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SHORT COMMUNICATION Clinical Case Report

Case Report: Congenital methemoglobinemia in a 
cat with the reduced NADH-cytochrome b5 
reductase 3 activity and missense mutations in 
CYB5R3

 
Abstract
A one-year-old castrated male mixed-breed cat was referred for detailed examination of long-term pale 
mucous membrane without any clinical episodes that may cause cyanosis. While no causative 
abnormalities were detected in thoracic radiography and echocardiography, and arterial partial 
pressure of oxygen was within normal value, methemoglobin concentration of the cat was increased to 
30% and cytochrome b5 reductase activity, which converts methemoglobin to hemoglobin, was reduced 
to 2.0 IU/gHb (13.4 ± 1.7 IU/gHb in control cats, n ＝ 3), indicating congenital methemoglobinemia. 
Sequence analysis of CYB5R3, which codes cytochrome b5 reductase, showed two missense mutations 
found in the patient, one of which was predicted to affect protein function.
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　　Methemoglobin results from oxidation of the 
iron moiety in hemoglobin from the Fe2+ to the 
Fe3+ state. Red blood cells are continuously 
exposed to oxygen-free radicals with carrying 
oxygen in a high concentration, resulting in 
persistent formation of methemoglobin which is 
not capable of reversibly binding oxygen and is 
impaired in oxygen delivery. Endogenous enzymatic 
reactions catalyzed primarily by NADH-cytochrome 
b5 reductase 3 (cytochrome b5 reductase), and 
negligibly by NADPH methemoglobin reductase 

reduce methemoglobin back to hemoglobin to 
maintain methemoglobin concentration at less 
than 1% of total hemoglobin2,7,17).
　　Methemoglobinemia is characterized by high 
concentration of methemoglobin in blood, and is 
classified into congenital or acquired, depending 
on the cause of increased methemoglobin. While 
acquired methemoglobinemia results from 
increased oxidation of hemoglobin overwhelming 
the protective mechanisms in red blood cells by 
toxins and drugs such as lidocaine or procaine, 
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congenital methemoglobinemia is caused by 
decreased enzymatic reduction of methemoglobin 
mostly due to genetic abnormalities in genes 
involved in the reaction7). In humans, over 40 
different mutations of CYB5R3 which codes 
cytochrome b5 reductase have been described to 
damage enzymatic activity in patients with 
congenital methemoglobinemia17). Although many 
cases of persistent methemoglobinemia associated 
with red cell cytochrome b5 reductase deficiency 
has been recognized in dogs and cats, no causative 
mutations of CYB5R3 have been identified in 
these animal species9,11,15).
　　Here we report a cat with congenital 
methemoglobinemia, where genetic analysis for 
CYB5R3 was performed to identify possibly 
responsible mutations that lead to decreased 
cytochrome b5 reductase activity.
　　A one-year-old castrated male mixed-breed 
cat, weighing 5.1 kg, was referred to Hokkaido 
University Veterinary Teaching Hospital for 
detailed examination of long-term pale mucous 
membrane without any clinical episodes that may 
cause cyanosis such as coughing or respiratory 
distress. At presentation, the cat was bright, alert, 
and responsive. On physical examination, the 
oral and the nasal plane of the cat were distinctly 
cyanotic. No cardiac or pulmonary abnormalities 
were detected on auscultation. Although mildly 
enlarged right heart and mild enlargement of the 
right atrium and trivial tricuspid regurgitation 
were pointed out on thoracic radiographs and 
echocardiograms, these were not regarded as the 
cause of the cyanosis. Moreover, no clinical signs 
of poisoning were observed.
　　Venous blood sample showed brown color on 
white filter paper after exposure to room air, 
indicating the presence of methemomglobinemia11) 
in which methemoglobin concentration was 
determined to be 30% by the previous method18) 
(1% in control mixed-bread cats, n ＝ 2). The cat 
was not anemic, exhibiting hematocrit, red blood 
cell count, and hemoglobin values of 43%, 
9.2 × 106/μl, and 14.4 g/dl, respectively, and 
arterial partial pressure of oxygen was normal 

