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Introduction

Copper (Cu) is an important nutrient determin-
ing the proper development and functioning of the 
body (Al-Naimi et al., 2010; Majewski et al., 2017). 

This microelement stabilizes cell membrane perme-
ability by taking part in oxidation of membrane thiol 
compounds to disulphides (Kim et al., 2008). It is 
also a component of numerous enzymes responsible 
for energy metabolism (e.g., cytochrome c oxidase, 

ABSTRACT. The aim of the study was to evaluate the effect of copper (Cu) 
level in the diet on the distribution, and biological and immunological responses 
in a rat model. Two experimental groups of rats received a diet containing the 
recommended (higher) amount (6.5 mg/kg) of CuCO3 (CuH) or a diet contain-
ing the reduced (lower) level of Cu (without CuCO3 supplementation; CuL) for 
7 or 35 days (T7 and T35, respectively; in total 4 subgroups). Reduced level of 
Cu caused a decrease in the Cu excretion in faeces and an increase in the Cu 
level in urine, but in overall the digestibility and utilization indexes of Cu were in-
creased. There was also found a decrease in the Cu content in the plasma and 
liver in CuL group (results of a 5-day balance tests). After 7 days the reduction 
of Cu dose caused a decrease in plasma contents of Cu, Zn, Fe, MI (%), GRA 
(109/l), IgA and IgM; on the other hand the plasma contents of Mg, WBC, LYM 
(%) and BIL, and activities of ALP and GGT were increased. The elongation 
of the feeding period from 7 to 35 days in the CuH group caused a decrease 
of Zn, P, IgA, BIL, TC, TG plasma contents, and activity of ALT, LDH and an 
increase in WBC, LYM (%), MID (109/l), MI (%), GRA (%), RBC, HB, IgM, IL-6, 
GLU, UA, ALB and HDL and activities of AST, ALP and GGT. However when 
the CuL diet was elongated, decreased plasma contents of Cu, IgA, IgM, IL-6, 
GLU, ALB and BIL, and activity of GGT; and increased plasma contents of Zn, 
WBC, LYM (%) and GRA (109/l), and activity of ALP were stated in compari-
son to CuH group. The results of the study suggest that rats partially develop 
adaptive mechanisms, thanks to which are able to function at a reduced level 
of Cu in the diet. But, reduced level of Cu in the diet may interfere with the im-
mune response and BIL and ALB metabolisms, playing an antioxidant role in 
the body. Furthermore, it can be indicated that the level of many blood indica-
tors may depend on the growth of rats, therefore it may not be assumed that 
the supplementation of Cu in rats is completely unnecessary.
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lysyl and ascorbate oxidase) and antioxidant defence 
of the body (e.g., superoxide dismutase) (Gaetke and 
Chow, 2003; Ognik et al., 2016; Cholewińska et al., 
2018a). Importantly, Cu is responsible for iron me-
tabolism and its incorporation into haemoglobin mol-
ecules, ensuring the proper level of oxygenation of the 
body. Cu also has an important role in the synthesis 
of elastin, collagen and melanin, which protects the 
body against ageing (Collins et al., 2010). The pres-
ence of Cu in the body, through its participation in the 
synthesis and denaturation of neurotransmitters, also 
helps to maintain the integrity of the central nervous 
system (Opazo et al., 2014). By contributing to the 
transformation of arachidonic acid and synthesis of 
prostaglandins, Cu reduces the severity of inflamma-
tory processes in the body (Ognik et al., 2016).

Most of the available research results suggest that 
Cu is an element that should be supplemented into the 
diet. Otherwise, its deficit in the body may result in 
serious metabolic and functional disorders (Huang 
and Failla, 2000; Harless et  al., 2006; Pyatskowit 
and Prohaska, 2008; Smith et al., 2008; Ozkul et al., 
2011; Matak et al., 2013; Wazir and Ghobrial, 2017; 
Cholewińska et al., 2018b). Symptoms of Cu deficien-
cy in the body include anaemia, neutropenia, growth 
and reproduction disorders, bone damage, heart fail-
ure and gastrointestinal disorders (Aoki, 2004). Hy-
percholesterolemia, hypertension and glucose intol-
erance may also occur (Song et al., 2012). In young, 
developing individuals, Cu deficiency may result 
in hypotonia, psychomotor delay and hypothermia 
(Aoki, 2004). Acquired Cu deficiency is also associ-
ated with a number of serious neurological changes, 
such as myelopathy, isolated peripheral neuropathy, 
cerebral demyelination or optic neuropathy (Jaiser 
and Winston, 2010). Failure to satisfy the body’s need 
for Cu may also cause vision disorders due to demy-
elination or dysmyelination of the optic nerves (Dake 
and Amemiya, 1991). There is some probability that 
Cu deficiency may be directly linked to the incidence 
of Alzheimer’s disease, which etiopathogenesis is not 
yet fully understood; the content of this microelement 
has been found to be significantly lower in biological 
material collected from Alzheimer’s disease patients 
as compared to individuals with confirmed dementia 
or other neurological diseases (Deibel et  al., 1996; 
Klevay, 2008).

In recent years there were few studies showing 
that the lack of supplementation of Cu in the diet is 
not as harmful as previously assumed. The organism 
can adapt perfectly to these seemingly unfavourable 
eating conditions (Seol et  al., 2015; Shukla et  al., 
2015). Therefore, the aim of our study was to assess 

the effect of a Cu deficiency in the diet on the ab-
sorption and biodistribution of this element and on 
haematological, immune and biochemical parameters 
in rats.

Material and methods
Animal protocol and dietary treatments

All animal care and experimental protocols were 
in compliance with current laws governing animal 
experimentation in the Republic of Poland and with 
guidelines established by an ethics committee, in ac-
cordance with the European Convention for the Pro-
tection of Vertebrate Animals used for Experimental 
and other Scientific Purposes, Directive 2010/63/EU 
for animal experiments, and were approved by the 
appropriate Local Institutional Animal Care and Use 
Committee.

