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Abbreviations 

 

Cp, ceruloplasmin ; HA, hereditary aceruloplasminemia ; Hamp, hepcidin antimicrobial peptide ; Heph, 

hephaestin ; Hjv, hemojuvelin BMP co-receptor ; LIC, liver iron concentration ; NTBI, non-transferrin 
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carrier family 39 member 14 ; Slc40a1, solute carrier family 40 member 1 ; Tfrc, transferrin receptor ; Tfr2, 
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Abstract 

 

Hereditary aceruloplasminemia (HA) related to mutations in the ceruloplasmin gene leads to iron 

accumulation. Ceruloplasmin ferroxidase activity being considered essential for macrophage iron release, 

macrophage iron overload is expected, but is not found in hepatic and splenic macrophages in Humans. Our 

objective was to get a better understanding of the mechanisms leading to iron excess in HA. 

  A CRISPR/Cas9 knock-out of the Cp gene was performed on Sprague-Dawley rats. We evaluated 

the iron status in plasma, the expression of iron metabolism genes, and the status of other metals whose 

interactions with iron are increasingly recognized. 

In Cp
-/-

 rats, plasma ceruloplasmin and ferroxidase activity were absent, together with decreased iron 

concentration and transferrin saturation. Similarly to Humans, the hepatocytes were iron overloaded 

conversely to hepatic and splenic macrophages. Despite a relative hepcidin deficiency in Cp
-/-

 rats and the 

loss of ferroxidase activity, potentially expected to limit the interaction of iron with transferrin, no increase 

of plasma non-transferrin bound iron level was found. Copper was decreased in the spleen while manganese 

was  increased in the plasma. 

These data suggest that the reported role of ceruloplasmin cannot fully explain the iron hepatosplenic 

phenotype in HA and encourage to search for additional mechanisms.  

 

Key words 

 

Iron overload ; ceruloplasmin ; hepcidin ; CRISPR/Cas9 ; genetic disease  
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Introduction 

 

HA (OMIM # 604290) is a rare genetic disease affecting about one person per two millions (1). The 

disease is related to homozygous or compound heterozygous mutations within the ceruloplasmin gene (CP) 

located on chromosome 3 (2). HA is characterized by progressive iron overload targeting especially the liver 

and brain, and resulting in severe complications at variable ages, including diabetes and neurological 

disturbances  (3–5). Despite iron overload, serum iron and transferrin saturation are low and anemia is also 

observed (3, 4). 

The ceruloplasmin gene encodes the ceruloplasmin protein in two different forms resulting from an 

alternative splicing (6). The first gene product is mainly expressed by hepatocytes and secreted in plasma  

(7). The second one is characterized by the presence of a glycosylphosphatidylinositol sequence allowing its 

anchorage in plasmic membrane, especially in astrocytes according to in vitro studies (8). Ceruloplasmin is a 

multicopper-oxidase that catalyzes oxidation of ferrous iron into ferric iron (9). Ferroxidase activity requires 

the association of the peptidic sequence with six atoms of copper (7, 10). This biological activity is reported 

to play a key role in the iron release from cells, especially macrophages, providing iron to plasma for 

maintaining sufficient amounts of bio-available iron to the cells (11, 12). It has been reported that, following 

the iron release by the iron exporter ferroportin, ceruloplasmin permits, by oxidizing iron, its association to 

transferrin (9). Each transferrin molecule may link up to two iron atoms, and subsequently delivers iron to 

every cell in the body (9). Moreover, a role of GPI-ceruloplasmin in the stabilization of ferroportin on cell 

membrane has also been reported (13, 14). 

Such a biological role suggests that, in HA, iron should be retained within macrophagic cells 

similarly to the reported findings in the ferroportin disease in which the activity of the iron exporter is 

strongly decreased (15, 16). Similarly, during inflammatory process characterized by high hepcidin levels, 

iron retention is observed within macrophages due to hepcidin increase (17, 18) that induces internalization 

and degradation of ferroportin (19, 20). However, from published HA case reports, it appears that, in the 

liver, the Kupffer cells are almost constantly spared by iron excess (4, 5, 21–23), and that, in the spleen, 

there is no increase of iron concentration (4, 5, 21, 22), contrasting with the observations in the ferroportin 

disease (15, 16). 

Therefore, the hepatosplenic phenotype of iron overload observed in human HA does not fit with the 

reported biological role of ceruloplasmin, and our aim was to investigate the mechanisms contributing to 

iron misdistribution between spleen and liver, in order to progress in the understanding of the biological role 

of ceruloplasmin and of the mechanisms underlying the development of HA. It is noteworthy that 

ceruloplasmin knock-out mouse models give contrasted data regarding the iron overload phenotype in liver 

and spleen. Indeed, some animal data shows only hepatic iron overload, with no significant iron 

concentration increase in the spleen (24–26). Other reports describe both hepatic and splenic iron overload 
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(11, 27), with, in the liver, presence of iron within hepatic macrophages (11, 28). Thus, these data contrasts 

with the clinical findings in humans (4, 5, 21, 22), and suggests that mice could be not fully appropriate to 

mimic human HA. We hypothesized that a rat model could provide relevant informations to understand the 

disease ; thus, we used the rat as an alternative model to characterize the disease. We selected the Sprague-