(89 mmHg).
　　In addition, in the patient cat, approximately 
30% of red blood cells contained Heinz bodies 
(Fig. 1), while Heinz body-containing cells were 
up to 5% in normal cats5). Heinz body formation 
occurs through an abundant formation and 
accumulation of methemoglobin and subsequent 
conversion of methemoglobin to hemichrome with 
resultant oxidative denaturation and precipitation 
of hemoglobin19,20). In general, Heinz body 
formation is not critical in methemoglobinemia 
in humans and dogs. However, the presence of 
Heinz bodies in the patient cat is not surprising, 
because cats are well recognized as the species 
whose hemoglobin is most susceptible to oxidation 
and denaturation and large numbers of circulating 
Heinz bodies may develop without concurrent 
anemia5,6,12). The molecular basis for the ease of 
Heinz body formation in cats has been attributed 
to the presence of 8 freely reactive sulfhydryl 
groups in the feline hemoglobin (only two are 
reactive in the human hemoglobin)14), the ease of 
dissociation of feline hemoglobin from tetramers 
to dimers10), and the unique nonsinusoidal 
vascular structure of the feline spleen that allows 

Fig. 1. Increased Heinz body formation in the 
patient’s red blood cells.  Red blood cells from the 
patient cat were attained with new methylene blue. 
Several typical red blood cells containing a single large 
Heinz body (arrowheads) or multiple small Heinz 
bodies (arrows) are indicated. ×100 objective.
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unimpeded passage of red cells containing Heinz 
bodies3).
　　Since the current case showed 
methemoglobinemia with no clinical signs of 
toxicosis and inability to identify a source of 
oxidant that could cause methemoglobinemia, a 
congenital disorder was suggested. We therefore 
analyzed cytochrome b5 reductase activity of  
red blood cells of the patient by using 
spectrophotometric assays4). The cytochrome  
b5 reductase activity in the patient cat was 
2.0 IU/gHb and was remarkably lower than the 
activity in control mixed-breed cats (13.4 ±  
1.7 IU/gHb, mean ± S.D., n ＝ 3), demonstrating 
a significant methemoglobinemia associated with 
cytochrome b5 reductase deficiency. Congenital 
methemoglobinemia in cats is known to be 
extremely rare with the fact that there have been 
only five cases reported11). It has also been 
reported that affected animals with congenital 
methemoglobinemia have cyanotic mucous 
membranes with exercise intolerant or lethargic 
at times, but they frequently have no clinical 
signs of the disease11) as observed in our case.
　　To study the molecular basis of cytochrome 
b5 deficiency in the cat, sequence analysis to 
confirm genetic abnormalities of CYB5R3 was 
performed comparing with human soluble 
cytochrome b5 reductase21). Total DNA was 
extracted from white blood cells separated from 
venous blood samples of the patient cat and a 
healthy mixed-breed cat with QIAamp DNA Mini 
Kit (QIAGEN, CA, USA). As no reference 
sequences existed for cat cytochrome b5 
reductase mRNA in GenBank, comparative 
genomic technique that utilized human CYB5R3 
(NM_001171661) was applied to predict the 
sequence of the homologous gene in the feline 
genome (ICGSC Felis_catus_8.0). The fact that 
the amino acid sequence of feline cytochrome b5 
reductase predicted from the open reading frame 
of feline CYB5R3, found in the chromosome B4 
was shown to have 92.3% sequence homology 
with human indicates structural conservation of 
the enzyme (Fig. 2). The gene-specific primers 