Thirty-two healthy male albino Wistar rats {(Han 
IGS Rat [Crl:WI(Han)]} aging 5 weeks with an aver-
age body weight of 135 ± 10 g were randomly di-
vided into 2 groups. The rats were housed aimlessly 
and individually in stainless steel cages at a  stable 
temperature (21–22 °C), relative humidity 50 ± 10%, 
a 12-h light-dark cycle, and a ventilation rate of 20 air 
changes per hour. For 7 or 35 days (CuH-7 – 8 ani-
mals, CuH-35 – 8 animals, CuL-7 – 8 animals, CuL-
35 – 8 animals, respectively), the rats had free access 
to tap water and semi-purified diets, which were pre-
pared and then stored at 4 °C in hermetic containers 
until the end of the experiment (Table 1). The diets 
were modifications of a casein diet for laboratory ro-
dents (AIN-93G) recommended by the American In-
stitute of Nutrition (Reeves, 1997). In the study, two 
experimental treatments were used to evaluate the ef-
fects of the CuCO3 presence or absence in the diet.

The rats were divided into following groups: 
CuH group – the rats were fed a diet with a standard 
mineral mixture (MX) resulting in 6.5 mg Cu (from 
CuCO3 in MX) per kg of diet; and CuL group – the 
rats were fed a diet with a MX without Cu supple-
mentation (CuCO3 excluded from MX). The rats in 
each group (CuL or CuH; 16 rats in each) received 
their respective diet for 7 or 35 days – T7 or T35, 
respectively (8 rats from each group; in total 4 sub-
groups) (Table  2). The detailed composition of the 
mineral mixtures used in the experimental groups is 
given in Table 3.

All physiological measurements were made 
separately for each animal (n = 8 for each subgroup). 
During the study, Cu digestibility and utilization 
tests (balance tests) were carried out. After a 10-day 
preliminary period, the faeces and urine were col-
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lected for 5 days from all rats, which were kept in 
balance cages (Tecniplast S.p.A, Buguggiate, Italy). 
The content of Cu in the diets, drinking water, faeces 
and urine collected in the balance period was assayed 
using the methods described below. 

On T7 and T35 the rats were fasted for 24 h and 
anaesthetized with ketamine (100  mg/kg body 
weight) and xylazine (10  mg/kg body weight) ac-
cording to the recommendations for anaesthesia and 
euthanasia of experimental animals. Then, after lap-
arotomy, blood samples were taken from the caudal 
vena cava, and finally the rats were euthanized by 
cervical dislocation. On T7 liver and jejunum, 
whereas on T35 liver, brain and jejunum were dis-
sected (for histological examination, and for histo-
logical examination and Cu content test in brain and 
liver, respectively).

Cu analyses
Cu content in water, feed mixture, urine, fae-

ces, brain, and liver samples was determined by an 
inductively coupled plasma optical emission spec-
trometry (ICP-OES) (Shimadzu, Kyoto, Japan). 
A Certified Reference Material NIST-1577C Bovine 
liver (Merck KGaA, Darmstadt, Germany) was used 
for quality control.

Blood analyses
The concentrations of Cu, Zn, Fe, Ca, P and Mg 

in the blood were determined by ICP-OES. The Cer-
tified Reference Material NIST-1577C Bovine liver 
(Merck KGaA, Darmstadt, Germany) was used for 
quality control.

Haematological blood parameters, i.e. red blood 
cells (RBC), haemoglobin (HB), haematocrit 
(HCT), as well as total white blood cells (WBC) and 
some WBC subpopulations, were analysed using an 
automatic haematology analyser (Abacuss Junior 
Vet, Diatron, Hungary).

The level of rat immunoglobulins (Ig) of classes 
IgA, IgM and IgE and interleukin (IL)-6 in the plasma 
were determined on an ELISA reader (Rayto Life and 
Analytical Sciences Co., Ltd, Shenzhen, P.R. China) 
using commercial kits from Elabscience Biotech-
nology Co., Ltd., Houston, TX, USA).

The content of uric acid (UA), urea (UREA), al-
bumin (ALB), creatinine (CREAT), glucose (GLU), 
total protein (TP), bilirubin (BIL), total cholesterol 

Table 3. Composition of mineral mixture (MX) used in experimental 
diets

Indices MX with standard 
Cu dosage1

MX  
without Cu2

Macroelements, g/kg
calcium carbonate, anhydrous CaCO3 357 357
potassium phosphate monobasic 
K2HPO4

196 196

potassium citrate C6H5K3O7 70.78 70.78
sodium chloride NaCl 74 74
potassium sulphate K2SO4 46.6 46.6
magnesium oxide MgO 24 24
microelement mixture 18 18
starch 213.62 213.62

Microelements, g/100 g
ferric citrate (16.7% Fe) 31 31
zinc carbonate ZnCO3 (56% Zn) 4.5 4.5
manganous carbonate MnCO3 
(44.4% Mn)

23.4 23.4

copper carbonate CuCO3 (55.5% Cu) 1.85 0
potassium iodate KJ 0.04 0.04
citric acid C6H8O7 39.21 40.7

1 given to CuH groups (5  weeks of feeding); 2 given to CuL groups 
(5 weeks of feeding)

Table 1. Composition of basal diet fed to rats, %

Indices Content
Invariable ingredients

casein1 14.8
DL-methionine 0.2
cellulose2 8.0
choline chloride 0.2
rapeseed oil 8.0
cholesterol 0.3
vitamin mixture3 1.0
maize starch4 64.0

