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Abstract

Metallothioneins are cysteine-containing proteins involved in haemostasis and the transport  
of zinc and copper in the body. The aim of this study was to determine the effects of copper, 
anaemia and metallothioneins on the severity of clinical signs in clinical, subclinical, and  
atypical forms of copper deficiency. The study also attempted to determine normal metallo-
thionein reference values for dairy cattle. The study has been carried out on 67 Holstein- 
-Friesian cows; the animals were separated into 6 groups. Some animals showed typical clinical 
signs indicative of copper deficiency (two groups of study animals) and low Cu concentrations  
in the blood. In one group of cows, there were atypical clinical signs, and the average Cu concen-
tration was 11.15 µmol l-1. In 3 study groups, no clinical signs were observed, while the average 
copper concentration was equal to: 14.23 µmol l-1, 13.30 µmol l-1 and 9.87 µmol l-1. Blood haema-
tology test in all animals showed normocytic hypochromic anaemia. The authors noted that in 
the group with a decrease in the concentration of Cu in the blood and a high ZnMetallothionein 
(ZnMT), no clinical symptoms were observed in the animals, not even those related to anaemia. 
Clinical signs were also found to be less pronounced in cows with the highest serum Cu deficien-
cy and significantly higher ZnMT content than in the other groups of cows with clinical signs. 
The conducted observations of the examined cattle in relation to Cu deficiencies, anaemia and 
MT content in the blood are very promising.
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INTRODUCTION 

Metallothioneins (MT) are intracellular, low-molecular-weight proteins 
that are rich in cysteine. In the available literature (López-Alonso et al. 
2005, Sakulsak 2012, Chen et al. 2020), several hypotheses concerning the 
functional significance of MT in mammals may be found. These proteins 
have the function of homeostasis and the transport of physiologically essen-
tial metals (zinc – Zn, copper – Cu); they are involved in the detoxification  
of metals (cadmium, mercury), protect against oxidative stress, maintain  
an intracellular redox balance and regulate cell proliferation and apoptosis. 
The rapid changes in metallothionein concentrations in response to the ad-
ministration of metal-based supplements suggest that it has a regulatory 
function, the nature of which is not yet fully understood. MTs can bind  
to metal elements and reduce the content of intracellular free metals, and 
therefore play a major role in the detoxification of heavy metals. Tissue 
metallothionein concentrations depend on the body’s level of Zn and,  
to a lesser extent, Cu, which is consistent with the theory of the induction  
of protein synthesis by these metals. This protein is involved in the regula-
tion of the levels of microelements, such as zinc and copper, in mammalian 
cells. One of the regulatory functions of MT is to act as a zinc buffer to pre-
vent the excessive intracellular accumulation of free Zn ions. This is accom-
plished through a mechanism involving Zn being transiently stored before  
it is incorporated into metalloenzymes, and used to support the growth and 
development of the body, or excreted. In turn, there is more variation in the 
binding of hepatic copper to metallothionein, which is dependent on multiple 
factors, such as the species, the route of Cu administration, and the current 
Zn status in the body. In most animal species, no change in metallothionein 
concentration is observed upon a moderate increase in dietary Cu levels.  
The exceptions are pigs and dogs, in which case an increase in the concentra-
tion of copper in the diet results in an increased level of this protein 
(Bremner, Beattie 1995, López-Alonso et al. 2005, Sakulsak 2012, Krężel, 
Maret 2017). The protective effect of Zn against liver damage caused  
by excess copper has also been attributed to the more intensive binding  
of Cu to metallothionein. Similarly, species that are able to store large 
amounts of hepatic copper in the form of metallothionein are less likely  
to suffer from liver dysfunction caused by the excessive accumulation of Cu 
(Bremner, Beattie 1995).