Dawley rat in which the type of hepatic iron load phenotype obtained during oral iron supplementation is 

very similar to the human profile both during genetic hemochromatosis and in excessive oral iron intake 

(29). Therefore, the CRISPR/Cas9 technology was used to generate and study a new rat aceruloplasminemic 

model aiming to mimic the unexpected human aceruloplasminemic hepato-splenic iron phenotype and to 

characterize the impact of aceruloplasminemia on other metals involved in biological processes (Cu, Zn, 

Mn, Mo, Co) that could play a role during aceruloplasminemia. 
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Material and Methods 

 

Development of an aceruloplasminemic animal model 

Sprague-Dawley (SD/Crl) rats were obtained from Charles River (L’Arbresle, France). All the 

animal care and procedures were approved by the Animal Experimentation Ethics Committee of the Pays de 

la Loire region, France, in accordance with the guidelines from the French National Research Council for 

the Care and Use of Laboratory Animals (Permit Number: CEEA-PdL-2015-692). The sgRNA was designed 

and produced by the facility TACGENE. The sgRNAcr377 used targeted the exon 1 of ceruloplasmin gene 

and had the following sequence : GGAATTACTGAAGCAGTTT. The sgRNA (200 ng/µl) and Cas9 protein 

(3µM) were incubated at room temperature for 10 min to allow formation of ribonucleoprotein complexes 

and then were kept at 4 °C until microinjection. Process and microinjection were performed as reported 

previously (30). Briefly, zygotes were collected from pre-pubescent (4–5 weeks old) SD donor female rats, 

super-ovulated by IP injection of pregnant mare serum gonadotropin (30 IU; Intervet, France) and 48h later, 

of human chorionic gonadotropin (20 IU; Intervet, France) that were mated with SD fertile males. One-cell-

stage fertilized embryos were sequentially microinjected into the male pronucleus and into the cytoplasm. 

The same day, surviving embryos were implanted within pseudo-pregnant females (0.5 dpc) oviduct of and 

growed until full-term. 

 

Genotyping 

Tail biopsies from 8- to 10-day-old rats were digested overnight at 56 °C, in 500 µL of tissue 

digestion buffer (0.1M Tris-HCl pH 8.3, 5 mM EDTA, 0.2% SDS, 0.2M NaCl, 100 µg/ml proteinase K). 

The CRISPRs nuclease targeted regions were PCR amplified from diluted lysed samples (1/20) with a high-

fidelity polymerase (Herculase II fusion polymerase). To detect gene edition, locus specific primers were 

used and mutations were analyzed by HMA-CE and direct sequencing of PCR products. 

 

Characterization of aceruloplasminemic rats 

 From this founder, after crossing with wild-type SD rats, three groups (wild-type, heterozygotes, and 

homozygotes) of 10 rats each were obtained. The genotype of animals was performed by PCR using 

primers. DNA extractions were performed from young rat tails by using the Nucleospin Tissue® kit 

(Macherey Nagel), then dosed with Spectrometer ND-1000® (Nanodrop). PCR were realized by using 200 

ng of DNA and by using specific primers: forward primer (GGGCTCCAAGAGGAAGAAAC), reverse 

primer (ATTTGGCCCATAAACAACAAAGAA), and GoTaq G2 Hot Start Green Mastermix® (Promega) 

on a Applied Biosystem Veriti 96 well Thermal Cycler® (ThermoFisher) with the following sequence : 3 

minutes of heating at 95°C, followed by 30 cycles composed of 1 minute at 95°C, 1 minute at 62°C, and 2 

minutes at 72°C, before a final single step at 72°C for 5 minutes. PCR products were investigated on 3% 
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agarose gel. Gels were exposed to U.V. in a transilluminator (Fisher scientific), and blots pictures were 

analyzed with Vision-Capt® software.  

All studied animals were 6 month-old males. During breeding, animals were submitted at reversed 

lighting, had free access to water and standard rat food, and had benefited of litter changing one time a 

week. A standard diet, designed to support growth and maintenance (Teklad Global 16% protein Rodent 

Diet, Envigo, USA) contained 200 mg/kg of iron, 15 mg/kg of copper, 100 mg/kg of manganese, and 70 

mg/kg of zinc. The protocol was validated by the Animal Experimentation Ethics Committee of Région 

Bretagne, France (referral number : 8554).  

Animals were fasted 10 hours and anesthetized by isoflurane. After a laparotomy from symphysis to 

xiphoid appendix 1 ml of portal blood was collected. Then, cardiac blood sampling was performed in two 

successive phases : 1 ml on non-heparinized syringe and a larger volume on sodium-heparinate syringe 

respectively leading to cardiac arrest and animal death. The different organs were then collected, each one 

was rapidly split in two parts, and placed either in formaldehyde 4% or in liquid nitrogen. 

 

Sample conditioning and storage  

 For serum preparation, after 2 hours at room temperature, non-heparinized blood samples were 

centrifuged (200 G; 10 minutes). Supernatants were collected, (centrifuged at 800 G ; 3 minutes), then 

aliquoted, and finally stored at -80°C until use. 

