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Abstract
Copper deficiency (CuD) is a common mineral disorder in ruminants, which causes histomorphological changes in the heart due
to disturbances in copper-dependent metalloenzymes. However, alterations in the measurable cardiac parameters during CuD
have not been studied in ruminants, especially in goats. Therefore, the current study aimed to investigate longitudinally the
potential role of electrocardiography (ECG) and echocardiography to detect the CuD-induced cardiac damage at different time
intervals and concomitantly highlighting the impact of CuD on specific hemato-biochemical parameters and histological cardiac
disruption in goats. Eight Shiba goats were included and divided into two equal groups; copper adequate (CuA) as a control and
copper-deficient (CuD) that supplementedwith copper-chelating agents (sulfur 3 g/kg DM andmolybdenum 40mg/kg DM). The
hemato-biochemical analysis, ECG assessment at the base apex lead, and right-side echocardiographywere performed just before
the experimental onset (T0), and later on at two-time intervals after existing of CuD, at the fifth (T5) and seventh (T7) months.
Necropsy and histopathological examination of the heart were performed at the end of the experiment. In the CuD group, the
heart dimensions at T5 and T7 showed significant increase in QRS duration, ST-segment duration, the left atrial area in systole,
left ventricular diameter and volume in diastole, stroke volume, and cardiac output compared with CuA (P < 0.05). Also,
myocardial degeneration, necrosis, and fibrosis were evidenced with a concurrent increase of plasma creatine kinase, lactate
dehydrogenase, aspartate aminotransferase, and cardiac troponin I (P < 0.05). In conclusion, CuD disturbs hemato-biochemical
parameters and results in myocardial damage and cardiac dilatation that increases some ECG and echocardiographic
parameters without development of systolic dysfunction. The ECG and echocardiography can potentially detect cardiac changes
in long-lasting CuD in goats.
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Introduction

Ruminant nutrition is exclusive of plant origin in which the
concentration and the ratio of certain trace elements are ex-
tremely variable, and an element deficiency, toxicity, or inter-
actions between elements are crucial to be concerned, espe-
cially in clinical nutrition. Copper (Cu+2) imbalance, in par-
ticular, is of considerable importance because of its incorpo-
ration in the action and pathways of several metalloenzymes
such as superoxide dismutase, cytochrome oxidase, and lysyl
oxidase (Sinclair and Mackenzie 2013). Accordingly, it has
pivotal roles in various biological processes including cellular
respiration, antioxidant, cross-linking of connective tissues,
immunity, iron metabolism, and melanin production
(Constable et al. 2016). Copper deficiency (CuD) is a pan-
demic mineral disorder of the grazing ruminants, especially
in the tropical regions that exist due to either primary or con-
ditioned causes. The conditioned causes arise when environ-
mental or dietary factors interfere with Cu+2 availability or
metabolism such as the presence of excess molybdenum
(Mo+2) in fertilized pastures (Gupta et al. 2008) that disturb
the dietary copper/molybdenum ratio (Cu+2/Mo+2). Sheep and
goats are more susceptible to the improper Cu+2/Mo+2 ratio
than other species because of the plenty of sulfide-producing
microorganisms in the rumen, which interferes with Cu+2 bio-
availability (Draksler et al. 2002; Osman et al. 2003).
Consequently, inadequate Cu+2 concentration in animal tis-
sues influences multiple physiological functions and prone
animals to a wide range of clinical disorders including skin
and coat abnormalities, reduced productivity, and cardiovas-
cular disorders (Smith 2014; Vázquez-Armijo et al. 2011).

Importantly, CuD-associated poor performances are the
most commonly reported symptoms. Nevertheless, the
cardiovascular-related disorders are considered a hidden side
of the disease that requires insight research in the veterinary
practice. Historically, the old studies find out the association
between CuD and Falling disease in cattle, which was recog-
nized firstly in Australia. Later on, other studies demonstrate its
role in hypertrophic cardiomyopathy and vascular changes in
laboratory animals (Medeiros et al. 1991) and myocardial ultra-
structural changes in bovine (Olivares et al. 2019). It is worthy
to state that the old as well as the recent studies on bovine
hypocuprosis have been focused on the morphological and ul-
trastructural changes in the heart due to biochemical alteration
of the Cu-dependent metalloenzymes (Olivares et al. 2019) and
possibly due to the changes in the intracellular Cu+2 transport
system (Clarkson et al. 2019). However, for clinical application,
the changes in the measurable heart parameters concerning
CuD and their clinical significance in veterinary practice have
no attention in any farm animal species.

Despite previous reports that discussed the oxidative dam-
age that implicated as a cause of CuD-induced myocardial
damage (Olivares et al. 2019), little is known about the

selective disturbance in heart function during CuD, especially
in goats, a highly susceptible species to the disease.
Nowadays, the non-invasive ancillary tools such as the ECG
and echocardiography became reproducible and achievable
for the diagnostic purposes of cardiovascular events in farm
animals under field conditions (Fakour et al. 2013; Kocatürk
et al. 2019). By far, the simultaneous usage of these appliances
facilitates diagnosis and rapid decision making regarding ther-
apeutic strategy and avoids treating invaluable cases
(Buczinski et al. 2010; Buczinski et al. 2013). Veterinary car-
diologist are continuously reporting the reference ranges of
cardiac measurements in different farm animals to identify
the precise utility of these appliances for detecting cardiac
disorders (Berli et al. 2015; Leroux et al. 2020). Up to date,
no study has been undertaken to evaluate the cardiac measure-
ments in any farm animal during CuD. Therefore, this study
aimed to investigate, for the first time, the longitudinal alter-
ation in the electrocardiographic and echocardiographic mea-
surements during CuD in goats throughout different time in-
tervals to explore the impact of the disease on the cardiac
functions. Also, it aimed at ascertaining the effect of CuD-
induced cardiac damage on specific hemato-biochemical pa-
rameters and histological features in Shiba goats.

