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Simple Summary: Establishing reference ranges for essential and toxic trace elements in dogs is
important to assess health status and to enable assessments of the background levels of toxic element
exposure. On the other hand, establishing whether trace element concentrations vary in relation to
different pathologies is also important. Serum concentrations of trace elements may be effective
diagnostic markers and may help in understanding the pathogenesis of different diseases (and the
associated causal relationships).

Abstract: This study was designed (i) to establish reference ranges for the essential trace element
and background levels of toxic element exposure in the healthy/normal dog population, and (ii) to
evaluate whether trace element concentrations vary in dogs suffering from different pathologies.
Blood serum samples were collected from 187 healthy and diseased dogs at the Veterinary Teaching
Hospital, Faculty of Veterinary Medicine, University of Santiago de Compostela (northwest Spain).
The samples were acid digested, and the concentrations of trace elements (Co, Cr, Cu, Fe, Mn, Mo,
Ni, Se and Zn) and toxic elements (As, Cd, Hg and Pb) were determined by inductively coupled
plasma-mass spectrometry (ICP-MS). This enabled us to establish reference ranges for the essential
trace elements and the level of toxic element exposure in dogs, and to identify several clinical
situations associated with variations in trace elements in serum. Relative to concentrations in
healthy control dogs, statistically significant differences were observed in the concentrations of Cu
(significantly higher in hepatic, inflammatory/infectious and oncological categories)) Mo
(significantly higher in renal category), Se (significantly lower in gastrointestinal category) and Zn
(significantly lower in gastrointestinal, inflammatory/infectious and renal categories). Trace element
concentrations can be a cause or consequence of disease, and the study findings indicate that trace
element determination in serum provides useful information on the pathogenesis of certain
diseases. Further research on the serum concentrations of trace elements, particularly in relation to
other biochemical parameters and diagnostic tools, may provide valuable information for the
diagnosis of diseases in dogs and the disease prognosis.
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1. Introduction

Good nutrition is essential for preserving the overall health of organisms. Micronutrients,
including trace elements, mediate vital biochemical reactions by acting as cofactors for many
enzymes, as well as act as centers for stabilizing structures of enzymes and proteins. Although the
essentiality of some elements, such as I and Fe, has been discovered two centuries ago, new and vital
roles of trace elements in the pathogenesis of regenerative processes, the responses to oxidative stress
in the body tissues, and sustaining immunity against pathogens are still been discovered [1,2]. In
humans, trace element deficiencies are known to be associated with reduced antioxidant potential in
organisms (possibly underlying the onset of cancer and atherosclerosis), accelerated aging, retarded
development in growing individuals, increased incidence of abnormal reproduction, immunological
abnormalities and lifestyle-related diseases [1,2]. Although information in animals is scarcer, it is
expected that trace elements are also involved in the pathogenesis of numerous diseases. For
example, Cu [3-7] and other trace elements [8] are known to play a role in chronic hepatitis in dogs,
and elevated concentrations of Fe and Cu (capable of inducing oxidative damage) have been detected
in the brain tissues of Alzheimer’s patients and in the brains of humans and animals affected by other
neurological disorders [9,10]. A recent study in dogs has suggested the role of Mn, Se and Zn in the
pathophysiology and/or treatment of epilepsy, and that anti-convulsant therapy may affect Cu and
Mo metabolism [11]. On some occasions, the negative effects may also be due to interactions between
trace elements and/or trace element imbalances [12]. Trace elements are therefore attracting attention
in relation to prophylactic medicine, and diets are formulated to include specific and well-defined
trace element concentrations [13].

One of the most difficult problems concerning trace elements, from both nutritional and clinical
points of view, is the difficulty in diagnosing trace element disorders, particularly deficiencies. Even
in humans, on which much research has been conducted in the last few decades, few methods enable
accurate diagnosis, especially in cases of mild to moderate deficiency/excess [1]. Information about
trace element concentrations in the blood and tissues of other species, such as dogs, is very limited
(mainly related to Cu-associated hepatitis), and reference ranges have not yet been properly
established. Although the traditional determination of trace element concentrations in non-invasive
samples, such as blood, is very difficult as trace element concentrations are generally very low—
making their determination very imprecise, costly and time consuming—the advances in
multielement techniques with very low limits of detection, such as inductively coupled plasma-mass
spectrometry; ICP-MS, enable the accurate and precise diagnosis of toxic and trace elements in blood
by simple, inexpensive methods. This yields detailed information about the levels of trace elements
and enables the diagnosis of associated diseases.