were designed from the sequence of intron in 
predicted cat’s CYB5R3 gene to perform a series 
of PCR experiments to determine the full length 
DNA sequence of all 8 exons (Table 1). The PCR 
products of each exon (3 clones for each) were 
sequenced by Sanger sequence method using a 
3500 genetic analyzer (Applied Biosystems, CA, 
USA). Three independent clones for each PCR 
product were totally coincided in their nucleotide 
sequences in the patient and the control cat and 
the nucleotide sequence obtained for the control 
cat was identical to that appeared in the  
feline genomic sequence (ICGSC Felis_catus_8.0). 
Sequence alignment analysis between the patient 
and normal cat revealed the presence of nucleotide 
changes at two positions leading to missense 
mutations in exon 2 (F36L) and exon 6 (Y179H) 
in the patient (The sequence of normal cat has 
been deposited in the DDBJ with accession 
number LC259008). In the present study, all 
three clones for the PCR products of exon 2 and 
exon 6 from the patient cat contained F36L and 
Y179H mutations, respectively, suggesting that 
the cat was homozygous for these mutations. 
This is compatible with that cytochrome b5 
reductase activity in the cat was only 15% of that 
in the control cat, and is of suggestive that the 
mutant allele could be propagated to a certain 
extent. However, we could not analyze genetic 
background of the mutations because the current 
case was a stray and mixed-breed cat.
　　Finally, to address functional relevance of 
the two mutations found in this cat, we projected 
prediction models as to whether the amino acid 
substitution might affect protein function based 
on the structure and function of a protein with 
PolyPhen or the degree of conservation of amino 
acid residues of a protein with SIFT. PolyPhen 
scores of F36L and Y179H were 0.997 and 0.000, 
respectively, where scores ranging 0.85 to 1.0 are 
predicted to be damaging1). SIFT scores were 0.02 
for F36L and 0.53 for Y179H, respectively, where 
scores ranging 0.0 to 0.1 are predicted to be 
deleterious16). From these results, F36L mutation 
could be considered to be involved in the reduced 
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Table 1. PCR primers used in this study

Exon Sequence Location (felCat8)
Annealing temperature
(amplified fragment size)

1
Sense 5’-CGTGGGTCTGTCACTGTCAT-3’ chrB4:135900726-135900707

60°C (240 bp)
Reverse 5’-GCCAACAAACACTGTGATGC-3’ chrB4:135900506-135900487

2
Sense 5’-TCAGCATCGTTTCTCACACTG-3’ chrB4:135897332-135897312

60°C (246 bp)
Reverse 5’-CTCCCTAGTTCAAGGGCAAA-3’ chrB4:135897106-135897087

3
Sense 5’-CTCCAGAACTCCCGGAATC-3’ chrB4:135896819-135896801

60°C (239 bp)
Reverse 5’-TGCCAATCATTCAGAAACCA-3’ chrB4:135896600-135896581

4
Sense 5’-ACTGTGGGAATGTCTTGCAG-3’ chrB4:135894660-135894641

59°C (240 bp)
Reverse 5’-AGAGTCACCCACCCAGACAG-3’ chrB4:135894440-135894421

5
Sense 5’-CCCCGTCTCCTTCTACCTTC-3’ chrB4:135894049-135894030

60°C (175 bp)
Reverse 5’-ACCCTGACCCGTGACATCT-3’ chrB4:135893894-135893875

6
Sense 5’-GTGAGCTCCCCAAGGTCAG-3’ chrB4:135893852-135893834

60°C (250 bp)
Reverse 5’-TGTGTCGGGAACACTCACTG-3’ chrB4:135893622-135893603

7
Sense 5’-TGGGAGTTTCTGGGAGTCTG-3’ chrB4:135889027-135889008

60°C (242 bp)
Reverse 5’-GCTTCCTCCCCTCACCTTC-3’ chrB4:135888804-135888786

8 Sense 5’-CTGGGATTCACCTTGTCTCC-3’ chrB4:135881430-135881411
60°C (300 bp)

Reverse 5’-GCGGGAAATGACGTTAAAGA-3’ chrB4:135881150-135881131

The nucleotide sequence and its origin in the feline genome, annealing temperature, and amplified fragment size of the PCR 
primers for sequencing analysis are shown. Locations of the nucleotide sequences are derived from the putative CYB5R3 gene 
in feline genome (Felis_catus_8.0/felCat8) as described in the text.