Materials and methods

Animals and experimental design

In the present work, the experimental procedures were follow-
ing the recommendations of the Animal Experimental
Committee of the Tokyo University of Agriculture and
Technology, Japan (No. 29-5). Eight male Shiba goats, 28 ±
2 months of age, and weight 45 ± 5 kg were included in the
current study for seven consecutive months. The basal diet
(BD) was composed of alfalfa hay cubes (Edinburg, USA)
and contained 11 mg of Cu+2/kg dry matter (DM), 0.5 mg of
Mo+2/kg DM, and 0.5 g of S+2/kg DM along the entire exper-
imental period. This diet was prepared to meet the nutritional
requirements for maintenance as recommended by the
National Research Council (NRC 2007). Animals were con-
sidered clinically healthy based on detailed physical examina-
tions, auscultation of the heart, routine electrocardiography,
and echocardiography and standard hemato-biochemical pro-
file before the start of the study. After one month of dietary
adaptation on the BD, goats were classified into two equal
groups (4 goats, each): Cu-adequate group (CuA) and Cu-
deficient group (CuD). The CuA group received only the
BD and serve as a control, while the CuD group received
the BD supplemented with Cu+2-chelating compounds (am-
monium sulfate 3 g/kg DM and sodium molybdate at 40
mg/kg/DM;Wako pure chemicals, Tokyo, Japan) as proposed
by Moeini et al. (2008). All goats individually fed 0.6 kg hay
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cubes/head/twice daily at 9:00 and 16:00 and had free access
to water.

In order to longitudinallymonitor the alterations in hemato-
biochemical parameters and cardiac functions, all reported
examinations and measurements were carried out at three dif-
ferent time intervals throughout the experiment: one before
the onset of the experiment (T0) and another two time-points
after confirming the existence of CuD, at the end of the fifth
(T5) and seventh (T7) months. The existence of CuD was
confirmed by the simultaneous appearance of specific clinical
signs and reduction of plasma copper concentration, cerulo-
plasmin, and superoxide dismutase activities.

Blood samples and hematology

Venous blood samples were collected aseptically from the
jugular vein using disposable heparinized vacutainers
(Venoject II, Terumo, Tokyo, Japan). One milliliter of the
whole blood was submitted for hematological analysis using
an automatic cell counter (Nihon Kohden Celltac Alpha
MEK-6400, Tokyo, Japan), which was validated for the he-
matological analysis of different animal species including
goats. The following data were automatically derived from
the device: hemoglobin (Hb), erythrocytic count (RBCs), he-
matocrit (HCT), mean corpuscular volume (MCV), mean cor-
puscular hemoglobin (MCH), mean corpuscular hemoglobin
concentration (MCHC), total leukocytic count (WBCs), red
blood cell distribution width (RDW), platelet count (Plat),
plateletcrit (PCT), mean platelet volume (MPV), and platelet
distribution width (PDW). Clear non-hemolyzed plasma sam-
ples were collected after the spinning of blood at 3000 rpm for
15 min and stored at − 20 °C for trace elements and biochem-
ical analysis.

Determination of plasma metal concentration

The concentrations of plasma Cu+2 and iron (Fe+2) were mea-
sured using modified dry weight technique to eliminate fluc-
tuation caused by water content as previously described by
Mandour et al. (2020) and analyzed by inductively coupled
plasma mass spectrometry (ICP-MS; Agilent 7500, Agilent,
Hachioji, Tokyo, Japan) under standard setting conditions. A
multi-element standard solution as an external standard and
rhodium as an internal standard were used (Wako Pure
Chemical Industries, Tokyo, Japan).

Biochemical analysis

The plasma activity of superoxide dismutase (SOD), cerulo-
plasmin (Cp), aspartate transaminase (AST), creatine phos-
phate kinase (CK), and lactate dehydrogenase (LDH) was
measured using IDEXX vet test (IDEXX Vet test 8008®,
111 Inc., Westbrook,Maine, USA). The plasma concentration

of cardiac troponin I (cTnI) was measured by an ELISA kit
(Monobind Inc, Lake Forest, CA, USA). All analysis was
carried out according to the manufacture protocols supplied
by the companies.

Electrocardiography

The ECG was performed with standard bipolar leads
through the base-apex (BA) lead placement using
Cardisuny (Cardisuny, M-E 8000 BP, Fukuda, Japan).
Goats were kept in standing position without sedation.
The two positive electrodes were simultaneously placed,
one was attached to the left thoracic skin fold in the fifth
intercostal space, where the apical beat was detectable, and
another one was clamped into the middle of the right jug-
ular groove (Koether et al. 2016). The paper speed and
voltage were adjusted at 50 ms and 20 mv, respectively.
The ECG wave’s duration in millisecond (ms) and voltage
in millivolt (mv) of the standard waves (P, QRS, and T)
and different heart intervals (PR, RR, ST, QT) were record-
ed. The average of the recorded ECG measurements was
obtained from three repeated measurements taken by the
same examiner with a 1-day interval at each time-point and
at least five consecutive heart cycles were averaged. The
corrected QT (QTc) value was calculated as follows: QTc
= QT + 0.087(1 − RR). The heart rate (HR) was calculated
as HR = 3000/RR (Martin 2015). To describe the normal
QRS complex variant in BA-lead, the first positive wave is
named R and the negative deflection after R is named S
according to Rezakhani et al. (2004).

Right side echocardiography

The echocardiography was carried out while animals were
kept in the standing position and the right foreleg was holding
anteriorly and upward by an assistant. The right precordial
area was shaved and rinsed with an ultrasonic coupling gel.
All examinations were performed using the ultrasound ma-
chine (EUB-7500, Hitachi Medical Corporation, Tokyo,
Japan) equipped with a sector probe (3–7 MHz; Model
EUP-L65; Hitachi Medical Corporation, Tokyo, Japan). The
reported terms, measurements, and image orientation were
following the procedures of The Specialty of Cardiology,
American College of Veterinary Internal Medicine (Thomas
et al. 1993). The echocardiographic examination was repeated
three times with 1-day interval at each time interval, and the
reported parameters were obtained from three consecutive
cardiac cycles at each time-point.