Variable ingredient
mineral mixture5 3.5

Calculated content
crude protein 13.5

1 casein preparation: crude protein 89.7%, crude fat 0.3%, ash 2.0%, 
and water 8.0%; 2 α-cellulose (Sigma-Aldrich, St. Louis, MO, USA), 
main source of dietary fibre; 3 AIN-93G-VM, g per kg of mixture: nicotin-
ic acid 3.0, Ca-pantothenate 1.6, pyridoxine-HCl 0.7, thiamine-HCl 0.6, 
riboflavin 0.6, folic acid 0.2, biotin 0.02, vit. B12 (cyanocobalamin, 0.1% 
in mannitol)  2.5, vit.  E (all-rac-α-tocopheryl acetate, 500  IU/g)  15, 
vit.  A (all-trans-retinyl palmitate, 500 000 IU/g) 0.8, vit. D3 (cholecalcif-
erol, 400 000 IU/g) 0.25, vit. K1 (phylloquinone) 0.075, powdered su-
crose 974.655; 4  maize starch preparation %: crude protein 0.6, crude 
fat 0.9, ash 0.2, total dietary fibre 0, water 8.8; 5 mineral mixture with or 
without Cu, see Tables 2 and 3

Table 2. Experimental design (copper dosage calculated from CuCO3 
in mineral mixture (MX))

Feeding 
period (T)

Treatment
CuH 
(n = 16)

CuL 
(n = 16)

7 diet containing 6.5 mg/kg Cu  
from CuCO3 (n = 8)

diet with MX without CuCO3 
addition (n = 8)

35 diet containing 6.5 mg/kg Cu 
from CuCO3 (n = 8)

diet with MX without CuCO3 
addition (n = 8)

n = 8, number of rats used in each feeding period in each experimental 
group; n = 16, number of rats used in each experimental group
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(TC), high-density lipoprotein (HDL) and triacyl-
glycerols (TG), as well as the activity of alanine 
aminotransferase (ALT), aspartate aminotransferase 
(AST), alkaline phosphatase (ALP), creatine kinase 
(CK), lactate dehydrogenase (LDH) and gamma-
glutamyl transferase (GGT), were measured using 
an automatic biochemical analyser (Plasma Diag-
nostic Instruments Horiba, Kyoto, Japan).

Histological examination of the liver  
and jejunum

Samples of the liver and jejunum were cut in 
two lengthwise and fixed for 24 h in 5% formalin, 
pH = 7.2. Within 24 h the fixed tissue fragments were 
passed through increasing concentrations of alcohol 
solutions, acetone and xylene into paraffin blocks in 
a  tissue processor (Leica TP-20, Nussloch, Germa-
ny). Paraffin-embedded microscope sections 5  µm 
thick were stained with haematoxylin and eosin (HE 
staining). Morphometric evaluations of the liver, 
length of the villi and depth of the crypts were car-
ried out using a computer-assisted microscopic image 
analysis system. The system consisted of a light mi-
croscope (Nikon Eclipse E600, Badhoevedorp, The 
Netherlands) with a  digital camera (Nikon DS-Fi1, 
Badhoevedorp, The Netherlands) and a PC with im-
age-analysis software (NIS-Elements BR-2.20, Lab-
oratory Imaging, Nikon, Badhoevedorp, The Nether-
lands). In each jejunum tissue slide, 20 villi cut in two 
lengthwise and 20 crypts were measured. The length 
of the villi was measured from the tip to the base.

Statistical analysis
The obtained numerical data were subjected to 

statistical analysis using Statistica 10.0 PL software 
(StatSoft Polska, Krakow, Poland). The following 
analyses were used: one-way ANOVA (Table 10) and 
two-way ANOVA (Tables 4–9) to examine the main 
effects: L – level of dietary Cu (two level of dietary 
Cu: higher (recommended) Cu level and reduced 
Cu level; CuH and CuL treatments, respectively),  

T  – feeding period (7  and 35  days, respectively), 
and the interaction between these two factors (L  × 
T). If the analysis revealed a  significant interaction  
(P  ≤ 0.05), the differences among the respective 
treatment groups were then determined with the 
Newman-Keuls post-hoc test at P ≤ 0.05. Treatment 
effects were considered to be significant at P ≤ 0.05.

Results

The effect of the Cu level in the diet

Two-way ANOVA analysis showed that in the 
plasma of the rats from CuL treatment, the contents 
of Cu, Zn and Fe (P  < 0.0001, P  = 0.048 and  
P  = 0.047, respectively) were lower whereas the 
content of Mg was higher (P = 0.038) than in the 
rats from CuH treatment (Table  4). In the blood 
of the rats receiving CuL diet, the lower levels of 
granulocytes (109/l), monocytes (%) and HCT  
(P = 0.004, P = 0.033 and P = 0.037, respectively) 
were noticed as well as higher levels of WBC and 
LYM (109/l) (P = 0.015 and P = 0.033, respectively) 
in comparison to the rats from CuH treatment 
(Table  5). The lowered contents of the IgA, IgM 
and IL-6 (P < 0.0001, P < 0.0001 and P = 0.037, 
respectively) in the plasma of the CuL rats were also 
noticed (Table  6). Moreover, in the plasma of the 
rats from CuL treatment decreased contents of GLU 
and BIL (P  = 0.031 and P  = 0.004, respectively) 
were found in comparison to CuH group (Table 7). 
In CuL rats, there was an increase in the mean depth 
of the jejunum crypts (P = 0.024) in comparison to 
rats treated with CuH (Table 8). There was also an 
increase in ALP and GGT activities (P = 0.004 and 
P = 0.048, respectively) in the plasma of CuL rats 
as compared to rats from CuH treatment (Table 9).