Fig. 2. The predicted amino acid sequence of feline cytochrome b5 reductase and the mutations found 
in the patient cat.  The amino acid sequence of feline cytochrome b5 reductase predicted from the putative feline 
CYB5R3 gene is shown in comparison with that of human cytochrome b5 reductase in red blood cells, and the 
amino acid residues (one letter indication) are numbered for mature proteins (for details, see reference 15 and 
GenBank accession number NM_001171661). Amino acid residues which are different between feline and human 
and the substitutions of amino acid residues found in the patient cat (F36L and Y179H) are indicated by asterisks 
and arrowheads, respectively. The sequences composing FAD-binding domain and NADH-binding domain in human 
cytochrome b5 reductase are indicated by solid and dotted rectangles17).



Akiyoshi Tani et al. 205

activity of the enzyme in the patient. Genetic 
mutations of CYB5R3 has been known to lead to 
two different clinical phenotypes in human 
patients17). Cyanosis is the only clinical symptom 
in type I methemoglobinemia. On the other  
hand, additional severe mental retardation and 
neurologic impairment are recognized in type II 
methemoglobinemia. It has been reported that 
whereas genetic mutations identified in type I 
methemoglobinemia were found to have amino 
acid substitutions throughout the structure of 
the protein and not directly involved in FAD or 
NADH binding, type II methemoglobinemia 
mutations were found to lead to a truncated 
protein or amino acid substitutions directly 
involved in FAD or NADH binding8). Given the 
fact that the amino acid sequences for cytochrome 
b5 reductase between human and cat were highly 
conserved by the alignment analysis, we could 
speculate that both of the two amino acid 
substitutions identified in the cat may not be 
directly involved in FAD or NADH binding 
(Fig. 2). In fact, it has been reported that R32Q 
mutation close to F36L could lead to Type I 
methemoglobinemia in human13). Collectively, type 
I methemoglobinemia could occur also in cats by 
the similar mechanism in human patients.
　　In conclusion, we found genetic mutations 
that lead to amino acid substitutions in a cat with 
possible type I methemoglobinemia. Functionally 
decreased enzyme activity for the cytochrome b5 
reductase protein with the mutations found in 
the cat should be confirmed to determine the 
causative mutations in the CYB5R3 gene in 
congenital methemoglobinemia in cats.

References

 1) Adzhubei IA, Schmidt S, Peshkin L, Ramensky 
VE, Gerasimova A, Bork P, Kondrashov AS 
and Sunyaev SR. A method and server for 
predicting damaging missense mutations. 
Nat Methods 7, 248-249, 2010.

 2) Benz EJ. Jr. Hemoglobin variants associated 
with hemolytic anemia, altered oxygen affinity, 

and methemoglobinemias. In: Hematology: 
basic principles and practice, 2nd ed. Hoffman 
R, Benz EJ Jr, Shattil SJ, Furie B, Cohen HJ, 
and Silberstein LE. eds. Churchill Livingstone 
Inc, New York. pp. 648-655, 1995.

 3) Blue J and Weiss L. Vascular pathways in 
nonsinusal red pulp: an electron microscope 
study of the cat spleen. Am J Anat 161, 
135-168, 1981.

 4) Beutler E, Blume KG, Kaplan JC, Löhr GW 
and Ramot BVW. International Committee 
for Standardization in Haematology: 
Recommended methods for red-cell enzyme 
analysis. Br J Haematol 35, 331-340, 1977.