In the present study, the serum concentrations of the main trace elements (Co, Cr, Cu, Fe, Mn,
Mo, Ni, Se and Zn) and toxic elements (As, Cd, Hg and Pb) were determined in a representative
sample (cohort) of dogs in northwest Spain by using a validated ICP-MS method. The first objective
of the study was to establish reference ranges of concentrations of the essential trace elements in the
healthy/normal dog population and the background level of toxic element exposure in the region.
The second objective was to evaluate the potential relationship between serum concentrations of the
elements determined and different pathologies in dogs.

2. Material and Methods

2.1. Animals and Sample Collection

Dogs were treated according to Directive 2010/63/EU on the protection of animals used for
scientific purposes and the trial complied with the Spanish legislation on animal care (RD 53/2013, 1
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February 2013). The procedures applied were supervised by the Bioethics Committee of the Rof-
Codina Veterinary Teaching Hospital, University of Santiago de Compostela (Spain).

Data from a total of 187 dogs attending the Rof-Codina Veterinary Teaching Hospital, Faculty
of Veterinary Medicine, University of Santiago de Compostela (northwest Spain), between November
2015 and April 2017 were used in the present study. In all cases, the dogs were considered eligible
for study when blood samples were collected for clinical procedures and when a clear and definitive
diagnosis was available. A group of 42 healthy animals (both males and females) attending the
hospital for castration procedures was considered a control group after clinical examination and pre-
operative examination (hematology and basic biochemistry). The other 145 dogs were clinically
affected and were classified according to the pathology diagnosed: cardiorespiratory (CR; n = 11),
dermatological (D; n = 11), gastrointestinal (GI; n = 24), hepatic (H; n = 25), inflammatory-infection (II;
n =24), neurological (N; n = 13), oncological (O; n = 15) and renal (R; n = 22) disease. All animals were
adult (age range, 1.2 to 12.4 years) and included 52.4% females (n = 98) and 47.6% males (1 = 89). The
male/female proportion was similar in all pathological categories, around 50/50.

2.2. Sample Preparation and ICP-MS Analysis

Blood samples obtained from the cephalic vein were centrifuged at 3000 rpm for 5 min. Serum
was extracted from the samples and stored at —20 °C until analysis. The serum samples were acid
digested prior to the determination of trace elements and toxic metals. Briefly, 0.5 mL of serum was
mixed with 1 mL concentrated HNOs and 0.5 mL H20: in propylene tubes. The mixture was
maintained at 60 °C for 2 h to allow digestion of the samples. The digest thus obtained was diluted
by adding 2.5 mL of ultrapure water. The sample solutions were then centrifuged at 2000 rpm for 5 min
and the concentrations of trace elements (Co, Cr, Cu, Fe, Mn, Mo, Ni, Se and Zn) and toxic elements
(As, Cd, Hg and Pb) were subsequently determined in the supernatant, by ICP-MS (Agilent 7700x
ICP-MS system; Agilent Technologies, Tokyo, Japan), according to the analytical procedure described
in detail in a previous paper [14].

In order to verify the analytical results obtained, an analytical quality control program was
applied. Several analytical blanks (prepared exactly according to the same procedure applied to the
serum samples) were included in all batches. The corresponding results were used to calculate the
limit of detection (LOD) for each of the elements considered (as 3 times the standard deviation of the
blank divided by the slope of the calibration curve). The LOD values obtained were low enough to
enable the determination of all elements considered. The accuracy of the method was checked by
using certified reference material (CRM) of animal serum NIST-1598a (National Institute of Standards
and Technology, Gaithersburg, MA, USA) as well as a set of samples spiked at the appropriate
concentration levels (up to 2-10 times higher than the normal levels in the samples). Overall, good
recoveries (90-110%) were achieved for both the CRM and the spiked samples. In addition, the intra-
sample precision (assessed from 10 repetitions of the same sample) and inter-assay precision
(evaluated by preparing 10 digest solutions of the same sample on different days) were also
determined, yielding satisfactory values. The results of this quality control program are presented in
Table 1.
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Table 1. Results of the analytical quality program applied for the ICP-MS determination of the
essential trace and toxic elements in serum of dogs in the present study.

