). Ctrl, control diet, n = 6; La, lanthanum-
added diet, n = 6; Ce, cerium-added diet, n = 6. Treatment periods for each diet were 4 and 12 weeks. Data are shown as mean ± SE. Statistical
analyses were performed using the Tukey–Kramer method. Scale bars are 1 cm.
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lanthanum carbonate, which is currently used as a phosphorus
adsorbent.
After short-term administration of nanoceria, there was no

significant difference in body weight between any of the groups.
However, with long-term treatment, mice treated with nanoceria
tended to lose weight, but the difference was not significant
compared with the other two groups (Fig. 1). There was no
significant difference in food intake between the two groups
after short-term treatment, but food intake in the long-term

nanoceria-treated group declined significantly compared with
the other two groups. There were no significant differences in
water intake with either treatment period or diet. There was no
difference in organ weight between any of the groups (Fig. 3).
Rocca et al.(21) conducted an experiment in which 3T3-L1 cells

(mouse fibroblasts) were treated with nanoceria at 20 μg/ml.
The mRNA expression levels of the adipogenesis-related genes
Glycerol-3-phosphate dehydrogenase 1, Lipoprotein lipase, and
Peroxisome proliferator-activated receptor gamma decreased, and
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Fig. 4. Western blotting analysis of TfR, FPN, and Hep expression of mouse liver. Ctrl, control diet, n = 6; La, lanthanum-added diet, n = 6; Ce,
cerium-added diet, n = 6. Treatment periods for each diet were 4 and 12 weeks. Data are shown as mean ± SE. Statistical analyses were performed
using the Tukey–Kramer method. ****p<0.0001.
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glyceraldehyde-3-phosphate dehydrogenase activity decreased.
Furthermore, intraperitoneal administration of nanoceria
(0.5 mg/kg) once every 2 weeks for 6 weeks to Wistar rats
suppressed weight gain. The authors reported that administration
of nanoceria reduced the level of triglyceride synthesis in rats and
suppressed weight gain.(21) Furthermore, Lopez-Pascual et al.(22)

proposed that treatment of inflamed 3T3-L1 cells with nanoceria
reduced extracellular reactive oxygen species, suggesting that
nanoceria may have an insulin-sensitizing effect. However, in our
present study, although weight gain was suppressed, no differ‐
ences were observed in serum cholesterol or triglyceride concen‐
trations. Therefore, whether nanoceria exert an anti-obesity effect
remains to be determined.

Possibility of interaction between nanoceria and iron.
Mice were fed the lanthanoids lanthanum carbonate and
nanoceria for 4 or 12 weeks, and levels of various iron-related
proteins were measured in serum and organs. Serum levels of
iron and proteins related to iron metabolism did not change
during either treatment period in the lanthanum carbonate treat‐
ment group compared with the control group (Fig. 2). However,
in the nanoceria-treated group, blood Fe, UIBC, and TIBC con‐
centrations increased significantly compared with the control
group 12 weeks after initiation of treatment. In the nanoceria-
treated group, the TfR level tended to increase compared with the
other groups with short-term treatment, and its expression level
increased significantly compared with other groups following
long-term administration (Fig. 4). Furthermore, the level of iron
in the liver and spleen of the nanoceria group was significantly
reduced compared with the other two groups, regardless of the
treatment period (Fig. 5).
We did not anticipate that treatment with nanoceria would

significantly reduce the level of iron in the organs. This is
because when similar experiments were previously performed in
rats, the level of iron in the organs increased significantly. The
reason for this discrepancy is unknown, but it may be that
mice absorb more nanoceria from the diet than rats. In previous
experiments, nanoceria were studied as a candidate phosphorus
adsorbent, and inductively coupled plasma mass spectrometry
analysis confirmed the presence of trace amounts of nanoceria in
organs.(8)

Experiments conducted by others have compared mouse
strains. When nanoceria were administered to C57BL/6 and
BALB/C mice, tissue cerium levels increased more in C57BL/6
mice.(23) Furthermore, it has been suggested that the level of
nanoceria in the organs may vary greatly depending on the size
of the nanoceria and the method of administration.(24) Fernandez-
Varo et al.(25) reported that as a result of a single administration of
nanoceria (5.7 mg/kg body weight), a large amount of nanoceria
accumulated in the liver and spleen by the 100th day of adminis‐
tration. This suggests that nanoceria are taken up into the blood‐
stream and accumulate in the liver and spleen, inhibiting iron
absorption in these organs. It is thought that as a result of the
difficulty of storing iron in the liver and spleen, the iron concen‐

tration in the blood increases, and the expression level of TfR in
the liver increases, promoting absorption. However, the absorp‐
tion mechanism of nanoceria is unknown. Additonally, we did
not measure the level of nanoceria in the liver or spleen in this
experiment. Our previous preliminary tests detected small
amounts of cerium in the liver and kidneys of rats. We fed 4-
week-old Wistar rats a diet supplemented with 1.31% nanoceria
for 4 weeks. Cerium was detected at concentrations of 0.67 μg/g
tissue in the liver and 0.27 μg/g tissue in the kidneys, but below
the detection limit in the blood. This suggests that nanoceria can
be absorbed by rodents even in small amounts. Further studies
are thus required to evaluate this hypothesis. Another possibility
involves an interaction between nanoceria and iron oxide.
Several reports have mentioned the possibility of mutual bonding
between nanoceria and iron oxide.(26) Furthermore, it has been
reported that transferrin itself causes abnormal iron metabolism
by binding to nanoceria.(27)

Due to antioxidant activity, nanoceria are thought to be effec‐
tive for treating hepatitis.(28) Our previous research also suggests
that nanoceria may be effective in treating kidney failure.(7,8)

However, nanoceria are metal nanoparticles, and many details
regarding their effects on living organisms remain unknown.
Our results suggest that nanoceria administration can affect iron
metabolism, although our data only pertain mice. However, it is
highly possible that this problem can be improved by varying
the administration period, dosage, administration method, and/or
nanoparticle manufacturing method. Further research is needed
to clarify the effectiveness of nanoceria.
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