The effect of the feeding period
According to two-way ANOVA longer pe-

riod of feeding (T35) increased the content of Cu 

Table 4. Minerals in rat plasma 

Indices
Subgroups1

SEM
P-value

CuH-T7 CuL-T7 CuH-T35 CuL-T35 Effect of level of 
dietary Cu (L)

Effect of feeding 
period (T) L × T

Cu, μmol/l 11.78A 4.05C 11.62A 5.61B 0.645 <0.0001 0.002 0.568
Zn, μmol/l 21.96A 18.16B 10.39D 12.33C 0.718 0.048 <0.0001 0.052
Fe, μmol/l 37.34A 34.84B 37.19A 37.97A 0.042 0.047 0.004 0.369
Ca, mmol/l 2.50 2.33 2.56 2.81 0.034 0.145 0.875 0.987
P, mmol/l 3.07A 3.39A 1.27B 1.30B 0.082 0.358 0.034 0.446
Mg, mmol/l 0.76C 1.30A 0.90B 0.90B 0.065 0.038 0.365 0.062
1 see Table 2; SEM – standard error of the mean; A–D – means within the same row are significantly different at P ≤ 0.05 according to Newman-
Keul’s mean comparison
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Table 5. Haematological indices in rat blood 

Indices
Subgroups1

SEM
P-value

CuH-T7 CuL-T7 CuH-T35 CuL-T35 Effect of level of 
dietary Cu (L)

Effect of feeding 
period (T) L × T

WBC, 109/l 3.30D 4.81C 6.43B 7.34A 0.758 0.015 0.023 0.049
LYM, 109/l 2.93D 4.36C 5.37B 6.26A 0.056 0.033 0.008 0.052
MID, 109/l 0.10B 0.12B 0.41A 0.35A 0.036 0.078 0.014 0.244
GRA, 109/l 0.60B 0.32C 0.65B 0.73A 0.024 0.004 0.036 0.655
LYM, % 86.31 90.63 83.91 85.03 0.124 0.391 0.065 0.088
MI, % 3.04B 2.60C 5.03A 5.15A 0.065 0.033 0.008 0.072
GR, % 8.13B 6.81C 9.80A 9.70A 0.238 0.059 0.047 0.109
RBC, 1012/l 6.26B 6.20B 7.87A 7.87A 0.071 0.092 0.024 0.062
HB, g/l 12.16B 12.01B 13.53A 13.11A 0.104 0.228 0.047 0.067
HCT, l/l 37.03B 36.60B 42.01A 40.67A 0.133 0.037 0.004 0.234
1  see Table  2; WBC  – white blood cell count; LYM  – lymphocytes; GRA  –granulocytes; MI  – microcytes; RBC  – red blood cell count;  
HB – haemoglobin content; HCT – haematocrit; SEM – standard error of the mean; A–D – means within the same row are significantly different at 
P ≤ 0.05) according to Newman-Keul’s mean comparison

Table 6. Immune parameters in rat blood 

Indices
Subgroups1

SEM
P-value

CuH-T7 CuL-T7 CuH-T35 CuL-T35 Effect of level  
of dietary Cu (L)

Effect of feeding 
period (T) L × T

IgA, ng/ml 94.21A 84.20B 73.32C 65.49D 0.323 <0.0001 <0.0001 0.053
IgM, ng/ml 547.3C 486.7D 966.7A 861.4B 0.623 <0.0001 <0.0001 0.083
IgE, ng/ml 7.40AB 8.04A 8.02A 6.94B 0.108 0.059 0.077 0.038
IL-6, pg/ml 113.8C 122.0C 168.9A 136.9B 0.824 0.037 0.006 0.061
1 see Table 2; IgA – immunoglobulin A; IgM – immunoglobulin M; IgE – immunoglobulin E; IL-6 – interleukin 6; A–D – means within the same row 
are significantly different at P ≤ 0.05 according to Newman-Keul’s mean comparison

Table 7. Parameters of metabolic status in rat plasma

Indices
Subgroups1

SEM
P-value

CuH-T7 CuL-T7 CuH-T35 CuL-T35 Effect of level of 
dietary Cu (L)

Effect of feeding 
period (T) L × T

GLU, mmol/l 7.90C 7.39C 16.89A 14.14B 0.462 0.031 <0.0001 0.082
TP, g/l 7.18 6.97 5.10 4.97 0.089 0.059 0.058 0.062
UA, mmol/l 130.5C 142.0B 170.0A 167.0A 0.963 0.254 0.027 0.014
UREA, mmol/l 7.83 6.71 5.20 6.31 0.053 0.923 0.072 0.052
CREAT, μmol/l 36.13 35.00 38.46 34.64 0.084 0.068 0.087 0.365
BIL, μmol/l 37.63B 40.52A 31.98C 17.55D 0.103 0.004 <0.0001 0.625
ALB, g/l 3.51B 3.42B 4.38A 3.86AB 0.044 0.265 0.044 0.064
TC, mmol/l 3.61A 3.78A 1.66B 1.68B 0.022 0.328 0.007 0.072
HDL, mmol/l 0.33 0.34 1.94 1.85 0.017 0.058 0.084 0.092
TG, mmol/l 4.86B 5.71A 1.83C 1.61C 0.054 0.345 0.034 0.365
1 see Table 2; GLU – glucose; TP – total protein; UA – uric acid; UREA – urea; CREAT – creatinine; BIL – bilirubin; ALB – albumin; TC – total 
cholesterol; HDL – HDL cholesterol; TG – triacylglycerols; A–D – means within the same row are significantly different at P ≤ 0.05 according to 
Newman-Keul’s mean comparison

Table 8. Measurements of jejunal villi and crypts in experimental rats

Indices
Subgroups1

SEM
P-value

CuH-T7 CuL-T7 CuH-T35 CuL-T35 Effect of level  
of dietary Cu (L)