 5) Christopher MM, Broussard JD and Peterson 
ME. Heinz body formation associated with 
ketoacidosis in diabetic cats. J Vet Intern 
Med 9, 24-31, 1995.

 6) Christopher MM, White JG and Eaton JW. 
Erythrocyte pathology and mechanisms of 
Heinz body-mediated hemolysis in cats. Vet 
Pathol 27, 299-310, 1990.

 7) Cortazzo JA and Lichtman AD. 
Methemoglobinemia: a review and 
recommendations for management. J 
Cardiothorac Vasc Anesth 28, 1043-1047, 
2014.

 8) Dekker J, Eppink MHM, van Zwieten R, Rijk 
T De, Remacha AF, Law LK, Li AM, Cheung 
KL, van Berkel WJH and Roos D. Seven  
new mutations in the nicotinamide adenine 
dinucleotide reduced-cytochrome b5 reductase 
gene leading to methemoglobinemia type I. 
Blood, 97, 1106-1114, 2001.

 9) Fine DM, Eyster GE, Anderson LK and 
Smitley A. Cyanosis and congenital 
methemoglobinemia in a puppy. J Am Anim 
Hosp Assoc 35, 33-35, 1999.

10) Hamilton MN and Edelstein SJ. Cat 
hemoglobin: pH-dependent cooperatibity of 
oxygen binding. Science 178, 1104-1105.

11) Harvey JW. Pathogenesis, laboratory 
diagnosis, and clinical implications of 
erythrocyte enzyme deficiencies in dogs, cats, 
and horses. Vet Clin Pathol 35, 144-156, 
2006.

12) Harvey JW and Kaneko JJ. Mammalian 
erythrocyte metabolism and oxidant drugs. 
Toxicol Appl Pharmacol 42, 253-361, 1977.

13) Katsube T, Sakamoto N, Kobayashi Y,  
Seki R and Hirano M. Exonic point 
mutations in NADH-cytochrome b5 reductase 
genes of homozygotes for hereditary 
methemoglobinemia, types I and III: putative 
mechanisms of tissue-dependent enzyme 
deficiency. Am J Hum Genet 48, 799-808, 



Congenital methemoglobinemia in a cat206

1991.
14) Mauk AG and Taketa F. Effects of organic 

phosphates on oxygen equilibria and kinetics 
of –SH reaction in feline hemoglobins, Arch 
Biochem Biophys 150, 376-381, 1972.

15) Mckenna JA, Sacco J, Son TT, Trepanier LA, 
Callan MB, Harvey JW and Arndt JW. 
Congenital methemoglobinemia in a dog with 
a promoter deletion and a nonsynonymous 
coding variant in the gene encoding 
cytochrome b5. J Vet Intern Med 28, 1626-
1631, 2014.

16) Ng PC and Henikoff S. SIFT: Predicting 
amino acid changes that affect protein 
function. Nucleic Acids Res 31, 3812-3814, 
2003.

17) Percy MJ and Lappin TR. Recessive 
congenital methaemoglobinaemia: Cytochrome 

b5 reductase deficiency. Br J Haematol 141, 
298-308, 2008.

18) Sato K. Methemoglobin. Drugs and Poisons 
in Humans. In: A Handbook of Practical 
Analysis. Osamu S, Kanano W. eds. Springer- 
Verlag, Berlin. pp. 481-490, 2005.

19) Winterbourn CC. Oxidative denaturation in 
congenital hemolytic anemias: the unstable 
hemoglobins. Sem Hematol 27, 41-50, 1990.

20) Winterbourn CC and Carrell RW. Studies of 
hemoglobin denaturation and Heinz body 
formation in the unstable hemoglobins. J 
Clin Invest 54, 678-689, 1974.

21) Yubisui T, Miyata T, Iwanaga S, Tamura M 
and Takeshita M. Complete amino acid 
sequence of NADH-cytochrome b5 reductase 
purified from human erythrocytes. J Biochem 
99, 407-422, 1986.