Zinc and copper are essential trace elements in all animal species,  
including cattle. These microelements play an important role in many meta-
bolic pathways, such as the regulation of transcription or protein synthesis. 
The improper homeostasis of Zn and Cu results in many health disorders  
in cattle, which include, among others, diminished appetite, reduced milk 
yield and reproductive problems. Over the course of Zn deficiency, desquama-
tion and the thickening of the skin as well as depressed immunity are  
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observed (Hilal et al. 2016, Geboliszová, Illek, 2019). The symptoms  
of hypocupraemia, which is frequently observed in cows, include hair discol-
oration (greying) around the eyes (so-called “copper glasses”), but also on the 
head, neck and withers, and mobility disorders, such as lameness, joint 
swelling and pain. In addition, inflammation in the area of the interdigital 
space and the coronary band may be observed in some animals (near the 
limbus of cloven hooves and dermatitis interdigitalis) – Mohammed et al. 
(2014), Menzir, Dessie (2017), Kurek et al. (2017), Joerling, Doll (2019),  
Perdrizet et al. (2020). Anaemia, which is an effect of copper deficiency,  
is clinically manifested by the pallor of the mucous membranes, bodily weak-
ness, accelerated breathing and the accentuation of heart sounds. Based on 
laboratory tests, one may observe a decrease in red blood cell parameters, 
such as the erythrocyte count, haemoglobin concentration, haematocrit and 
the mean corpuscular volume (MCV), mean corpuscular haemoglobin (MCH) 
and the mean corpuscular haemoglobin concentration (MCHC). The mecha-
nism of anaemia which occurs over the course of copper deficiency has not 
yet been elucidated. However, it is known that copper is necessary to main-
tain iron (Fe) homeostasis, as a component of proteins that are involved  
in haematopoiesis (ceruloplasmin and hephaestin). In addition, this trace 
element is utilised during the process of the production and maturation  
of erythrocytes in the bone marrow, and in haem synthesis through the  
induction of ferrochelatase activity (Collins et al. 2010, Roland et al. 2014, 
Hagmeyer et al. 2015, Kurek et al. 2017, Chen et al. 2020). 

The aim of the study was to determine the effect of copper, anaemia and 
metallothioneins on the severity of clinical symptoms in clinical, subclinical 
and atypical forms of copper deficiency. In this study, an attempt was also 
made to determine normal metallothionein reference values for dairy cattle.

MATERIALS AND METHODS

Animals
The study was carried out on 67 Holstein-Friesian cows, aged 3 to 6 years, 

at the peak of lactation, with an average BCS of 3.25/5 points, which came 
from two indoor dairy farms in Silesia, Poland. The milk production of these 
cows was found to be in the range of 9,000-10,000 kg of milk, which was  
determined previous to the study. Nutrition was based on the TMR method, 
and the ration included: maize silage, ground and whole maize grain,  
haylage, grass silage, hay, straw, granulates, soybean meal, on-farm-grown 
cereals, feed additives with a protein content of 18-24%, premixes and  
mineral and vitamin supplements. The feed ration was designed on the basis 
of milk yield, as well as the physiological period and body weight of the cows. 
The animals were under regular veterinary care. In these herds, hoof trim-
ming was performed twice a year and prophylactic deworming was also car-
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ried out (spot-on delivery method, eprinomectin). In order to qualify for the 
study, only those animals free from any parasitic and infectious diseases, 
injuries and bleeding (from the skin, digestive or urinary tract) were includ-
ed. Animals that had experienced complications at parturition were also  
rejected from the study. On the basis of the conducted clinical examination 
and various laboratory tests, the animals which qualified for the study were 
divided into six groups (Tables 1 and 2). The first group consisted of cows 
with clinical symptoms, such as so-called “copper glasses”, the greying of the 
coat on the head, neck and forelegs, a reduction in milk yield, and in some 
animals (over 30%) various degrees of lameness and dermatitis interdigitalis. 
The average serum Cu concentration was 8.96 µmol l-1. The second group 
included animals with less pronounced clinical symptoms, most often in the 
form of “copper glasses” and a lower milk yield, as well as varying degrees of 
lightening of the hair in the head and neck area. The third group consisted 
of animals with a slight decrease in milk production, as well as lameness 
caused by inflammation in the cloven hooves (coronary band and dermatitis 
interdigitalis). These animals were included after the determination of the 
copper concentration (average concentration 11.15 µmol l-1) and the attain-
ment of a positive effect through supplementation with copper licks.  
The fourth group consisted of clinically healthy animals with normal blood 
copper levels and low ZnMT levels. The fifth group consisted of clinically 
healthy animals with normal copper concentrations and high ZnMT concen-
trations in the blood. The sixth group included animals without clinical 
symptoms but with significant copper deficiency (average concentration  
of 9.87 µmol l-1) in the blood. Copper licks and mineral supplements contain-
ing an increased amount of Cu were administered to all animals with re-
duced serum copper concentrations (studies in progress).

Research material
Before blood sample collection, the health status of the cows was asses- 

sed by interviewing the livestock keeper; this was followed by the clinical 
examination of the animals; in addition, the information was collated con-
cerning the feed administration method, the quality of the feed and milk 
yield. Blood was collected in the morning during or after milking and before 
the first feeding. The blood was collected from the external jugular vein into 
tubes containing K3EDTA and those with a clotting activator. The clot acti-
vator tubes were centrifuged at 3,000 revolutions min-1 for 7 min to obtain 
serum.