Metal Detection Limit Animal Serum SRM1598a Spiked Samples
(ng LY Certified Value * (ug L-1) Recovery (%) Recovery * (%)
As 0.039 0.3) 86.1+6.9 93.8+7.4
Cd 0.014 0.048 + 0.004 ND 106 + 8
Co 0.027 1.24 +0.07 93.3+5.6 95.1+6.7
Cr 0.025 0.33 £0.08 91.2+5.1 91.8+4.4
Cu 0.051 1580 + 90 925+25 104 +2
Fe 0.053 1680 + 60 102+ 8 106 + 10
Hg 0.019 0.32+£0.19 94.1+4.7 89.1+8.4
Mn 0.026 1.78+0.33 112 +13 100+7
Mo 0.011 55+1.0 98.3+3.7 95.7+6.0
Ni 0.024 0.94+0.18 97.5+4.8 103 +7
Pb 0.015 - 102 +7
Se 0.080 134.4+5.8 97.8+23 99.1+£7.7
Zn 0.620 880 + 24 95.8 +3.1 101 +8

* Expressed as mean * SD. In brackets only indicative values. ND: not detected. SRM: standard
reference material.

2.3. Data Analysis and Reference Intervals

All statistical analyses were carried out with Statgraphics Centurion XVIII, ver. 18.1.12
(Statistical Graphics, Rockville, MD, USA). The data distribution was checked using the
Kolmogorov-Smirnov (K-S) test. The influence of the pathology on trace and toxic elements was
evaluated by ANOVA or the Kruskal-Wallis (K-W) test for categories. The correlations between
elements were tested by Pearson’s correlation coefficient. All differences were considered significant
at p <0.05.

In clinical chemistry, the reference range (or reference interval) for a variable is the range of
values of this variable that is deemed normal in healthy animals. The reference range for a particular
variable is the interval including the 95% of the values of a reference population and excluding 2.5 %
of the values at either end of the range. The limits of this range, i.e., the lower reference limit (LRL)
and the upper reference limit (URL), can be estimated by parametric or non-parametric statistical
methods for normal (Gaussian) and non-normal distributions, respectively. In the case at hand, after
the K-S test, if the variable considered j was normally distributed, LRL and URL were calculated as
Xj — 196 SD; and )?]- + 1.96 SD;, respectively, where )?]- is the mean of the variable j and SD; its
standard deviation; otherwise, if the variable was not-normally distributed, then LRL and URL were
obtained as the 2.5% and 97.5% percentiles [15].

3. Results

The reference intervals for essential trace and toxic element concentrations in serum in the
healthy dog population in the present study, calculated as indicated in Section 2.3 according to each
variable distribution, are shown in Table 2.

Detailed descriptions of the essential trace and toxic element concentrations in dogs in relation
to the pathologies they are suffering are presented in Figure 1. ANOVA revealed statistically
significant differences in the essential trace elements for the different groups of pathologies relative
to the control group (p < 0.05): Cu (significantly higher in hepatic, inflammatory/infectious and
oncological categories), Mo (significantly higher in renal category), Se (significantly lower in
gastrointestinal illnesses) and Zn (significantly lower in gastrointestinal, inflammatory/infectious and
renal categories).

Moreover, detailed analysis of Figure 1 reveals that in the above-described pathologies in which
a statistically significant increase in trace elements occurs in the serum (Cu in hepatic,
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inflammatory/infectious and oncological categories; Mo in renal patients) values were above the
upper normal range in more than 25 % of the animals. Although not statistically significant, the same
pattern of behavior has been observed for other elements in some pathologies: Co, Fe, Zn, Hg and Pb
in oncological disorders; Ni and Mn in dermatological processes; and Fe in individuals suffering from
infection/inflammation and neurological diseases.

5 of 13

Table 2. Descriptive statistic for trace and toxic element concentrations in serum of the healthy/normal

dog samples (1 = 42) and calculated reference intervals. (All results are in ug L7).