Firstly, the 2D-right parasternal long-axis (RPLAV) 4-
chamber and 5-chamber views were observed, and the entire
left atrium area in the systole (LAAs) was measured. Then, the
transducer was changed to obtain the short-axis view of the
left ventricle (LV). The right parasternal short-axis view
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(RPSAV) of LV at the papillary muscle level was optimized to
assess the left ventricular function. After switching on the M-
mode, various measurements were automatically recorded
using the standard machine software, including the interven-
tricular septum diameter in diastole (IVSdD) and systole
(IVSsD), left ventricular free wall diameter in diastole
(LVFWd) and systole (LVFWs), left ventricular end-
diastolic diameter (LVEdD) and volume (LVEdV), left ven-
tricular end-systolic diameter (LVEsD) and volume (LVEsV),
stroke volume (SV), cardiac output (CO), right ventricular
end-diastolic diameter (RVEdD), left ventricular ejection frac-
tion (EF), and left ventricular fractional shortening (FS). The
percentages of thickening of the interventricular septum and
the free wall of the LV (IVS% and LVFW%, respectively), the
relative wall thickness (RWT), and the mean wall thickness
(MWT) were calculated according to Hallowell et al. (2012).
After obtaining the RPSAV at the level of the aorta and main
pulmonary artery, the aortic root diameter in diastole (AoDd),
left atrium systolic diameter (LADs), left atrial systolic
diameter/aortic diameter ratio (LA/Ao), as well as the main
pulmonary artery systolic diameter (PA) were obtained.

Necropsy, histopathology, and tissue metal analysis

At the end of the seventh month, all goats were humanly
euthanized using xylazine 0.05 mg/kg IM (xylazine hydro-
chloride, Tokyo Chemical Industry Co., Ltd., Tokyo, Japan)
and 30 mg/kg intravenous pentobarbital (pentobarbital,
Somuno Pentil injection®, Kyoritsu Seiyaku Corporation,
Tokyo, Japan). Specimens from different lobes of the liver
as well as cardiac tissues (the ventricular, atrial, and septal
walls) were collected. For metal analysis, the tissue samples
were finely chopped, and an average of 1 g of the dried mix-
ture was digested with nitric acid and used for trace element
analysis by ICP-MS using the previously described proce-
dures (Suzuki et al. 2007). For histopathology, the cardiac
specimens were dehydrated by ethanol and xylene then em-
bedded in paraffin wax. The paraffin blocks were sectioned at
4 μm then undergo hematoxylin and eosin (H & E) staining
according to Suvarna et al. (2018).

Statistical analysis

All data measurements were analyzed by two-way factorial
ANOVA while the two variables were the treatment (group
effect; CuD vs. CuA) and the time effect (T0, T5, and T7), and
group × time interaction was considered using SAS software.
The LSD test was used to determine the significance of dif-
ferences between means. A Pearson’s correlation was done
between plasmaCu+2 concentration and ECG and echocardio-
graphic parameters. P < 0.05 was considered significant.

Results

Clinical findings

The timing of the reported clinical findings throughout the
experiment was summarized (Supplementary Table 1;
Supplementary Fig. 1). The CuD group showed prominent
abnormalities in the hair coat and skin after 5 months includ-
ing roughness and depigmentation, alopecia on the lateral ab-
domen, skin exfoliation, and black spots over the trunk and
around eyes. Besides, cardiac auscultation revealed no detect-
able abnormality in both groups.

Hematological and biochemical changes

The hemato-biochemical results at different experimental in-
tervals are shown in Table 1. The group effect (CuD vs CuA)
was significant in some hemato-biochemical data. In this re-
gard, the levels of Cu+2, Fe+2, Hb, RBCs, HCT%, Cp, and
SOD were significantly reduced (at least P < 0.05), while the
levels of MCV, RDW, platelet count, plateletcrit, PDW, AST,
LDH, and cTnI were significantly increased (at least P < 0.05)
in the CuD group at T5 and T7 compared with CuA.
Furthermore, the time effect (T5 and T7 vs T0) was significant
in the values of Cu+2 (P = 0.028), SOD (P = 0.043), AST (P =
0.040), and cTnI (P = 0.044). Hence, a significant decrease
was observed in the plasma Cu+2 concentration and SOD
activity; meanwhile, a significant increase in the AST and
cTnI levels was observed in the CuD group at T5 and T7
compared with T0. Furthermore, the group × time interaction
revealed significant effect in the values of Cu+2 concentration
(P = 0.041), RBCs (P = 0.035), and SOD and CK activities (P
= 0.031, 0.044), respectively.

Electrocardiographic changes caused by experimental
copper deficiency

Results of the ECGmeasurements that were obtained from the
base apex lead (Fig. 1) at the three-time intervals are shown in
Table 2. The group effect was significant in the P-wave dura-
tion (P = 0.005), QRS-wave duration (P = 0.016), T-wave
duration (P = 0.019), and ST-segment duration (P = 0.043).
In this concern, a significant shorter P-wave and T-wave du-
rations and longer QRS-wave and ST durations were observed
in the CuD group compared with the CuA at T7. Besides, the
time effect showed a significant effect on the QTc (P = 0.038);
hence, a significant increase in the QTc value was observed in
the CuD group at T7 compared with T0. In addition, a signif-
icant groups × time interaction was reported on the P-wave
duration (P = 0.017), QRS-wave duration (P = 0.031), ST-
segment (P = 0.008), and QTc (P = 0.003); meanwhile, the T-
wave duration was trend (P = 0.069).
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The ECG morphology showed positive T-wave in both
groups throughout the experimental intervals. Moreover, all
animals of CuA and two goats of CuD showed rS pattern of
the QRS-wave. Meanwhile, QRS and R patterns were noticed
once in the CuD group (Fig. 1).