 For plasma preparation and erythrocytes cleaning, heparinized blood samples were centrifuged 10 

minutes at 2230 G, (20°C). Supernatants were then collected and aliquoted in 100 µl to 600 µl samples, 

before storage at -80°C. Three to four ml of NaCl 0,9% were added for washing of blood cells pellets, then 

gently mixed to these last ones, and centrifuged at 1833 G during 10 minutes at 20°C. The washing was 

repeated three times. Then blood cells pellets were collected and aliquoted and immediately stored at -80°C. 

 Tissues collected in liquid nitrogen were stored at -80 °C. 

 

Haemoglobin measurement 

 Haemoglobin concentration was measured in the clinical analysis platform of Rennes University 

Hospital, by a spectrophotometry method using an ABL 90® robot (Radiometer).  

 

Biochemical assays 

 Plasma measurements were performed in the clinical analysis platform of Rennes University 

Hospital. Ceruloplasmin assays were performed by immunoturbidimetric method by a Cobas® 8000 robot 

(Roche), using a Ceruloplasmin 100 tests® kit (Roche) that contained a rabbit anti-human ceruloplasmin 

antibody. Serum and plasma iron concentrations, as well as unsaturated iron bound capacity (UIBC) values, 

were obtained by colorimetric method using respectively the kits Iron Gen.2, 750 tests® (Roche) and 
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Unsaturated Iron-Binding Capacity 100 tests® (Roche), both performed by a Cobas® 8000 robot (Roche) 

according to the principles previously reported (31). Transferrin saturation was calculated from UIBC value 

by the following equation : [iron/(iron+UIBC)]x100. Ferroxidase activity was measured on plasma samples 

by spectrophotometry using a Cobas® C111 robot (Roche), according to the method previously reported 

(32). Non-transferrin bound iron (NTBI) was quantified in serum rat samples by a previously reported 

method (33).  

 

Quantification of metals in tissues and erythrocytes 

 For each tissue sample, a biopsy fragment of about 3 x 3 mm was cut and desiccated at 120°C during 

10 to 15 hours. Samples were then recut for obtaining a weight between 0.5 and 3 mg. For erythrocytes, 250 

µl of each sample were used. Assays were performed using ICP/MS apparatus equipped with a collision 

reaction cell as previously reported (31).  

 

Histological analysis 

 Formaldehyde fixed biopsies were paraffin embedded. Four µm organ slices were  performed and 

there stained by using Hemalun-eosin-safron and Perls methods in the H2P2 platform (UMS Biosit, 

Rennes). 

 

Real-time qPCR 

 Total RNAs were extracted following the procedure of the Nucleospin RNA Plus® (Macherey 

Nagel) extraction kit, and then measured with Spectrometer ND-1000® (Nanodrop). 

Reverse transcriptase step was performed by using the Hight Capacity cDNA Reverse 

Transcriptase® (Applied Biosystem) kit for obtaining 2 µg of cDNA per sample of 20 µl before a final 1/6 

dilution in nuclease free water. 

 qPCRs were realized using 384 wells plates, with 2 µl of sample, 1 µl of forward primer then 1 µl of 

reverse primer, and 5 µl of SYBR GREEN 1 per well. Plates were then covered with a transparent film and 

centrifuged during 1 minute at 1000 rpm. Runs were performed in a 7900 HT Fast Real-time PCR system® 

(ThermoFisher) and data processed with SDS 2.4® software. Housekeeping genes used were Hprt1, Tbp, 

and Gusb ; Delta Ct were calculated by subtracting for each sample the Ct average of these three genes to 

the Ct of target gene. Primer pairs used are indicated in a Table (Supp. data Table 1).   

 

Western-blotting 

Cell membrane protein extraction was performed as previously reported, but at 100 000 g for one 

hour (34). Total protein extraction and western-blotting using 10 percent acrylamide gels were performed as 

described previously (35). The following antibodies were used : Ferroportin (1:500 ; Alomone Labs # 
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AIT001), p-SMAD1/5/8-Ser
463/465

 (1:1000 ; Abcam # ab92698), p-STAT3-Tyr
705

 (1:1000 ; Cell Signaling # 

9131), p-ERK1/2-Thr
202

-Tyr
204

 (1:1000 ; Cell Signaling # 4376), Hephaestin (1:250 ; Abcam # ab108003), 

Hsc70 (1:5000 ; Santa Cruz # sc-7298). We used this p-ERK1/2-Thr202-Tyr204 antibody (36–41), as well 

as this p-STAT3-Tyr705 antibody (42–45), on the basis of their use in rats, as reported in the literature. We 

tested the p-SMAD1/5/8-Ser463/465 in human HepG2 hepatic cells that were exposed or not to BMP6, an 

inducer of SMAD1/5/8 phosphorylation (46). By western blot, we clearly found a signal increase at about 55 

kDa in the sample treated by BMP6, compared to the untreated sample (Data not shown). We tested the 

expression of ferroportin by western blot in spleen and liver samples and found a significant expression at 

the expected molecular weight close to 60 kDa ; the signal totally disappeared when the peptide used for 

immunization was added during antibody incubation. Regarding hephaestin, we analyzed rat spleen and 

liver and found, at the expected molecular weight (close to 130 kDa), a significant expression of the protein 

in the spleen, known to express hephaestin, and not in the liver that express very low levels of hephaestin 

mRNA (47, 48). The blot quantification analyses were conducted using Image Gauge® software (Fujifilm). 