Effect of feeding 
period (T) L × T

Mean length of villin 
the jejunum, μm

394.8B 368.8B 542.5A 562.1A 0.892 0.842 <0.0001 0.364

Mean depth of crypt  
in the jejunum, μm

107.0B 113.6B 144.2A 154.4A 0.631 0.024 0.003 0.077

1 see Table 2; A–B – means within the same row are significantly different at P ≤ 0.05 according to Newman-Keul’s mean comparison
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and Fe (P  = 0.002 and P  = 0.004, respectively) 
and decreased Zn and P contents (P  < 0.0001 and  
P = 0.034, respectively) in comparison to T7 feed-
ing period (Table  4). There was also an increase 
in WBC, LYM (109/l), MID, GRA, MI, GR, 
RBC, HB and HCT levels (P  = 0.023, P  = 0.008,  
P = 0.014, P = 0.036, P = 0.008, P = 0.047, P = 0.024,  
P = 0.047 and P = 0.004, respectively) in the blood of 
rats from T35 group (Table 5). Higher levels of IgM 
and IL-6 (P < 0.0001 and P = 0.006, respectively) 
and lower IgA content (P < 0.0001) in the blood of 
rats under the influence of T35 feeding period in 
comparison to T7 feeding period were determined 
(Table  6). In addition, the two-way ANOVA re-
vealed that feeding rats for 35 days increased the 
contents of GLU, UA and ALB (P < 0.0001, P = 
0.027 and P = 0.044, respectively) as well as de-
creased the contents of BIL, TC and TG (P < 0.0001,  
P = 0.007 and P = 0.034, respectively) as compared 
to T7 feeding period (Table  7). Feeding rats for  
a 35-day period resulted in an increase in both the 
depth of the crypts and the villi length of the jejunum  
(P < 0.0001 and P = 0.003, respectively) in com-
parison to T7 feeding period (Table  8). Further-
more, lower AST, ALT and LDH activity (P  = 
0.005, P  = 0.003 and P  = 0.004, respectively) 
and higher ALP and GGT activities (P  >0.0001, 
both) were also found in rats fed for 35 days (Ta-
ble 9). Extended (T35) period of feeding CuL di-
ets resulted in decreased plasma content of Cu 
(P = 0.002; Table 4), IgA, IgM, IL-6 (P < 0.001,  
P < 0.001 and P = 0.006, respectively; Table 6) and 
BIL (P  < 0.0001; Table  7), as well as activity of 
GGT (P > 0.0001; Table 9). However, after the 35-
day period of feeding CuL diet increased contents 
of Zn (P  < 0.0001; Table  4), WBC, LYM (109/l) 
and GRA (P  = 0.023, P  = 0.008 and P  = 0.036, 
respectively; Table  5) as well as activity of ALP 
(P >0.0001; Table 9) were noted in comparison to 
CuH group.

The effect of Cu level in the diet on the Cu 
biodistribution

Data on the biodistribution of Cu in the rats 
are presented in Table  10. A  significant reduction 
in total excretion of Cu in the urine and faeces  
(P < 0.0001) of rats receiving CuL diet in relation 
to the rats receiving CuH diet containing the recom-
mended quantity of this element was shown. It was 
caused by significant decrease in the level of Cu ex-
cretion in the faeces (P < 0.0001) in the CuL rats as 
compared to the CuH group, despite an increase in 
urinary excretion of Cu (P = 0.003) by the CuL rats 
in comparison to the CuH rats. Thus, the Cu digest-
ibility index was significantly higher (P < 0.0001) 
in the rats from the CuL treatment than in the CuH 
group. The Cu utilisation index, which takes into ac-
count the loss of Cu in both faeces and urine, was 
lower (P = 0.009) in the rats from the CuL treatment 

Table 10. Copper excretion in the digestibility and utilization tests  
(5-day balance test performed during feeding period after a 10-day 
preliminary period), and Cu concentration in liver and brain tissues in 
rats fed experimental diets for 35 days

Indices Level of dietary Cu1
SEM P-value

CuH CuL
Cu in diet, mg/kg 0.47A 0.31B 0.065 <0.0001
Diet intake, g/5 d 75.82 79.81 4.000 0.359
Cu intake from diet, mg/5 d 6.21A 3.85B 0.080 <0.0001
Total Cu intake2, mg/5 d 0.47A 0.31B 0.080 <0.0001
Cu in urine, mg/5 d 0.17B 0.24A 0.015 0.003
Cu in faeces, mg/5 d 0.27A 0.02B 0.009 <0.0001
Total Cu excretion, mg/5 d 0.44A 0.26B 0.099 <0.0001
Cu utilization % 7.43B 17.66A 0.548 0.009
Cu digestibility, % 43.42B 94.48A 1.992 <0.0001
Cu in liver, mg/kg3 3.36A 0.92B 0.836 <0.0001
Cu in brain, mg/kg3 4.69 3.87 0.637 0.077
1 see Table 2; 2 total Cu intake from diet and water (Cu concentration 
in water administered to rats was 0.0182 mg/l); 3 Cu content day 35 
of the experiment; A,B – means within the same row are significantly 
different at P ≤ 0.05 according to Newman-Keul’s mean comparison 

Table 9. Activity of biochemical enzymes in rat plasma

Indices
Subgroups1

SEM
P-value

CuH-T7 CuL-T7 CuH-T35 CuL-T35 Effect of level of 
dietary Cu (L)

Effect of feeding 
period (T) L × T

AST, U/l 87.68B 91.84A 62.50C 59.31C 0.882 0.682 0.005 0.209
ALT, U/l 50.94A 53.23A 38.62B 35.26B 0.364 0.621 0.003 0.053
ALP, U/l 449.4D 487.6C 678.5B 728.0A 0.908 0.004 <0.0001 0.012
GGT, U/l 3.21D 4.60C 6.93A 6.16B 0.234 0.048 <0.0001 0.023
CK, U/l 0.02 0.03 0.03 0.02 0.003 0.896 0.482 0.073
LDH, U/l 1381A 1353A 1152B 1140B 0.894 0.364 0.004 0.058
1 see Table 2; AST – aspartate aminotransferase; ALT – alanine aminotransferase; ALP – alkaline phosphatase; GGT – γ-glutamyl transferase; 
CK – creatine kinase; LDH –lactate dehydrogenase; A–D – means within the same row are significantly different at P ≤ 0.05 according to Newman-
Keul’s mean comparison
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than in those from the CuH group. In the CuL rats, 
there was also a reduction in the hepatic Cu content 
(P < 0.0001) as compared to the rats from the CuH 
group. However, there was no effect of experimen-
tal treatments on the content of Cu in the rat brain 
(Table 10). 