Changes in the echocardiographic dimensions

The results of the echocardiographic parameters obtained at
different cardiac windows (Fig. 2) are reported in Table 3. The
obtained data indicated significant effects of group on the

Table 1 Changes in hemato-biochemical and trace element concentrations in the investigated goats throughout the experimental intervals

Time T0 T5 T7 P value

Groups CuA CuD CuA CuD CuA CuD Interaction Group Time

Cu+2 (mg/L) 1.37a ± 0.1 1.31a ± 0.12 1.27a ± 0.0 0.91b ± 0.1 1.32a ± 0.1 0.51c ± 0.1 0.041* 0.016* 0.028*

Fe+2 (mg/L) 1.85a ± 0.2 2.14a ± 0.16 2.51a ± 0.29 1.91a ± 0.2 2.41a ± 0.2 1.60b ± 0.1 0.135* 0.034* 0.171

Hb (g/dL) 11.5a ± 0.4 10.1a ± 0.5 12.2a ± 0.4 7.3b ± 0.5 12.2a ± 0.5 8.3b ± 0.6 0.212 0.033* 0.171

RBCs (106) 11.7a ± 1.2 10.5a ± 0.6 13.9a ± 0.4 8.9b ± 0.8 12.9a ± 0.5 7.7b ± 0.7 0.035* 0.022* 0.891

HCT (%) 39.0a ± 2.4 34.6a ± 1.5 39.8a ± 1.6 25.9b ± 2.5 38.8a ± 3.0 23.9b ± 1.7 0.216 0.043* 0.216

MCV (fL) 31.6bc ± 1.7 33.5ab ± 2.1 30.7bc ± 1.6 34.0b ± 1.6 29.6c ± 1.2 42.1a ± 3.4 0.106 0.035* 0.109

MCH (pg) 9.1a ± 0.6 9.0a ± 0.4 9.8a ± 0.3 10.4a ± 0.4 10.0a ± 1.0 12.0a ± 1.2 0.667 0.828 0.111

MCHC (fL) 28.2a ± 0.8 29.2a ± 0.4 29.7a ± 0.4 30.5a ± 0.4 28.7a ± 0.4 30.0a ± 0.4 0.365 0.785 0.236

WBCs (103) 8.55a ± 0.8 8.64a ± 0.9 8.73a ± 0.4 7.66a ± 0.3 7.60a ± 0.7 10.13a ± 1.0 0.142 0.428 0.203

RDW (%) 17.6bc ± 0.7 16.8bc ± 0.2 17.5bc ± 0.5 20.4ab ± 0.9 17.2bc ± 0.2 21.70a ± 1.5 0.343 0.036* 0.465

Plat (104) 16.3cd ± 1.0 19.3bc ± 1.8 15.3cd ± 1.0 20.9bc ± 0.9 19.3 bc ± 1.8 32.9a ± 2.9 0.251 0.042* 0.225

PCT (%) 0.06bc ± 0.0 0.09bc ± 0.01 0.05 bc ± 0.0 0.07 bc ± 0.0 0.04b ± 0.0 0.12a ± 0.0 0.677 0.032* 0.444

MPV (fL) 3.9a ± 0.15 3.9a ± 0.13 3.8a ± 0.1 3.7a ± 0.1 3.6a ± 0.1 3.7a ± 0.12 0.782 0.278 0.872

PDW (%) 7.2bc ± 0.4 7.7bc ± 0.3 7.2bc ± 0.03 8.5a ± 0.4 7.1bc ± 0.2 8.25a ± 0.3 0.611 0.043* 0.315

SOD (U/mL) 3.9 a ± 0.3 3.7a ± 0.4 3.5a ± 0.3 2.88b ± 0.4 4.1a ± 0.24 1.8bc ± 0.2 0.031* 0.036* 0.043*

Cp (U/mL) 5.6a ± 0.3 5.8a ± 0.5 5.3a ± 0.3 4.1ab ± 0.3 5.9a ± 0.6 3.2bc ± 0.7 0.288 0.037* 0.606

AST (U/L) 65.5bc ± 7.5 70.4bc ± 2.9 38.0cd ± 2.2 59.9bc ± 4.8 28.75cd ± 3.0 128.8a ± 11 0.657 0.041* 0.514

CK (U/L) 81.7cd ± 7.4 112.9bc ± 7.7 152bc ± 14.1 259.9a ± 20 112.5bc ± 10 333.5a ± 30 0.044* 0.108 0.273

LDH (U/L) 324.5b ± 28 361.4b ± 21 376.5b ± 44 566.4a ± 36 389.0b ± 38 640.6a ± 58 0.131 0.045* 0.040*

cTnI (ng/mL) 0.001c ± 0.0 0.000c ± 0.0 0.002c ± 0.0 0.417b ± 0.01 0.001c ± 0.0 2.80a ± 0.09 0.091 0.036* 0.044

Note: Values are expressed as mean ± SEM (n = 4). Hematological and biochemical parameters in copper adequate (CuA) and copper-deficient (CuD)
groups analyzed using two-wayANOAV. The lowercase letters are fitted for comparingmeans between groups. LSD< 0.05. *P < 0.05 fitted to compare
the significance of group, time, and interaction

Cu+2 copper, Fe+2 iron, Hb hemoglobin, RBCs erythrocytic count, HCT hematocrit, MCV mean corpuscular volume, MCH mean corpuscular
hemoglobin, MCHC mean corpuscular hemoglobin concentration, WBCs leukocytic count, RDW red blood cell distribution width, plat platelet count,
PCT plateletcrit, MPV mean platelet volume, PDW platelet distribution width, SOD superoxide dismutase, CP ceruloplasmin, AST aspartate transam-
inase, CK creatine phosphate kinase, LDH lactate dehydrogenase, cTnI cardiac troponin N I

Fig. 1 Illustrative
electrocardiography obtained
from the base-apex lead in Shiba
goats. Normal sinus rhythm of
goats showing rS (a) and qRs (b)
patterns. Paper speed 50 ms;
voltage 20 mv
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observed measurement of LVEdV (P = 0.016), LVEdD (P =
0.035), LVEdV (P = 0.003), SV (P = 0.010), and CO (P =
0.030). These parameters were significantly increased in the
CuD group at T5 and T7 compared with the CuA group.
Moreover, the time effect showed a significant effect on the
observed values of LVEdV (P = 0.012), SV (P = 0.016), and
CO (P = 0.009); hence, a significant increase in these param-
eters was observed in the CuD group particularly at T7 com-
pared with T0. Besides, significant groups × time interaction
was observed in the values of LAAs (P = 0.049), LVEdD (P =
0.034), LVEdV (P = 0.002), SV (P = 0.006), CO (P = 0.006),
and RVEdD (P = 0.042). In this regard, the aforementioned
dimensions were increased in the CuD group compared with
the CuA group, especially at T7, which suggested increased
preload and cardiac dilatation throughout the time.
Nevertheless, other echocardiographic measurements revealed
no significant difference.Myocardial hyperechogenicity in the
left ventricular wall and interventricular septum was found in
the CuD group at T7. Neither mitral nor aortic valve regurgi-
tation was evidenced in both groups. Although the EF and FS
percentage did not show significant differences, their numeri-
cal values were reduced in the CuD group throughout the
observed intervals.