 

Statistical analysis 

 All the data were analyzed statistically with SPSS® software, using non-parametric tests. The three 

groups were submitted to Kruskal-Wallis test and Mann-Whitney test when appropriate. p values <0.05 were 

considered statistically significant. Data are presented as means ± SD. 
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Results 

 

Generation of ceruloplasmin-deficient rats. 

A sgRNA targeting exon 1 of the ceruloplasmin (Cp) gene (Fig.1 A and B) was designed, then 

microinjected complexed with Cas9 in rat zygotes (n=189) and implanted (n=154) in pseudopregnant 

females. Offspring (n=47) were genotyped and resulted in the generation of mutated animals (n=30) with 

different types in insertions and deletions (Data not shown). Among these mutated rats, one of them showed 

a mutation that resulted in a 54 base pair deletion and a 2 base pair insertion in exon 1 of the ceruloplasmin 

gene (Fig.1 C). This resulted in the disruption of the coding frame and the appearance of a premature stop 

codon occurring in exon 2 (Fig.1 D) with a predicted degradation of the whole mRNA due to the widely 

distributed mechanism of nonsense-mediated mRNA decay (49). 

This founder animal was crossed with wild-type animals and the mutation was observed in the F1 

offspring. F1 heterozygous mutated animals were crossed to obtain homozygous mutated animals (Fig.1 E). 

 

Characterisation of the iron phenotype in aceruloplasminemic rat model  

 Plasma ceruloplasmin assays showed very low ceruloplasmin concentrations in homozygotes, and 

significantly lowered values in heterozygotes compared to wild-type rats (Fig.2 A). Ferroxidase activity was 

almost undetectable in homozygotes, and half preserved in heterozygote animals (Fig.2 B).  

 Plasma iron concentration was significantly decreased in homozygotes and fully preserved in 

heterozygotes compared to wild-types, both in peripheral and portal plasma (Fig.2 C and D). Transferrin 

saturation followed the same variations (Fig.2 E and F). NTBI levels were decreased both in portal and 

systemic plasma in homozygotes as compared to wild-types and heterozygotes (Fig.2 G and H). 

Hemoglobin concentrations were not affected in homozygous and heterozygous groups as compared to 

controls, and erythrocyte iron concentration was not modified by the presence of the mutation at 

heterozygous or homozygous state (Fig.2 I and J). 

 Liver iron concentration (LIC) was significantly higher in homozygous rats, whereas spleen iron 

concentration (SIC) was significantly lower compared to values found in wild-type animals ; in 

heterozygous rats, both LIC and SIC were not affected compared to wild-type animals (Fig.2 K and L).  

Perls staining showed liver iron deposits in homozygotes, located in hepatocytes and sparing Kupffer 

cells (Fig.3 A and B). Spleen iron deposits, mainly located in macrophages from the red pulp, appeared to be 

lower in homozygotes than in wild-type animals (Fig.3 C and D).  

 

Characterization of the non-iron metal phenotype in aceruloplasminemic rats 

 Plasma copper concentrations were strongly decreased in homozygotes, and half preserved in 

heterozygotes, while erythrocyte copper concentrations were not affected in mutated animals (Fig.4 A and 
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B). Liver copper concentration was unchanged, while spleen copper was significantly lower in homozygotes 

and heterozygotes compared to wild-type animals (Fig.4 C and D).  

  Concentrations of other metals including molybdenum, manganese, zinc and cobalt were also 

investigated in liver, spleen, erythrocytes and plasma of animals (Supp. data Table 2). In homozygous 

animals, a significant increase of cobalt and manganese concentrations was found in erythrocytes and 

plasma, as compared to heterozygous and controls (Fig.4 E and F).  

 

Impact of aceruloplasminemia on the expression of iron metabolism genes 

 In the liver, hepcidin antimicrobial peptide (Hamp) mRNA levels were slightly but significantly 

decreased in homozygous as compared to heterozygous animals, but not versus wild-type rats (Fig.5 A). The 

ratio between Hamp mRNA and LIC levels was strongly decreased in homozygous animals as compared to 

wild-type and heterozygous animals (Fig.5 B). Hepatic mRNA levels of transferrin receptor 2 (Tfr2), 

hemojuvelin BMP co-receptor (Hjv), and Hfe, (Supp. data Figure 1) did not change between the groups. 

Levels of phosphorylated forms of ERK1/2, STAT3, and SMAD1/5/8, proteins did not show significant 

variations between wild-type and homozygous animals (Fig.5 C ; Supp. data Figure 2). Transferrin receptor 

(Tfrc), solute carrier family 11 member 2 (Slc11a2), solute carrier family 39 member 14 (Slc39a14) (Supp. 