Methods
For the blood hematology test, the red blood cell count (RBC), haemoglo-

bin concentration (Hgb), haematocrit (Hct), MCV, MCH and MCHC and 
leukocyte (WBC) and platelet (PLT) levels were determined using an Horiba 
scil Vet abc Plus automatic analyser and reagents dedicated to the instru-
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ment. Cu, Fe and Zn were quantified using atomic absorption spectrometry 
(AAS) with sample atomization based on an acetylene-air flame. The concen-
tration of Zn metallothionein was determined using commercially available 
ELISA tests – Bovine Zn Metallothionein (ZnMT) and an ELISA kit  
(BlueGene) by following the procedures recommended by the manufacturer.

The results obtained in the study were subjected to mathematical statis-
tical analysis by means of a t-Student test using Statistica® 10.0 software 
(Statsoft).

RESULTS AND DISCUSSION

The study covered cattle herds which were assumed to be affected  
by clinical and subclinical copper deficiency. In these herds, there were  
observed symptoms indicating a deficiency of this element to a varying  
degree of severity – from greying of the coat around the eyes, to inflamma-
tion in the dermatitis interdigitalis and a decrease in the milk yield.  
The division into experimental groups did not allow for an explanation  
to be found elucidating the differences between the groups or explaining  
the absence of symptoms in the group with a significant decrease in Cu con-
centration (group VI). It was also problematic to explain the different de-
grees of anaemia in the animals studied. In the present study, different lev-
els of ZnMT in the blood were detected, and this parameter was used as a 
criterion for the division of the animals into individual groups. This protein 
attracted the attention of the authors due to its important role in the trans-
formation of microelements, mainly copper and zinc. There is evidence that 
this protein is involved in the cellular detoxification of Cu, and that it has 
been involved in the accumulation of Cu bound to metallothionein in the 
liver (Bremner, Beattie 1995, López-Alonso et al. 2005, Chen et al. 2020). 
According to the knowledge of the authors of this article, no studies present-
ing the relationship between copper deficiency, anaemia and the levels  
of blood metallothioneins in cattle have been published to date.

Group I had the most pronounced symptoms of copper deficiency, which 
was later confirmed by the results of blood concentration of this element – 
8.96 µmol l-1 (Table 2). These values were statistically lower than those ob-
tained in groups III, IV, V and VI, but at the same time significantly higher 
than in group II. Animals in this group were characterized by pallor  
of mucous membranes, accelerated breathing and accentuation of heart 
sounds. This was due to the occurrence of anaemia, which was confirmed  
by a haematological test. In cows from this group, the haemoglobin concen-
tration was the lowest out of all the examined groups and a decrease in the 
Hct and MCH was found, which indicates the development of normocytic 
hypochromic anaemia. In the animals of the first group, the blood iron levels 
were within the accepted norms (Dirksen 2002). Similar observations were 
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made in studies of humans and cattle, where the same type of anaemia was 
observed in the state of copper deficiency (Lazarchick 2012, Abramowicz  
et al. 2021). To date, in the context of copper deficiency in animals, the  
development of the microcytic, hypochromic anaemia has been mostly repor- 
ted (Mohammmed et al. 2014, Roland et al. 2014). From the analysis of the 
obtained blood test results, it emerged that the concentration of ZnMT in the 
blood in this group was the lowest of all the examined groups and signifi-
cantly lower compared to groups II, V and VI.

In group II, lesser severity of clinical symptoms was noted, although 
they were still characteristic of copper deficiency (Table 3). In the biochemi-
cal blood test, the lowest average Cu concentration was noted – 6.55 µmol l-1, 
statistically significantly lower than in the other groups. On haematological 
blood test, a decrease in haemoglobin concentration and MCH was observed, 
other red blood cell parameters were within the accepted standards 
(Baumgartner 2005) – Table 1. These changes might have occurred due to 
low concentration of Cu in the blood of the tested animals. Collins et al. 
(2010) observed that during copper deficiency in the body, the production  
of Hgb is ineffective, despite the normal concentration of iron in the blood. 
The mechanism of anaemia development over the course of Cu deficiency  
is still not fully clarified, although it may be linked to copper acting as an 
essential coenzyme involved in the oxidation of Fe and its transport in the 
body (Collins et al. 2010, Luo et al. 2021). In this group, ZnMT was signifi-
cantly higher than in groups I, III, IV and significantly lower than in groups 
V and VI (Table 2).