Correlation between plasma copper concentration
and cardiac dimensions

The correlation between plasma Cu+2 level and the report-
ed cardiac dimensions obtained from the ECG and echo-
cardiography are summarized in Table 4. A significant

positive correlation was observed between plasma Cu+2

level and T duration (r = 0.61, P = 0.039) and RR interval
(r = 0.56, P = 0.039). Meanwhile, a significant negative
correlation was found between Cu+2 level and ST segment
(r = − 0.67, P = 0.004), LVEdD (r = − 0.59, P = 0.016),
LVEdV (r = − 0.57, P = 0.021), SV (r = − 0.56, P =
0.023), and IVSsD (r = − 0.56, P = 0.031).

Metal analysis of the hepatic and cardiac tissues

Table 5 shows the metal concentration in the cardiac and
hepatic tissues. A significant reduction in hepatic and car-
diac Cu+2 concentration (P = 0.044, 0.039, respectively)
was observed in the CuD group; meanwhile, the Fe+2 con-
centration revealed no significant difference between
groups in both tissues.

Necropsy and histological examination of the heart

The gross and microscopic examination of the heart did
not reveal any abnormality in the CuA group. On the other
hand, grayish streaks and localized necrotic lesions were
noticed macroscopically on the external surface of the
ventricles in the CuD group at T7 (Fig. 3). Also, myocar-
dial degeneration, focal necrosis admixed with leukocytic
infiltrations, atrophy of the cardiac muscles, and thicken-
ing of the epicardium were observed microscopically in
the CuD group (Fig. 4).

Table 2 Changes in ECG measurements throughout the experimental time intervals during copper deficiency in Shiba goats

Time T0 T5 T7 P value

Groups CuA CuD CuA CuD CuA CuD Interaction Group Time

P (ms) 54.55a ± 3.3 52.33a ± 5.2 57.55a ± 3.1 47.33ab ± 5.0 50.90a ± 5.5 34.60b ± 2.4 0.015* 0.005** 0.112

P (mv) 0.14a ± 0.0 0.13a ± 0.0 0.16a ± 0.0 0.15a ± 0.0 0.16a ± 0.0 0.13a ± 0.0 0.724 0.368 0.418

QRS (ms) 61.89b ± 0.7 68.11b ± 7.1 58.89b ± 0.9 71.11ab ± 6.3 58.11b ± 0.7 76.66a ± 5.4 0.031* 0.016* 0.294

QRS (mv) 0.41a ± 0.1 0.49a ± 0.1 0.43a ± 0.1 0.51a ± 0.1 0.42a ± 0.0 0.55a ± 0.2 0.863 0.428 0.893

T (ms) 86.17a ± 7.2 75.00ab ± 4.2 86.17a ± 6.2 70.00ab ± 7.4 85.50a ± 6.7 62.75b ± 6.1 0.069 0.019* 0.324

T (mv) 0.51a ± 0.1 0.44a ± 0.1 0.49a ± 0.1 0.47a0.1 0.40a ± 0.1 0.26b ± 0.1 0.358 0.427 0.138

PR (ms) 89.4a ± 4.6 73.67a ± 6.3 84.4a ± 5.5 76.67a ± 7.4 87.17a ± 2.6 90.33a ± 8.8 0.433 0.666 0.448

RR (ms) 810.3a ± 24.2 780a ± 61.0 805.3a ± 26.2 760a ± 66.0 662.5a ± 60.9 637.5a ± 41.3 0.869 0.568 0.046*

ST (ms) 173b ± 7.5 160.6b ± 2.9 166b ± 8.8 167.6b ± 2.4 146.1b ± 9.1 199.5a ± 8.6 0.005** 0.043* 0.203

QT (ms) 316.7a ± 9.8 290.8a ± 20.6 328.7a ± 8.9 279.8a ± 19.6 306.7a ± 12.5 330a ± 25.9 0.067 0.491 0.448

QTc (ms) 250.5ab ± 8.5 200.8bc ± 28.7 258.5ab ± 6.6 196.8c ± 18.8 225.8bc ± 12.5 307.4a ± 23.0 0.003* 0.561 0.038*

HR 91.0a ± 4.0 84.0a ± 8.0 74.0a ± 2.0 81.0a ± 8.0 85.0a ± 6.0 94.0a ± 5.0 0.321 0.542 0.324

Note: Values are expressed as mean ± SEM (n = 4). ECG obtained from base apex lead at three interval times presented as two-way ANOAV. The
lowercase letters are fitted for comparing means between groups. LSD <0.05. *P < 0.05 fitted to compare the significance of group, time, and interaction

ms millisecond, mv millivolt, QTc corrected QT, HR heart rate
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Discussion

This study is important because it assesses, for the first time, the
longitudinal effect of CuD on specific hemato-biochemical

parameters and functional and histopathological disruption of
the heart in goats, which were not previously studied in farm
animals. Goats have been considered as an attractive model to
study pathophysiology, metabolism, and blood flow character-
istics under various climatic changes in ruminants (Mandour
et al. 2020; Samir et al. 2020) as well as alternative large animal
exemplary to study human heart diseases (Park et al. 2017). In
the present study, the observed CuD-associated clinical and
hemato-biochemical changes in goats indicate a proper dietary
regime. Generally, proper dietary Cu+2/Mo+2 ratio must be
maintained higher than 3:1 which is necessary to achieve a
normal range of plasma copper concentration (0.8–1.5 mg/L)
for goats, and animal diagnosed as deficient in Cu+2 when the
plasma level is less than 0.5 mg/L (Constable et al. 2016; NRC
2007). The induction of copper deficiency is the method of
choice to study its associated diseases. Goat’s rumen has a high
percentage of the sulfide-producing microorganisms and the
interaction between sulfur and Mo+2 in the rumen leading to
the formation of thiomolybdates (TM) which react with Cu+2

rendering it unavailable for absorption (Gould and Kendall
2011; Scheiber et al. 2013). Moreover, the absorbed fraction
of TM reduces hepatic copper retention via increasing the bil-
iary copper excretion, reducing copper transport capacity, and
dissociating copper from the metalloenzymes (Spears 2003). In
the present work, the longitudinal observation of hemato-
biochemical and cardiac measurements was reported at three
different time intervals to highlight the existing changes
throughout the time, which was modified from El-khaiat et al.
(2013). Deteriorative changes in the skin and hair coat were the
most prominent clinical findings observed in the CuD group.
These results indicated the existence of the disease phase of
CuD that leads to retardation in keratin cross-linking and
defected melanin formation (Radostits et al. 2006).