Data Figure 1), solute carrier family 40 member 1 (Slc40a1) and hephaestin (Heph) (Fig.5 D and E) mRNA 

levels, were not affected in homozygous and heterozygous animals. It is noteworthy that hepatic Heph 

mRNA levels were particularly low in all groups. The hepatic expression of cell membrane ferroportin was 

not significantly modulated in aceruloplasminemic rats (Fig.5 F ; Supp. data Figure 2). Hephaestin cell 

membrane protein was undetectable both in wild-type and homozygous groups in the liver (data not shown). 

 In the spleen, the mRNA levels of Tfrc, Slc11a2 (Supp. Data Figure 1), and Heph (Fig.5 H), were 

not different between the three groups. mRNA levels of Slc40a1, were slightly but significantly increased in 

homozygous as compared to wild-type animals, only (Fig.5 G). Ferroportin and hephaestin cell membrane 

protein expression were not significantly modulated in homozygous animals (Fig.5 I ; Supp. data Figure 2).  

 In the duodenum, mRNA levels of Slc11a2 (Supp. data Figure 1), Slc40a1 and Heph (Fig.5 J and K) 

were not affected by homozygous or heterozygous state. Ferroportin and hephaestin cell membrane protein 

expression were unchanged between wild-type and homozygous animals (Fig.5 L ; Supp. data Figure 2). 

 

Impact of aceruloplasminemia on the expression of copper metabolism genes 

 Hepatic mRNA levels of the two genes encoding factor V and factor VIII that are multicopper 

oxidases were unchanged in homozygous and heterozygous animals, compared to controls (Supp. data 

Figure 3). mRNA levels of Atp7a, Atp7b, and Slc31a1 genes that encode copper transporters were 

unchanged in both liver and spleen (Supp. data Figure 3).  
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Discussion 

 

Our data, obtained in a new aceruloplasminemic rat model, shows that serum biochemical parameters 

obtained in the Cp
-/- 

were in accordance with those reported in humans (4, 5) and in one mouse model (50). 

Indeed, both ceruloplasmin and ferroxidase activity were undetectable. Moreover, plasma iron concentration 

and transferrin saturation levels were significantly decreased in homozygous animals only, supporting a 

strong decrease of plasma iron bioavailability. Importantly, there were neither anemia nor reduction of 

erythrocyte iron content in our model, in contrast with human findings (4, 22, 51) and some mouse models 

(28, 52, 53), but in accordance with another mouse model (11).  

 

Our findings with, in the liver, a highly predominant hepatocyte iron overload, and, in the spleen, a 

decrease of iron concentration, fully fit the human disease (4, 5, 21, 22), whereas data obtained in mice are 

very contrasted (11, 24–28). We must underline that in mice, the genetic background in inbred strains plays 

a major role as a modifier of the iron phenotype (54, 55). Conversely, our data have been obtained in an 

outbred strain that keeps a significant genetic background variability that may help to identify strong 

elements involved in the development of the phenotype (56). Indeed, it has been recently reported that for 

most applications in animal studies, the use of robust and diverse subjects is preferred to obtain 

generalizable conclusions across conditions and populations (57). It has been proposed that, contrary to 

classical expectations, the adoption of outbred animals as research subjects may improve experimental 

replicability (57). Moreover, it should be outlined that, conversely to rats and Humans, in mice, iron deposits 

during iron overload may be localized in the nucleus of hepatocytes, suggesting significant differences in the 

iron metabolism of mouse hepatocytes (58). In addition, there is only one gene of hepcidin in rats like in 

Humans, in contrast with mice that exhibit two genes, the role of the second one being not yet clearly 

established (59, 60). Therefore, we thought that a rat model would be valuable to get complementary and 

relevant informations for a better understanding of ceruloplasmin functions involved in HA. 

 

Our histological data, as reported in Humans (4, 5, 21, 22), showing that iron deposits are mainly 

located in hepatocytes whereas both Kupffer cells, the resident macrophages in the liver, and spleen 

macrophages did not exhibit significant iron deposits compared to controls, contrast with the classical 

pathophysiological hypothesis postulating iron retention in macrophages during HA (13). Our data strongly 

suggests that, during HA, iron is not retained within macrophage despite the strong decrease of ferroxidase 

activity. These findings contrast with those in mice showing that iron egress is decreased in macrophages 

when ferroxidase activity is altered (27). However, they are in agreement with other mouse reports (24–26), 

suggesting that iron egress is not altered in macrophages.  
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Therefore, complementary mechanisms contributing to the hepatocyte iron load must be searched. 

During genetic hemochromatosis, the archetype of hepatocyte iron overload, the following mechanistic 

sequence is involved in the iron loading process : hepcidin deficiency, related to mutations in the Hfe gene, 

but also in Hjv, Hamp or Tfr2 genes, leads to an increase of transferrin saturation with appearance of NTBI 

(61), quickly taken up by hepatocytes through the ZIP 14 protein (62).  

Our data shows that the homozygous Cp
-/-

 animals presented a relative hepcidin deficiency, as 

indicated by a drop of the hepcidin on LIC ratio, reflecting the absence of the expected increase of hepcidin 

mRNA levels in the liver of iron overloaded animals. Moreover, we did not find any modulation of Hfe, Hjv 

and Tfr2 hepatic mRNA steady-state levels that could have participated to the genesis of the relative 

hepcidin deficient state. In addition, the transduction pathways that depend on these genes did not seem 

affected as suggested by the absence of phosphorylation level decrease of ERK1/2, SMAD1/5/8 and STAT3. 