The effect of Cu level in the diet and feeding 
period on the histology of the liver

On T7 there were also no significant differences 
found in the liver morphology of the rats from the 
CuL treatment (Figure  1). Histopathological ex-
amination on T35 showed passive hyperaemia and 
a small degree of vacuolar degeneration in the rats 

from the CuL group, whereas in the rats receiving 
the standard level of Cu in the diet the degree of 
vacuolar degeneration was high.

Discussion

The results of our study showed that a reduced 
level of Cu in the rat diet increased the excretion 
of Cu in the urine with a  simultaneous drastic re-
duction in the quantity of Cu excreted in the faeces. 
Consequently, it resulted in a  significantly lower 
level of total Cu excretion in comparison to rats 
fed a  diet containing the recommended Cu level. 

 

Figure 1. Morphological effects of adequate (CuH) or deficient (CuL) dose of Cu in the diet on rat liver on day 7 and 35 of the experiment. 
(A–D) CuL group on day 7 of the experiment – most of the livers showed no histopathological changes; in 2 livers slight passive hyperaemia 
was observed; (E–G) CuH group on day 7 of the experiment – most of the livers showed no histopathological changes; in 3 livers slight passive 
hyperaemia was observed; (H–I) CuL group on day 35 of the experiment – passive hyperaemia, small degree of vacuolar degeneration; (J–L) 
CuH group on day 35 of the experiment – passive hyperaemia, high degree of vacuolar degeneration
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Increasing Cu excretion in urine indicates that this 
element was absorbed in the gastrointestinal tract, 
undergone metabolic processes in the body and 
then was excreted. In turn, the excess of ingredients 
which haven’t been absorbed in the gastrointestinal 
tract is excreted in the faeces. The results of our re-
search have also shown that a reduced level of Cu 
in the rat diet caused this element retention percent-
age and digestibility increasement as compared to 
the group receiving the recommended amount of Cu 
in the diet.

Similarly, Lee et  al. (2016) noted a  significant 
reduction in the amount of Cu excreted by rats re-
ceiving a Cu-poor diet for 28 days as compared to 
rats receiving Cu nanoparticles (25 nm) orally at 100, 
200 or 400 mg/kg BW. Arnal et al. (2014), who fed 
rats a Cu-poor (trace amounts) diet for 30 days, noted 
lower excretion of Cu in the faeces in relation to the 
control group fed a diet that fully satisfied the need 
for this microelement. The results of our research, 
confirming the observations of other authors (Arnal 
et al., 2014; Lee et al., 2016), suggest that in the rat 
body better supplied mineral is used (with reduced 
excretion in the faeces which is supposed to prevent 
shortages). It is likely that the small amounts of this 
element present in the natural components of the diet 
(starch, casein, oil, etc.) can be successfully absorbed 
by the body. These assumptions are confirmed by the 
lack of variation in the amount of feed consumed, 
body weight, and relative weight of selected internal 
organs between the two experimental groups (unpub-
lished data).

Numerous studies indicate that the liver, kidneys 
and brain are the organs in which the most Cu is ac-
cumulated (Ozkul et al., 2011; Arnal et al., 2014; Ku-
mar et al., 2015; Seol et al., 2015). Seol et al. (2015) 
reported a decrease in Cu content in the liver of mice 
fed a Cu-deficient diet (0.93 mg Cu/kg) for 11 weeks 
in relation to controls receiving the recommended 
dose of Cu (6.36 mg Cu/kg) in the diet. In a study by 
Lee et al. (2016) it was also shown lower Cu content 
in the liver, kidneys, spleen, brain, lungs and heart of 
rats fed a Cu-deficient diet for 28 days as compared 
to animals receiving 100, 200 or 400 mg Cu/kg by 
gavage. The results of our study confirm that the Cu 
content in the liver of the rats decreased as a conse-
quence of eliminating the CuCO3 supplement from 
their diet. However, no significant differences were 
found in the content of this element in the brain be-
tween the two experimental groups. There are no sta-
tistically significant differences in the accumulation 
of Cu in the brain of both experimental groups prob-
ably due to the fact that the used dose corresponded to 

recommended one or was lower than recommended, 
and therefore was too low to cause accumulation of 
this element in the brain. In turn, the liver is an or-
gan through which all chemical compounds present 
in food pass through, therefore first of all cumulative 
processes occur in it. The differences observed in Cu 
accumulation in the brain and the liver may be due 
to the fact that Cu transported from peripheral blood 
to the brain must overcome the blood-brain barrier 
(BBB). Therefore, it may be assumed that due to this 
additional protection, Cu is accumulated in the brain 
slower than in the liver. So, to obtain visible changes 
in the level of Cu in the brain between the two ex-
perimental groups a lot of time is needed (Scheiber 
et al., 2014).

Cu+ and Cu2+ ions present in the lumen of the 
small intestine are absorbed into the enterocytes 
mainly by means of Cu transporter 1 (CTR1), and to 
a lesser extent divalent metal transporter 1 (DMT1). 
From the enterocytes, Cu2+ ions enter the blood by 
means of copper-transporting ATPases ATP7A and 
ATP7B (Ognik et  al., 2016). The results of our re-
search have shown that a lowered Cu level in the diet 
is reflected in a decrease in the content of this element 
in the plasma of rats. Similarly, Ozkul et al. (2011) 
reported significantly lower content of this microele-
ment in rats receiving a diet without Cu for 28 days 
than in animals fed a diet containing 15 mg Cu/kg 
during this period.