In this work, the reduction in plasma Cu+2 concentration
was attributed to the effect of high TM formation. The latter is
involved in the reduction of Cu+2 availability, which in turn
reduces Fe+2 concentration. Hence, Cu+2 exerts a regulating
function in the incorporation of Fe+2 into hemoglobin through
ceruloplasmin (Andersen et al. 2007; Cerone et al. 2000). For
this reason, the type of anemia that resulted from the CuD is
commonly normocytic hypochromic (Abramowicz et al.
2019), which results in an anisocytosis and expressed as ele-
vated RDW (Weiss and Wardrop 2011). However, a
macrocytic-normochromic anemia was noticed in the present
work as indicated by significant increased MCV. The expla-
nation of this finding may be related to the increased level of
hemolysis or some degenerative changes that occurred in the
myeloid tissues. For example, the CuD-associated myelopa-
thy (human swayback) showedmacrocytic or normocytic ane-
mia (Jaiser and Winston 2010; Wazir and Ghobrial 2017).

Previous literature highlighted the importance of Cu+2 for
cardiovascular health and its deficiency resulted in ultrastruc-
tural and biochemical changes in the heart (Olivares et al.

Fig. 2 Illustrative right parasternal echocardiographic views in Shiba goats.
a Two-dimenional long axis 4-champer view showing the entire left ventri-
cle (LV) and left atrium (LA). b Short-axis M-mode at the level of the
papillary muscles to measure the left ventriular function. c 2D-mode at the
level of the aortic valve and the main pulmonary artery. RV, right ventricle;
LV, left ventricle; IVS, interventricular septum; PM, papillary muscles;
LVFW, left ventricular free wall. LA, left atrium; AV, aortic valve; RA,
right atrium; RV, right ventricle; PA, main pulmonary artery

Environ Sci Pollut Res



2019). In this study, the gross and histological assessments
of the heart revealed evidenced myocardial damage in the
CuD group. These results are of great value because they
indicate the imperative roles of Cu+2 on the cardiac morphol-
ogy. Myocardial damages may be attributed to decreased
plasma and cardiac Cu+2 concentration. This in turn leads
to lower SOD and ceruloplasmin activities and increases
the probability of oxidative myocardial damage (McDowell
2003; Olivares et al. 2019). The later appears as
hyperechogenicity of the cardiac wall due to fibrosis and
results in increases of the plasma activity of CK, AST,
LDH, and cTn1 in CuD group (Aslani et al. 2013; Braun
et al. 2010; Radostits et al. 2006).

Although copious studies are reviewing the impact of CuD
on general health and histological changes of the heart, there is

a shortage in data discussing its impact on cardiac dimensions,
particularly in clinical veterinary practice. Therefore, the cur-
rent study is the first to investigate the CuD-associated chang-
es in cardiac dimensions in goats. The ECG is an important
diagnostic tool used to assess the efficiency of cardiac con-
ductivity. Hence, the wave time, voltage, and arrhythmias
could be efficiently interpreted. In this study, the assessment
of ECG was seldom reported from the base apex lead, which
is suitable for studying arrhythmias in ruminants (Fakour et al.
2013; Mousavi et al. 2007) because it enables the recording of
consistent clear and large amplitude waveforms and mini-
mizes the effect of movement on the quality of the technique
(Radostits et al. 2006).

In the present study, the observed significance of group ×
time interaction and the group effect on QRS duration and ST-

Table 3 Changes in echocardiographic measurements throughout the experimental time intervals during copper deficiency in Shiba goats

Time T0 T5 T7 P value

Groups CuA CuD CuA CuD CuA CuD Interaction Group Time

LAAs (cm) 12.2b ± 0.9 13.10ab ± 0.7 11.60b ± 0.7 13.50ab ± 0.6 13.20ab ± 0.6 15.90a ± 0.3 0.049* 0.016* 0.128

LVEdD (cm) 3.8b ± 0.1 3.92b ± 0.3 3.94b ± 0.1 4.1b ± 0.3 4.02b ± 0.0 4.82a ± 0.5 0.035* 0.035* 0.071

LVEsD (cm) 2.3a ± 0.2 2.2a ± 0.1 2.12a ± 0.2 2.18a ± 0.1 1.97a ± 0.1 2.34a ± 0.2 0.489 0.217 0.905

LVEdV (ml) 71.7b ± 5.7 76.0b ± 8.0 68.7b ± 5.7 82.0b ± 8.0 70.7b ± 6.6 113.2a ± 10.7 0.002** 0.003** 0.012*

LVEsV (ml) 14.47a ± 3.6 15.07a ± 2.1 15.47a ± 3.6 16.07a ± 2.1 12.45a ± 1.1 19.49a ± 1.5 0.464 0.229 0.891

SV (ml) 55.2b ± 3.8 58.0b ± 1.4 53.2b ± 3.8 60.0b ± 1.4 58.89b ± 1.9 78.23a ± 5.3 0.006** 0.010** 0.016*

CO (L/min) 5.2b ± 0.6 4.7b ± 0.7 4.67b ± 0.6 5.7b ± 0.4 5.18b ± 0.4 8.13a ± 0.6 0.006** 0.030** 0.009**

EF % 72.6a ± 5.4 85.06a ± 1.8 78.6a ± 5.4 75.06a ± 1.8 84.4a ± 2.3 68.3a ± 1.5 0.667 0.128 0.236