Whether an inhibitory signal resulting from an erythropoietic effect of the disease is involved, even in 

absence of anemia, deserves further investigation. It is noteworthy that, whereas the expression of the iron 

exporter ferroportin, (the hepcidin target) on cell membrane has been reported in cell models to be impaired 

in macrophages in case of ceruloplasmin deficiency (13, 14, 63), we did not find any modulation of 

ferroportin mRNA and protein levels in the spleen, that is particularly rich in macrophages, and in the liver. 

Ferroxidase activity being reported as required for the iron association to transferrin (64), we looked 

for an increase of NTBI in the serum of homozygous animals, despite the absence of transferrin saturation 

increase. Similarly to what has been reported in Humans (4), we did not find any NTBI increase not only in 

systemic blood flow, but also in portal flow that receives iron from spleen and digestive tract. Moreover, the 

mRNA levels of Slc39a14, the specific transporter of NTBI (62), was not modulated in the liver of Cp
-/- 

animals. Taken together, these data suggests that (an) alternative mechanism(s) allow(s) the transfer of iron 

on transferrin. In this context, it is noteworthy that the expression level of hephaestin that could be involved 

in a compensation of ceruloplasmin deficiency was not significantly increased in the spleen and in the 

duodenum in aceruloplasminemic rats. Moreover, the ferroportin expression level was not affected in spleen, 

liver and duodenum.  

 

Finally, considering strong relationships between ceruloplasmin and Cu and previous reports 

underlying potential interactions between the metabolism of iron and those of other metals (65), we 

investigated the concentration of these metals in plasma and tissues in order to identify elements that could 

play a role in the development of the disease. We therefore explored whether aceruloplasminemic condition 

modulated the concentrations of Cu, Mn, Zn Co, Mo in liver, spleen, erythrocytes, and plasma.  

The multicopper-oxidase, ceruloplasmin is the most important carrier of Cu in plasma, described as 

containing about 93 percent of this metal (66), in accordance with lowered plasma copper concentrations in 

HA patients (4, 5, 22, 51), and with animal data (25). Therefore, as expected, we found a strong decrease of 
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plasma Cu in aceruloplasminemic animals. Regarding the liver, HA case reports are not univocal on copper 

concentrations, that have been found stable (22) or increased (3), As previously described in HA mice 

models (25, 28), liver copper concentrations in our Cp
-/- 

rats did not show any significant variations. 

However, we found a decrease of spleen copper concentrations in Cp
-/- 

and
 
Cp

+/- 
animals compared to wild-

type rats, contrasting with a previous report in HA mice (25). It should be noted that this variation affected 

both Cp
-/- 

and
 
Cp

+/- 
animals, whereas, when analyzing plasma and tissue iron parameters, significant 

variations were only found in Cp
-/- 

animals. Therefore, it can be hypothezised that the decrease of 

ceruloplasmin is involved in the spleen copper decrease. This decrease in spleen copper content does not 

seem related to a lowered copper entry into spleen macrophages during the erythrophagocytosis process, as 

suggested by the equal erythrocyte copper contents between the three groups.  

It is noteworthy that in Cp
-/-

 animals, the plasma manganese levels were found to be increased. The 

role of ferroportin in Mn egress being supported by previous data (65), this observation supports the absence 

of direct effect of ceruloplasmin on metal egress. Interestingly, we did not find an overexpression of 

hephaestin that could have compensated the absence of ceruloplasmin in the spleen, both at mRNA and 

protein levels.  

Whether these alterations play a role during HA will require further investigations. 

 

In conclusion, this new aceruloplasminemic rat model mimics the human hepatosplenic iron load 

phenotype during HA. Our data suggests that iron overload in this disease is not primarily related to iron 

retention within macrophages. Whether hepcidin deficiency plays, despite the absence of NTBI, a role in the 

development of hepatocyte iron load remains to be clarified. Elucidation of the mechanisms involved in 

these iron metabolism disturbances could help to further understand how iron develops in the brain of 

human aceruloplasminemia, causing devastating complications.   
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Figures legends 

 

Figure 1 : A global location of sgRNA in exon 1 is schematically presented (A) The CRISPR/Cas9 process 

is depicted in the region around the sgRNA targeted site, in exon 1 of ceruloplasmin gene (B). The resulting 

mutation selected for our model, and the stop codon occurring in exon 2 due to the frame shift, are also 

represented (C). The frame shift resulting protein is exhibited and compared to the wild-type sequence (D). 

Example of agarose gel picture representing the three genotypes used in the present study (E). Blots “a” 

from Cp
+/+ 

rats can be recognized by a band of about 200 bp ; Cp
-/-

 animals are characterized by a lower 

band “b” of about 150 bp while Cp
+/-

 shows a double-band “c” corresponding to the two alleles. 

Heteroduplexes are present above Cp
+/-

 bands, as indicated by the white arrow. 