A deficiency of Cu in the body, especially during 
its intensive growth, may also adversely affect the ab-
sorption of other micronutrients, disrupting the func-
tioning of the entire body (Ajayi, 2005). Scientific 
research demonstrates that a deficiency of Cu nega-
tively affects absorption of Fe, resulting in disorders 
of its metabolism, and consequently the development 
of anaemia and the accumulation of this micronutri-
ent in the liver. This is presumed to be a consequence 
of reduced activity of Cu-dependent enzymes such 
as ceruloplasmin or hephaestin, which are respon-
sible for the proper distribution and metabolism of Fe 
(Vulpe et al., 1999; Pyatskowit and Prohaska, 2008). 
This was confirmed by the results of our study, which 
showed a reduction in the plasma content of Fe under 
the effect of using a reduced level of Cu in the diet for 
7 days. Nevertheless, along with the extension of the 
period of the administration of experimental diet, the 
level of Fe in the plasma has stabilized.

Our study also showed an increase of Mg content 
in the plasma of rats under the effect of reducing the 
level of Cu in the diet but only at T7. At T35 no such 
effect was observed. Maintaining an appropriate level 
of this element in the body is very important, because 
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as an activator of numerous enzymes, it participates 
in many metabolic processes such as protein transfor-
mations and energy production (Ajayi, 2005). The re-
sults of our research, however, indicate that a lowered 
level of Cu in the rat diet activates adaptation mecha-
nisms that prevent disruption of the absorption and 
metabolism of important micronutrients, as indicated 
by the increase in the level of Cu in the blood plasma 
of rats receiving a diet with a reduced level of Cu as 
a result of the extension of the experimental period. In 
our study we have also shown a reduction in the level 
of P in the blood plasma of rats after experimental 
period extension, where the values of these indicators 
did not differ significantly between the two experi-
mental groups in both experimental terms. Therefore, 
it may be assumed that changes in the content of this 
microelement in the blood of rats were not caused by 
the applied treatments, but they were physiological 
and related to the rat growth process. Our study have 
also shown that content of Zn was decreased in CuL 
treatment in comparison to CuH treatment at T7 but 
elongated feeding period (T35) caused an increased 
content of this microelement in the blood of CuL rats 
in comparison to CuH group. Zn is a component of 
many proteins, including important enzymes such 
as Cu-Zn-SOD (Andreini et al., 2006). It also plays 
a crucial role in the synthesis of insulin and regulation 
of its secretion, as well as glucagon secretion (Donan-
gelo and King, 2012). The available literature proves 
that between Cu and Zn  an antagonism may occur 
(Evliyaoğlu et al. 2004). In our study the antagonis-
tic effect of Cu on the level of Zn was revealed only  
at T35.

The available data shows that too low level of 
Cu in the diet may also result in the development 
of anaemia and neutropenia (Harless et  al., 2006; 
Matak et al., 2013; Wazir and Ghobrial, 2017). This 
is probably due to the reduced activity of Cu-depen-
dent enzymes responsible for the proper maturation 
of haematopoietic cells and to less efficient utiliza-
tion of Fe (Harless et al., 2006). However, our re-
sults indicate that the reduction of the Cu level did 
not exert negative effect on haematological param-
eters in rats. The lack of differences between CuL 
and CuH groups both in T7 and T35 indicates that 
such Cu reduction in the diet did not influence hae-
matological parameters. And the observed changes 
between T7 and T35 (regardless Cu level) are con-
nected with animals growing.

The available literature proves that the negative 
effect of Cu deficiency on innate and acquired im-
munity may also be manifested as inhibition of IL-2 
secretion and proliferation of activated T  lympho-

cytes, as well as impairment of respiratory burst and 
the activity of phagocytic cells (Huang and Failla, 
2000; Smith et  al., 2008). Cu deficiency probably 
also modifies the secretion of inflammatory me-
diators, such as tumour necrosis factor α (TNF-α), 
interleukins (IL-1 and IL-6) and prostaglandin E2 
(PGE2) (Huang and Failla, 2000). The results of our 
study indicate that extending the time of feeding rats 
experimental diets, regardless of the level of Cu, in-
creases the level of WBC, LYM and GRA, however, 
the values of these parameters are clearly higher for 
rats treated with CuL, which may indicate that Cu 
deficiency in the rat diet intensifies inflammatory 
processes in the body. On the other hand, the oppo-
site trend was observed for IgM and IL-6 levels in 
rat blood plasma. Extension of the experimental pe-
riod resulted in increased levels of these indicators, 
however in the CuL group IgM and IL-6 values were 
lower than in the CuH group. In addition, in the rats 
from CuL treatment lower IgA levels were observed 
at both experimental terms. This may suggest that 
the level of immune status indicators may change 
physiologically with the growth of rats. However, 
the lower level of immunoglobulins may indicate 
a  shortage of humoral immunity (Gonzalez-Quin-
tela et  al., 2008). The increase in WBC also con-
firms a decrease in immunity. Although the content 
of IL-6, which is an indicator of the inflammatory 
process, decreased, the level of this indice increases 
only in strong inflammatory states (Tanaka et  al., 
2014). Therefore, our results are difficult to inter-
pret, however, it may be assumed that these changes 
may be the initial reaction suggesting a weakened 
immunity in response to a reduced amount of Cu in 
the diet. Therefore, further studies on longer time 
of administration of experimental diets in order to 
clearly determine the direction of changes in the im-
mune response in rats are needed.