Normal Reference Interval
Metal Mean SD Median Distribution L. L.
(K-S Test) Lower Reference Limit Upper Reference Limit
As 1.86 1.44 1.36 NO 0.22 7.89
Cd ND - - - - -
Co 0.10 0.07 0.07 NO 0.07 0.28
Cr 2.73 2.54 2.17 NO 0.63 13.7
Cu 422 148 377 YES 132 712
Fe 1938 639 1939 YES 686 3190
Hg 024 022 0.16 YES 0.0 0.67
Mn 379 1.86 347 YES 0.14 7.44
Mo 548 3.36 4.35 YES 0.00 12.1
Ni 0.72 094 0.06 NO 0.06 3.01
Pb 055 0.60 0.30 YES 0.0 1.73
Se 315 82 310 YES 154 447
Zn 489 143 464 YES 209 769
ND: not detected. SD: standard deviation. K-S: Kolmogorov-Smirnov
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Figure 1. Box-and-whisker plot showing the concentrations of As, Co, Cr, Cu, Fe, Hg, Mn, Mo, Ni, Pb,
Se and Zn in the serum of dogs suffering from cardiorespiratory (CR), dermatological (D),
gastrointestinal (GI), hepatic (H), inflammatory-infection (II), neurological (N), oncological (O) and
renal (R) diseases. All concentrations are expressed in g L1 The r lines represent the lower reference
limit and upper reference limit of the reference interval for each variable obtained from healthy
control animals. The horizontal blue line within the box symbolizes the median of the variable; the
red cross is the mean value; and the lower and upper boundaries of the box represent the first and
third quartiles (thus, the box is the interval covering the middle 50% of the values); whiskers are
drawn from the edges of the box to the highest and lowest values (except for values unusually far
away from the box). In this case, the outliers, i.e., those points more than 1.5 times the interquartile
range (box width) above or below the box, are indicated by blue squares. * Indicates statistically
significant difference between the pathological group considered and the control group (p < 0.05).

4. Discussion

4.1. Reference Intervals of Essential Trace Elements and Levels of Toxic Element Exposure

Information about trace element concentrations in serum or plasma of dogs is very scarce, and
reference intervals are not available. As far as we are aware, the only attempt to provide normal or
reference ranges in serum of dogs was that made 25 years ago by Puls in a book entitled Mineral Levels
in Animal Health (1994) [16]. However, the information supplied was limited to the main trace
elements, and the absence of knowledge about the origin of these data (including techniques of
analysis, limits of detection and other relevant analytical data) prevents its use for comparative
purposes. When considering the main essential trace elements, the concentrations of Cu, Fe, Se and
Zn in serum from dogs in the present study are reasonably consistent with the normal/adequate range
described by Puls [16] in dogs, as well as with other studies published in the literature for this animal
species from observational studies (both for the general dog population or healthy control groups;
see Table 3).
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Table 3. Serum concentrations of essential trace and toxic elements (expressed in ug L™ and arithmetic mean values) in observational studies in dogs.

Element
Type Study/Country N =/ 3¢, Cu Cr Fe Mn Hg Mo Ni Pb Se Zn Ref‘;z;’ces
Reference Values ! 3-5¢2 200-800 940-1220 20 1.8-4.2 10-1002 2202 700-2000
General Dog Population
Turkey ! 73 24 830 1320 10 13 100 730 [17]
Poland 2b 48 556 1363 249 1690 683 489 1523 [18]
Italy 2¢ 31 390 780 130 20 510 230 60 230 1970 [19]
Control Healthy Dogs
India ! 10 36.6+£3.6 1050 +21 872+21 172+2 642+ 10 [20]
USA 34 50 0.30 450 1625 3.15 8.45 300 740 [11]
Bulgaria 2 10 946 + 143 24+5 291+57 1692 +180 [21]
Turkey * 10 1006 + 12 860 + 199 620+76 [22]
USA 14 50 4.66+2.83 1751 +567 1220 + 360 [23]
Turkey 4b 16 511 +59 1543 +240 201 [24]
Iran * 14 1514 + 255 1730 593 + 226 [25]