 

Figure 2 : Consequences of the mutation on ceruloplasmin protein and activity, plasma iron bio-availability, 

and tissue iron concentrations. Plasma ceruloplasmin concentration, n=10 in all groups (A). Total 

ferroxidase activity, n=10 in all groups (B). Peripheral plasma iron concentration, n=10 in all groups (C). 

Portal plasma iron concentration, n=10 in CP
+/+

 group, n=9 in CP
+/-

 and CP
-/-

 groups (D). Peripheral plasma 

transferrin saturation, n=10 in all groups (E). Portal plasma transferrin saturation, n=10 in CP
+/+

 group, n=9 

in CP
+/-

 and CP
-/-

 groups (F). Peripheral plasma NTBI concentration, n=10 in all groups (G). Portal plasma 

NTBI concentration, n=10 in CP
+/+

 and CP
-/- 

groups, n=9 in CP
+/-

 group (H). Hemoglobin concentration, 

n=10 in CP
+/+

 and CP
-/- 

groups, n=8 in CP
+/-

 group (I). Erythrocyte iron concentration, n=10 in all groups 

(J). Liver iron concentration, n=10 in all groups (K). Spleen iron concentration, n=10 in CP
+/+

 and CP
+/- 

groups, n=9 in CP
-/-

 group (L). (*, p<0,05 ; **, p<0,01 ; ***, p<0,001) 

 

Figure 3 : Perls staining of liver and spleen. Liver of CP
+/+

 (A) and CP
-/-

 (B) rats. PS : portal space ; CLV : 

centrolobular vein ; Kupffer cells (example surrounded in black) ; hepatocytes (example pointed with black 

arrow). Spleen of CP
+/+

 (C) and CP
-/-

 (D), with indication of red pulp (RP) and white pulp (WP). 

 

Figure 4 :  Plasma copper concentration, n=10 in all groups (A). Erythrocyte copper concentrations, n=10 in 

all groups (B). Liver copper concentrations, n=10 in all groups (C). Spleen copper concentrations, n=10 in 

CP
+/+

 and CP
+/- 

groups, n=8 in CP
-/-

 group (D). Erythrocyte cobalt concentrations, n=10 in all groups (E). 

Plasma manganese concentrations, n=10 in all groups (F). (*, p<0,05 ; **, p<0,01 ; ***, p<0,001) 
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Figure 5 :  Liver Hamp mRNA levels expressed in negative delta cycle threshold, n=10 in all groups (A). 

Ratio between liver Hamp mRNA levels and liver iron concentration, n=10 in all groups (B). Representative 

examples of liver p-ERK1/2, p-STAT3, and p-SMAD1/5/8 blots with Hsc70 as load control protein (C).  

Liver Slc40a1 mRNA levels expressed in negative delta cycle threshold, n=10 in all groups (D). Liver Heph 

mRNA levels expressed in negative delta cycle threshold, n=10 in all groups (E). Representative example of 

liver ferroportin blots with Hsc70 as load control protein (F). Spleen Slc40a1 mRNA levels expressed in 

negative delta cycle threshold, n=10 in all groups (G). Spleen Heph mRNA levels expressed in negative 

delta cycle threshold, n=10 in all groups (H). Representative example of spleen ferroportin and hephaestin 

blots with Hsc70 as load control protein (I). Duodenum Slc40a1 mRNA levels expressed in negative delta 

cycle threshold, n=10 in CP+/+ and CP+/- groups, n=9 in CP-/- group (J). Duodenum Heph mRNA levels 

expressed in negative delta cycle threshold, n=10 in CP+/+ and CP+/- groups, n=9 in CP-/- group (K). 

Representative example of duodenum ferroportin and hephaestin blots with Hsc70 as load control protein 

(L). (*, p<0,05 ; ***, p<0,001) 
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Supplemental data Figure 1 : Liver Tfr2 mRNA levels expressed in negative delta cycle threshold, n=10 in all groups (A). Liver Hjv mRNA 
levels expressed in negative delta cycle threshold, n=10 in all groups (B). Liver Hfe mRNA levels expressed in negative delta cycle threshold, 
n=10 in all groups (C). Liver Tfrc mRNA levels expressed in negative delta cycle threshold, n=10 in all groups (D). Liver Slc11a2 mRNA levels 
expressed in negative delta cycle threshold, n=10 in all groups (E). Liver Slc39a14 mRNA levels expressed in negative delta cycle threshold, 
n=10 in all groups (F). Spleen Tfrc mRNA levels expressed in negative delta cycle threshold, n=10 in all groups (G). Spleen Slc11a2 mRNA 
levels expressed in negative delta cycle threshold, n=10 in all groups (H). Duodenum Slc11a2 mRNA levels expressed in negative delta cycle 
threshold, n=10 in CP+/+ and CP+/- groups, n=9 in CP-/- group (I).  
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Supplemental data Figure 2 : Liver p-ERK1/2 protein levels expressed in fold-change, n=8 in all groups (A). Liver p-STAT3 protein levels 
expressed in fold-change, n=8 in all groups (B). Liver p-SMAD1/5/8 protein levels expressed in fold-change, n=8 in all groups (C). Liver 
ferroportin protein levels expressed in fold-change, n=8 in all groups (D). Spleen ferroportin protein levels expressed in fold-change, n=8 in all 
groups (E). Spleen hephaestin protein levels expressed in fold-change, n=8 in all groups (F). Duodenum ferroportin protein levels expressed in 
fold-change, n=7 in CP+/+ group, n=6 in CP-/- group (G). Duodenum hephaestin protein levels expressed in fold-change, n=7 in CP+/+ group, 
n=6 in CP-/- group (H).  Acc
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Supplemental data Figure 3 : Liver F5 mRNA levels expressed in negative delta cycle threshold, n=10 in all groups (A). Liver F8 mRNA levels 
expressed in negative delta cycle threshold, n=10 in all groups (B). Liver Atp7a mRNA levels expressed in negative delta cycle threshold, n=10 
in all groups (C). Spleen Atp7a mRNA levels expressed in negative delta cycle threshold, n=10 in all groups (D). Liver Atp7b mRNA levels 
expressed in negative delta cycle threshold, n=10 in all groups (E). Spleen Atp7b mRNA levels expressed in negative delta cycle threshold, n=10 
in all groups (F). Liver Slc31a1 mRNA levels expressed in negative delta cycle threshold, n=10 in all groups (G). Spleen Slc31a1 mRNA levels 
expressed in negative delta cycle threshold, n=10 in all groups (H).  Acc
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Gene Forward primer Reverse primer 