Extending the time during which the rats were 
subjected to the CuL treatment (lack of CuCO3 
supplementation) caused a decrease in the IgE level 
relative to the control at T35, which was not ob-
served in T7 period. An increase in the level of IgE 
in the blood usually accompanies allergic reactions 
(Manohar and Selvakumaran, 2012). Although Cu 
is thought to rarely cause allergies and to have low 
allergenic potential, it cannot be ruled out that when 
introduced to the body it may cause minor allergic 
reactions (Wöhrl et al., 2001). This would explain 
the higher level of IgE in the blood of rats receiving 
the recommended dosage of CuCO3 as compared to 
animals whose diet was not supplemented with this 
element.
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There is little information on the effect of Cu-
poor diet on the biochemical parameters of plasma 
in rats. The extension of the use of both experimen-
tal treatments has reduced the levels of GLU and 
ALB in the blood plasma of rats, however their low-
er values were stated in the CuL group. Albumins 
perform many important functions in the body: they 
participate in the transport of metals, fatty acids, 
cholesterol, and bile pigments and regulate osmotic 
pressure and the distribution of fluids between com-
partments. Albumin is also the main antioxidant in 
plasma, whose components are constantly exposed 
to reactive oxygen species (ROS) (Roche et  al., 
2008). It may be assumed that although changes in 
ALB level are undoubtedly physiological (increas-
ing the level of this indicator in both groups over 
time) by lowering the level of Cu in the rat diet may 
weaken the antioxidant status of the body.

According to the results of the study by Lei et al. 
(2008) the level of Cu in the diet increases as the level 
of BIL increases. Our research confirms this raport. 
There was noticed a significant decrease in the level 
of BIL in the blood of CuL rats relative to the CuH 
rats  at T35. BIL is currently considered an impor-
tant endogenous antioxidant, whose low level may 
promote heart disease, stroke and dementia (Bulmer 
et al., 2008). This is another proof that the deficit of 
Cu in the rat diet may negatively affect the body by 
weakening the antioxidant defence. Also, low level of 
Cu in the diet may adversely affect lipid metabolism 
and lead to an increase in the TG, TC or LDL levels 
in serum (Kaya et al., 2006; Burkhead and Lutsenko, 
2013; Megahed et al., 2014). However, the results of 
our research do not confirm these reports. We have 
shown a decrease in the level of TC and TG in the 
blood plasma of rats as a result of the extension of the 
experimental period both in the CuH and CuL groups. 
The lack of differences in the values of these param-
eters between the two experimental groups suggests 
that these changes were physiological changes occur-
ring in the body of growing animals, and did not de-
pend on the Cu level in the diet.

Excessive accumulation of Cu+ and Cu2+ ions 
introduced into the body via the digestive tract may 
lead to adverse functional and structural changes in 
important internal organs, including liver and kid-
neys (Liao and Liu, 2012; Lee et  al., 2016). Our 
results showed an increase in the activity of liver 
enzymes ALP and GGT in the plasma of the rats 
as a  consequence of T35 feeding period wherein 
ALP activity increased particularly in rats from the 
CuL group, whereas GGT activity showed the op-
posite tendency and was higher in the CuH group 

than CuL. The activity of enzymes such as AST 
and ALT was decreased in comparison to CuH rats, 
which suggests that these changes were physiologi-
cal and were associated with the process of animal 
growth. Therefore, it may be assumed, that various 
enzymes react differently to the level of Cu in the 
diet. Both excess and deficiency of Cu negatively 
affect the  enzymatic profile of the body. Further-
more, histopathological examination of the liver in 
the CuL rats on day 35 of the experiment showed 
only passive hyperaemia of the liver tissue accom-
panied by a small degree of vacuolar degeneration, 
while in rats receiving the recommended dosage of 
Cu in the diet a high degree of degeneration of liver 
tissue was observed. Similarly, Tomaszewska et al. 
(2014), administering Cu to rats at a level meeting 
100% or 75% of the daily requirement for 30 days, 
noted an increase in the number of apoptotic cells 
and in ballooning degeneration of hepatocytes in the 
livers, while the livers of rats receiving only 25% 
of the daily Cu requirement in the diet did not show 
similar changes. In addition, in our study there was 
found an increase in the length of the intestinal villi 
and depth of intestinal crypts when feeding period 
was extended regardless Cu dose. Therefore, it may 
be assumed that the level of Cu present in the natu-
ral components of the diet was sufficient to maintain 
normal morphology and functioning of the intes-
tines in rats. In addition, the changes in intestinal 
morphology observed during the experiment are 
physiological and related to the growth of rats.

The similar effect of using CuH and CuL diets 
observed in our studies over a period of 35 days to 
increase or decrease the level of some blood indi-
cators, as well as intestinal morphometry, suggests 
that this is the effect of physiological changes in 
these ratios in growing rats. Rats commonly used in 
experimental models usually aged 8–12 weeks. So, 
these are young specimens that still have many de-
velopmental processes, including hormonal balance 
stabilization lymphocytes T maturation or nervous 
system development (Jackson et al., 2017). All these 
processes can have a significant impact on changes 
stated for indicators determined in our study.

Conclusions
The obtained results indicate that rats have 

the ability to physiologically adapt to a short-term  
(35-day) diet with a reduced level of Cu, because re-
ducing the level of this element in the diet is regulated 
by biodistribution mechanisms and reduced excretion 
of it from the body. However, the 35-day period of 
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feeding diet with a  reduced content of Cu caused 
changes in many indicators of the immune and bio-
chemical systems  – weakness of immune response 
and the bilirubin and albumin metabolisms that play 
an antioxidant role in the body. The obtained results 
of the study may also depend to a large extent on 
the process of rat growth, therefore it may not be as-
sumed that Cu supplementation in rats is completely 
unnecessary. Therefore, further studies are necessary 
to determine the optimal dose of Cu in the diet, as 
well as its long-term effect on the rat body.
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