2 Whole blood, ® urban area, © polluted area, ¢ median. Analytical techniques: ! atomic absorption spectrophotometer (AAS); ? inductively coupled plasma optical
emission spectroscopy (ICP-OES); 3 inductively coupled plasma mass spectroscopy (ICP-MS); ¢ UV spectrophotometry.
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These values are also consistent with the normal ranges in humans [26] and livestock species,
for which more information is available (for a review [16,27]). The results are not surprising, as trace
element concentrations in healthy animals receiving adequate diets (most of the control dogs in our
study are fed commercial diets fortified with trace elements) are tightly regulated by homeostatic
mechanisms. For example, in serum/plasma, 60-70% of Cu is found in ceruloplasmin and
corresponds to Cu exported from the liver to tissues; the rest of the Cu is associated with the Cu
transport proteins transcuprein (10-30%) and albumin (15-20%), which transport Cu from the
intestine to the liver and kidney [5,28]. By contrast, the concentrations of Mn in dogs in the present
study are much lower than those considered adequate by Puls [16] (1 order of magnitude) and in
other studies in dogs (up to orders of magnitude, see Table 3), but are consistent with those described
in studies in dogs [11], humans [26] and ruminants [27] using modern multi-elemental analytical
techniques (such as ICP-MS) with very low limits of quantification. The situation for Co is similar,
and information in dogs is even scarcer (no data provided by Puls [16]). It should be noted that, the
concentrations of both Co (mean: 0.10 ug L) and Mn (mean: 3.79 pug L) were much lower in serum
than in other tissues and were very close to the limits of quantification of the analytical technique. In
this case, conducting an analytical quality control program, including certified reference materials
and spiked samples, is essential for guaranteeing good sample analysis. In fact, Co and Mn results in
our study were in the same range of the unique study in dogs using ICP-MS analysis (see Table 3) [11].

Precise information about trace elements that are considered only occasional beneficial (Cr, Mo
and Ni) is also very limited for all animal species (except Mo in ruminants, because of its particular
antagonism with Cu [12]). These elements are only essential at “ultra-trace concentrations”, well
below those found in normal diets, and the clinical consequences of their deprivation are only
observed when animals receive experimental purified diets [12]. The minimum serum concentrations
required to maintain normal metabolism are not well defined but assumed to be well below those in
serum. In the present study, Cr, Mo and Ni concentrations are in the low range of those described in
other studies (see Table 3).

Finally, considering the toxic elements, the concentrations of As, Hg and Pb were very low
(maximum levels of residue 7.89, 0.79, and 1.79 ug L, respectively), and the concentrations of Cd in
all samples were below the limit of detection of the technique. Toxic metals in dogs in the present
study are much lower than in other studies in dogs (up to orders of magnitude, see Table 3), and
similar results in terms of concentrations have been found in other studies in humans [26] and in
cattle from the same geographical region as the present study [29], indicating a low level of
environmental exposure in the region.

4.2. Essential Trace and Toxic Element Concentrations in Dogs Suffering from Different Pathologies

We are aware that our study involves a reduced number of samples, and consequently our
results must be interpreted with caution. However, it is worth noting that the trace element
concentrations in serum that are related to pathological disorders in our study have been previously
associated to similar disorders, mainly in humans. In some cases, variations in these trace elements
have been proposed as markers of disease and indicative of prognosis [30,31]. The most extensive
information is available for Cu, and excessive Cu accumulation in the liver is known to occur in dogs
suffering from hepatic disorders [3-8]. Serum copper concentrations are also higher in human
patients suffering from hepatic disorders [31], and elevated Cu:Zn ratios have been proposed as
markers of disease in patients with hepatic cirrhosis [31] or hepatocellular carcinoma [32]. The role
of Cu in the acute-phase protein ceruloplasmin in controlling acute inflammatory-infectious
disorders, leading to a marked increase in Cu serum concentrations, is well known in both dogs
[22,33] and humans [34]. There is evidence of increased concentrations of Cu and decreased
concentrations of Fe and Zn in serum of dogs infected with Hepatozoon canis [22] and with Rangelia
vitalii (Apicomplexa: Piroplasmorida) [33]. The concentrations of Cu in human serum are increased
in various carcinomas [32,35]. Similarly, in a recent study, increased liver Cu and decreased Fe, Se
and Zn levels were observed in the livers of dogs with hepatocellular carcinoma [36]. Changes in Cu
and Zn serum and tissue levels have been observed in both human and animal models with
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neoplasms [31,32,35,36], and it has not yet been established whether altered Cu and Zn concentrations
are the cause or the effect of the malignancy. Hence, the usefulness of serum Zn and Cu
determinations for cancer prevention, detection, monitoring treatment and prognosis requires
further investigation.