Atp7a TGGCTGGAACACATAGCGAA TCCACTTGTTCTTCACTCAGGA 

Atp7b CAAGGTCATCGAGGAAATCGGC CATGACGGGGATGCCAAACA 

F8 TGCCATGGGACTATGTGAGC TTTGCCGTGTGGAAAAACCG 

F5 ATCTATGGGAGGAGGCACGA TGCGTCTTGGATTGGAACTCA 

Gusb TCGAACAATCGGTTGCAGG AGCCAATGAAGTTCCGAAGC 

Hamp CTGCAGCCTTGGCATGG CAGCAGCGCACTGTCATCA 

Heph ATGCACTGCCACGTTACTGA CTGCAGAATCACAGCTTTTCCA 

Hfe GTGGGATCACCATTTGTGCCAT ATGCTGCAGGTCACTCACACT 

Hjv TCCTCTTTGTCCAAGCCACC TCGCCCCCATTGACAGAAC 

Hprt1 CTGATTATGGACAGGACTGAAAGAC CCAGCAGGTCAGCAAAGAACT 

Slc11a2 CTTTGTCGTCTCCGTCTTTGC ATGGGGGCTGCTGCTATTTC 

Slc31a1 ACGAGATGATGATGCCTATGACC AACACTGCCACAAAAGCTCC 

Slc39a14 GGCTGGAGGATTTCAGTGTGT ACCAAACAGCACCAACAGGA 

Slc40a1 AGGGACTGGATTGTTGTCGT GACTGGGGAACCGAATGTCA 

Tbp GGGATTGTACCACAGCTCCA CAGCAAACCGCTTGGGATTA 

Tfrc AGCTGGACTGCAGGAGACTA GGGCTGGCAGAAACCTTGAA 

Tfr2 CATGTACAACGTGCGCATCA GGAAAATGTGGCGGAATGGG 

 
Supplemental data Table 1 : Sequences of forward and reverse primers used for real time qPCR. 
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 CP +/+ CP +/- CP -/- 
N Mean SD N Mean SD N Mean SD p-value

Liver molybdenum (µg/g)  10 2,05 0,30 10 2,18 0,29 10 2,09 0,19 ns
Liver zinc (µg/g)  10 100,95 10,19 10 101,15 9,68 10 99,86 8,56 ns
Liver cobalt (µg/g) 10 0,21 0,16 10 0,16 0,06 10 0,13 0,04 ns
Liver manganese (µg/g)  10 7,99 1,18 10 7,71 0,93 10 8,66 0,52 ns

Spleen molybdenum (µg/g)  10 0,80 0,14 10 0,72 0,22 8 0,66 0,13 ns
Spleen zinc (µg/g)  10 76,59 8,57 10 89,80 34,71 8 77,88 7,59 ns
Spleen cobalt (µg/g)  10 0,08 0,03 10 0,06 0,02 8 0,08 0,03 ns
Spleen manganese (µg/g)  10 1,04 0,12 10 1,06 0,09 8 0,95 0,10 ns

Plasma molybdenum (µmol/L)  10 0,19 0,06 10 0,17 0,03 10 0,18 0,04 ns
Plasma zinc (µmol/L)  10 23,31 2,09 10 23,24 3,95 10 22,22 1,97 ns
Plasma cobalt (µmol/L)  10 0,03 0,02 10 0,03 0,01 10 0,03 0,02 ns

Erythrocytes molybdenum (µg/L)  10 0,59 0,54 10 0,85 1,34 10 0,7 0,67 ns
Erythrocytes zinc (µg/L) 10 6960 591,85 10 7337,2 1216,32 10 7004,7 579,59 ns
 
Supplemental data Table 2 : Metal concentrations in liver, spleen, plasma, and erythrocytes. ns : no statistically significant difference. 
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