In group III, a slightly reduced concentration of Cu in the blood was 
found, which indicates a chronic, long-term subclinical deficiency of this ele-
ment. Copper concentration values in this group were significantly higher 
than in groups I and II and significantly lower than in group IV. Animals 
included in this group showed nonspecific clinical symptoms (Table 3).  
In herds where the status of copper is unknown, such symptoms may be  
attributed to many diseases. On the other hand, in herds with hypocuprae-
mia, the animals often display an atypical or subclinical course of deficiency 
disease. In haematological blood test, as in group II, a decrease in Hgb con-
centration and MCH was observed (Table 1). These parameters were higher 
than in group II, and the concentration of Cu in this group was almost twice 
as high. Based on the analysis of own results, it was found that changes  
in Hgb and MCH indices result from long-term copper deficiency. The litera-
ture data (Perdrizet et al. 2020) and own observations may lead to a conclu-
sion that the deficiency of this element is difficult to diagnose because the 
concentration of Cu in the blood remains at a constant level until the copper 
stored in the liver is exhausted. The content of ZnMT in this group was very 
similar to the level in groups I and IV, but significantly lower compared  
to groups II, V and VI (Table 2).

Due to the lack of clinical symptoms, at the initial stage of the study 
cows from groups IV, V and VI were classified into one group as healthy an-
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imals. After receiving the results of morphological and biochemical blood 
tests, they were divided into 3 additional groups. A reduction in Hgb concen-
tration, Hct value and MCH was observed in these groups (Table 1). These 
parameters did not show statistically significant differences in individual 
groups. In group IV, the highest concentration of Cu among all examined 
groups and a very low concentration of ZnMT were found. In group V, the Cu 
content was clearly lower, but within the accepted standards (Dirksen 2002). 
In this group, the highest content of ZnMT was also observed. In group VI, 
despite the lack of symptoms, a low average concentration of Cu in the blood 
was found (9.87 µmol l-1), which was significantly lower than in group III,  
in which clinical symptoms occurred. Diminished red blood cell parameters 
(Hgb, Hct and MCH) were higher than in groups IV and V. At the same 
time, a high content of MT was found in this group, statistically significantly 
higher than in groups I, II, III, IV (Table 2).

The authors noted that in the group with a significant decrease in the 
concentration of Cu in the blood and a high ZnMT (group VI), no clinical 
symptoms were observed in the animals, not even those related to anaemia. 
From own observations and literature data (Roland et al. 2014, Menzir,  
Dessie 2017), it has been demonstrated that the concentration of Cu in the 
range of 9.87 µmol l-1 in the serum is often accompanied by dyspnoea, tachy-
pnoea and accentuation of heart sounds. The only clinical sign common to all 
copper-deficient cows studied was a mucosa membranes that were paler than 
in those not suffering from deficiency. Clinical symptoms were also less  
pronounced in cows with the lowest serum Cu levels, and, at the same time, 

Table 3
Clinical symptoms in animals

Groups Clinical symptoms

I

- so-called “copper” glasses
- greying of the coat of the head, neck and forelegs 
- reduction in milk yield
-  various degrees of lameness and inflammation in the interdigital space – in more 

than 30% of animals
- pallor of the mucous membranes,
- tachypnoea
- accentuation of heart sounds

II
- so-called “copper” glasses
- reduction in milk yield
- varying degrees of lightening of the hair coat around the head and neck

III
- a slight reduction in milk yield
-  lameness caused by inflammation within the cloven hooves (coronary band and 

dermatitis interdigitalis)
IV no clinical symptoms
V no clinical symptoms
VI no clinical symptoms
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a ZnMT content which is significantly higher than in other groups of cows 
with clinical symptoms, was detected.

The overall results suggest that MTs are the proteins that are not only 
involved in the detoxification of Cu in the liver, but also affect the storage or 
transport of Cu in the blood in the cases of deficiency (López-Alonso et al. 
2005, Sakulsak 2012). Own observations of the examined cattle in relation  
to Cu deficiencies, anaemia and MT content in the blood are very promising. 
However, the interpretation of the presented results is difficult because the 
noted changes have not yet been explained and require further research.  
The available literature does not specify the standard MT content in the 
blood of cattle. Our studies also failed to clearly define the correct MT values 
in cattle. However, a clear relationship was observed between the occurrence 
of clinical symptoms of copper deficiency and the concentration of MT. In the 
authors’ research, a higher concentration of ZnMT was always associated 
with a milder course or a lack of clinical symptoms of Cu deficiency (groups 
II and VI). It may be concluded that the animals that have low MT levels 
and hypocupraemia should be treated first and with higher doses of Cu.  
This conclusion is based on the authors’ own research, which will be pub-
lished after the completion of the overall study, in which the administration 
of Cu licks and mineral supplements containing an increased amount of Cu 
in all deficient groups brought the most beneficial effects in animals with 
high or very high MT levels.
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