FS % 48.32a ± 3.3 51.7a ± 2.0 44.32a ± 3.3 46.7a ± 2.0 49.5a ± 2.6 41.3a ± 1. 5 0.365 0.795 0.111

RVEdD (cm) 1.44b ± 0.2 1.42b ± 0.2 1.34b ± 0.2 1.6ab ± 0.2 1.23b ± 0.1 1.78a ± 0.2 0.042* 0.798 0.008*

IVSdD (cm) 0.76a ± 0.1 0.74a ± 0.0 0.77a ± 0.1 0.76a ± 0.0 0.91a ± 0.1 1.01a ± 0.1 0.543 0.636 0.065

IVSsD (cm) 1.21a ± 0.1 1.25a ± 0.1 1.23a ± 0.1 1.21a ± 0.1 1.32a ± 0.2 1.47a ± 0.1 0.251 0.642 0.225

LVFWd (cm) 0.84a ± 0.1 0.99a ± 0.3 0.87a ± 0.1 1.21a ± 0.3 1.01a ± 0.1 1.22a ± 0.2 0.677 0.332 0.944

LVFWs (cm) 1.70a ± 0.3 2.01a ± 0.4 1.80a ± 0.1 2.09a ± 0.3 1.92a ± 0.2 2.28a ± 0.3 0.782 0.278 0.872

IVS % 58.5a ± 7.8 58.8a ± 6.1 58.99a ± 5.9 59.56a ± 5.2 45.75a ± 4.4 49.86a ± 4.5 0.761 0.863 0.315

LVFW% 105a ± 8.1 112a ± 10.3 118a ± 8.9 121a ± 11.6 76.39a ± 2.3 103a ± 9.7 0.979 0.792 0.743

RWT 0.31a ± 0.1 0.44a ± 0.1 0.41a ± 0.0 0.49a ± 0.1 0.481a ± 0.1 0.48a ± 0.0 0.988 0.865 0.906

MWT 0.79a ± 0.2 0.89a ± 0.3 0.82a ± 0.1 0.99a ± 0.1 0.96a ± 0.1 1.13a ± 0.1 0.657 0.321 0.514

AoDd (cm) 2.25a ± 0.1 2.21a ± 0.2 2.27a ± 0.1 2.24a ± 0.0 2.34a ± 0.1 2.37a ± 0.1 0.714 0.808 0.272

LADs (cm) 3.52a ± 0.1 3.49a ± 0.1 3.43a ± 0.1 3.56a ± 0.1 3.25a ± 0.2 3.69a ± 0.1 0.301 0.105 0.890

LA/Ao 1.51a ± 0.1 1.56a ± 0.1 1.47a ± 0.1 1.59a ± 0.1 1.22a ± 0.1 1.57a ± 0.1 0.235 0.121 0.274

PA (cm) 1.91a ± 0.1 1.75a ± 0.1 1.94a ± 0.1 1.85a ± 0.1 1.81a ± 0.1 1.80a ± 0.1 0.720 0.421 0.542

Note: Values are expressed as mean ± SEM (n = 4). Echocardiographic measurements at the two-interval times expressed as two-way ANOAV.
Different lowercase letters are fitted for comparing means between groups. LSD < 0.05. *P < 0.05 fitted to compare the significance of group, time,
and interaction

LAAs left atrium systolic area, LVEdD left ventricular end diastolic diameter, LVEsD left ventricular end-systolic diameter, LVEdV left ventricular end
diastolic volume, LVEsV left ventricular end-systolic volume, SV stroke volume, CO cardiac output, EF ejection fraction, FS fractional shortening,
RVEdD right ventricular end diastolic diameter, IVSsD interventricular septum systolic diameter, IVSdD interventricular septum diastolic diameter,
LVFWs left ventricular free wall systolic diameter, LVFWd left ventricular free wall diastolic diameter, IVS% the percentages of thickening of the
interventricular septum, LVFW% the percentages of thickening of the left ventricular free wall, RWT the relative wall thickness, MWT the mean wall
thickness, AoDd aortic diastolic diameter, LADs left atrium systolic diameter, LA/Ao the ratio of left atrial to aortic diameter, PAmain pulmonary artery
systolic diameter
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segment indicated prolongation of these parameters in the
CuD group at T5 and T7 that may suggest the occurrence of
ventricular enlargement, either hypertrophy or dilation
(Martin 2015; Rouleau et al. 2001). Importantly, the LV

Table 5 Tissue copper and iron concentrations

Tissue Group Cu mg/kg Fe mg/kg

Heart CuA 26.3 ± 1.8 213.1 ± 11.3

CuD 17.1 ± 0.96 196.5 ± 19.7

Liver CuA 49.4 ± 12.8* 346 ± 20

CuD 20.6 ± 3.7 310 ± 32.5

Hepatic and cardiac metal analysis. Values are presented as mean ± SE
* Fitted for comparing the significance between groups using independent
t test (P < 0.05)

Table 4 Correlation between plasma copper concentration and cardiac
dimensions in Shiba goats

Parameters r P value R2

P du 0.38 0.146 0.14
P amp 0.11 0.532 0.03
QRS du − 0.2 0.465 0.04
QRS amp 0.11 0.694 0.01
T du 0.61* 0.012 0.37
T amp 0.33 0.214 0.11
PR − 0.33 0.207 0.11
RR 0.56* 0.039 0.31
QT − 0.12 0.650 0.01
ST − 0.67** 0.004 0.45
QTc − 0.13 0.638 0.00
LAAs − 0.53 0.282 0.03
LVEdD − 0.59* 0.016 0.35
LVEsD − 0.40 0.126 0.16
LVEdV − 0.57* 0.021 0.32
LVEsV − 0.41 0.117 0.17
SV − 0.56* 0.023 0.32
CO − 0.55* 0.029 0.30
EF − 0.18 0.500 0.03
FS − 0.24 0.363 0.06
RVEdD − 0.38 0.149 0.62
IVSdD − 0.28 0.299 0.08
IVSsD − 0.56* 0.031 0.31
LVFWd − 0.24 0.360 0.06
LVFWs − 0.16 0.542 0.03
IVS% − 0.29 0.281 0.08
LVFW% 0.32 0.234 0.10
RWT 0.16 0.558 0.02
MWT − 0.21 0.432 0.04
AoDd 0.08 0.761 0.01
LADs − 0.10 0.711 0.01
LA/Ao − 0.03 0.904 0.00
PA 0.24 0.377 0.06

r Pearson’s correlation between plasma copper concentration and report-
ed cardiac measurements; *P < 0.05; **P < 0.01; R2 coefficient of de-
termination. N = 8

QTc corrected QT, HR heart rate, du duration, amp amplitude, LAAs left
atrium area in systole, LVEdD left ventricular end-diastolic diameter,
LVEsD left ventricular end-systolic diameter, LVEdV left ventricular
end-diastolic volume, LVEsV left ventricular end-systolic volume, SV
stroke volume, CO cardiac output, EF ejection fraction, FS fractional
shortening, RVEdD right ventricular end-diastolic diameter, IVSsD inter-
ventricular septum systolic diameter, IVSdD interventricular septum dia-
stolic diameter, LVFWs left ventricular free wall systolic diameter,
LVFWd left ventricular free wall diastolic diameter, IVS% the percentages
of thickening of the interventricular septum, LVFW% the percentages of
thickening of the left ventricular free wall, RWT the relative wall thick-
ness, MWT the mean wall thickness, AoDd aortic diastolic diameter,
LADs left atrium systolic diameter, LA/Ao the ratio of left atrial to aortic
diameter, PA main pulmonary artery systolic diameter

Fig. 3 Necropsy examination of the heart at the end of the experimenal
CuD in goats. a Normal appearance of the heart from the CuA (control)
group showing no gross lesion. bGoat’s heart from CuD group showed a
widespread of paleness, grayish streaks of myocardial degeneration, and
necrosis (black stars). c Focal necrotic lesion on the external surface of the
heart (white arrow)
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dilatation and myocardial damage were confirmed during
echocardiography and histopathology, respectively.
Meanwhile, the reduced T-wave duration and amplitude in
the CuD group may attribute to the resultant cardiac damage
(Kosuge et al. 2007). Our findings matched the explanation of
the ECG changes that were observed in mice (Kopp et al.
1983; Shiry et al. 1999).

Echocardiography is a convenient and a reliable clini-
cal tool used for the assessment of cardiac functions. In
this work, the echocardiography was performed from the
right side only. One side technique reduced stress-induced
erroneous imaging via minimizing the examination time
and manipulation to achieve the standard technique
(Leroux et al. 2012). Previous literature addressed the
normal reference values of the echocardiography in goats
and our data at zero time were consistent with the pub-
lished data (Steininger et al. 2011; Szaluś-Jordanow et al.
2018). Our results showed a significant increase in the
LAAs, LVEdD, LVEdV, SV, CO, and RVEdD in the
CuD group. These measures pointed out a time-related
increase in the CuD group, which indicates increased pre-
load and cardiac dilatation. This finding may be assigned
to the cardiac tissue remodeling mechanism, which is
known as the ability of the cardiac tissue to change the
chamber size in response to the concurrent pathophysio-
logic state, including cardiac damage (Dong et al. 2005;
Vadlamudi et al. 1993). On the other hand, the reliable
indicators for systolic function (EF and FS) revealed no
significant reduction and preserved systolic function in
the Cu-deficient goats. This indicated that the CuD-
induced myocardial damage was not sufficient to induce
cardiomyopathy and systolic heart failure in goats.
Nevertheless, the observed cardiac dilatation may result
from reduced diastolic function as an adaptation to the
increased volume load (Naito et al. 2009). Moreover, the
cardiac remodeling and compensatory dilatation that oc-
curred in the existing study may be a consequence of the
resultant anemia (Dong et al. 2005), which leads to a
reduction in systemic peripheral resistance and reduced
afterload, and in turn increases in the stroke volume and
output (Turner et al. 2002). In the current work, anemia
and decreased plasma and cardiac Fe+2 concentration have
been evidenced secondary to the CuD. Therefore, we as-
sumed that CuD-induced cardiac dilatation might occur
indirectly due to anemia or directly due to the reduced
SOD activity and oxidative damage (Olivares et al.
2019). Increased preload and myocardial damage might
influence the diastolic function leading to dilatation.
However, we could not evaluate the diastolic function that
was considered as a shortcoming of this study. In this
regard, there was difficulty to obtain the right and left
outflow tracts and the mitral inflow velocity. A similar
limitation was previously reported in goats, which was
attributed to the presence of gas in the reticulo-rumen that
prevents proper probe orientation and Doppler alignment
(Leroux et al. 2012).

Also, the absence of cardiac measurements after 3 months
is another limitation of our study. It seems to be of particular
importance to clarify the effect of subclinical CuD on cardiac
function. However, the hemato-biochemical analysis at this

Fig. 4 Histological sections of goat’s heart stained with H&E. a Normal
cardiac structure in goats from the control group (× 400). b Leukocytic
infiltrations (arrowheads), focal extensive myocardial necrosis, and
degeneration of adjacent muscles (arrows) in the CuD group (× 200). c
Focal intermuscular edema (star) and myocardial atrophy in the CuD
group (arrow, × 400)
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time point does not strongly support the existence of CuD and
the measurements at T5 and T7 after the existence of CuD
were sufficient to address our goals.

The observed significant correlation between plasma Cu+2

concentrations and some reported measurements could be ex-
plained by the importance of Cu+2 to cardiovascular health,
including the conduction system and tissue remodeling
(Suzuki et al. 2007; Turner et al. 2002; Yamaya et al. 1997).

In conclusion, besides the clinical and hemato-biochemical
features that are potentially affected by the CuD in goats, it
can be said that CuD induces histological cardiac disruption,
diagnostic changes in the measurable cardiac parameters, and
cardiac dilatation in goats. However, this damage was not
severe to develop cardiomyopathy and systolic failure. For
clinical practice, the combination of ECG and echocardiogra-
phy is useful diagnostic aids to evaluate the CuD-related car-
diac disorders, particularly when the condition is long lasting.
Further study may be required for in-depth evaluation of the
diastolic function related to this disease.
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