A large variety of inflammatory gastrointestinal diseases in dogs are associated with altered Zn
metabolism or deficiency, and decreased levels of Zn in the blood of dogs with diarrhea have been
reported [37]. Acute and chronic diarrheal disorders may cause Zn deficiency because of increased
loss or decreased absorption of the element or altered immunity. When the small intestinal barrier is
altered by inflammation, Zn supplementation may help correct the deficiency and also improve the
small bowel mucosal capacity to absorb water and electrolytes [38]. Chronic deficiency of Zn
increases inflammation, and several pathologies are thus characterized by imbalanced Zn
homeostasis [2].

In addition, serum Zn concentrations are low in human patients with some renal clinical
disorders, including nephrotic syndrome and renal insufficiency associated with dialysis [30];
urinary Zn excretion increases and symptoms of Zn deficiency are common in these patients. It is not
clear whether these disease states are indicative of true symptomatic or asymptomatic Zn deficiency
or merely reflect a decrease in available Zn binding proteins. Low serum Zn concentrations and high
urinary Zn excretion in patients with nephrotic syndrome do not appear to be due to loss of Zn bound
to urinary proteins.

On the contrary, Mo concentrations in serum increase in dogs suffering from renal disorders.
This could be related to the ratio of renal excretion since it is their main excretion route. In a recent
study in dogs and cats with chronic interstitial nephritis was observed that the ratio of Mo excretion
in urine was lower than in healthy animals [39]. In humans, it has been suggested that high serum
Mo concentrations could contribute to dialysis-related bone disease in patients requiring long term
hemodialysis, as massive Mo accumulation causes joint deformity and arthritis [40].

Selenium deficiency is also known to occur in patients with severe gastrointestinal disorders.
Selenium deficiency is mainly related to malabsorption, and low Se levels are almost invariably
present in human patients requiring parenteral supplementation due to gut failure [41]. Oxidative
stress has been implicated in the pathogenesis of gastrointestinal disease in dogs [37], as it enhances
the need for Se and further aggravates the deficiency.

Moreover, many observational studies in human patients have detected a relationship between
tumor development and elevated serum concentrations of Co [42-44] and Fe [45,46]. However,
evidence for the carcinogenetic potential of Hg or Pb is scarce. As Pb was highly correlated with Cu
(r=0.89, p<0.001) and Hg with Fe (r=0.69, p <0.001) in the present study, it is possible that exposure
to these metals may have occurred simultaneously in the individuals under study. The presence of
high Zn serum levels in the individuals suffering oncological disorders was unexpected as elevated
Zn concentrations in serum have not been associated with cancer in previous studies and are even
considered a protective factor against tumor development [47,48]. Interestingly, Ni and Mn
concentrations above the upper limit in serum were observed in a high proportion of dogs suffering
from dermatological disorders. In humans, contact dermatitis associated with Ni is well documented
[49,50] and Mn allergic contact dermatitis has also been reported [51,52]. Finally, the Fe
concentrations above the normal range in a large proportion of individuals suffering from
infection/inflammation and neurological diseases is noteworthy, and the risk to these patients is well
documented. Clinical conditions associated with excess Fe in the host may increase the risk for
infection, as bacteria require Fe to enable them to multiply in the host, and microbiological studies
show a close relationship between Fe availability and bacterial virulence. In human and animal
studies, the administration of parenteral Fe during infection has already been shown to be harmful
[53]. In the brain, Fe is involved in many fundamental biological processes, including oxygen
transport, DNA synthesis, mitochondrial respiration, myelin synthesis, and neurotransmitter
synthesis and metabolism. Iron homoeostasis is required to maintain normal physiological brain
function, whereas faulty regulation of Fe homoeostasis can cause neurotoxicity. A recent study
regarding serum concentrations of trace elements in epileptic and healthy dogs described higher Fe
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levels in untreated epileptics dogs compared to healthy and epileptic dogs with treatment [11]. When
Fe concentrations exceed the cellular Fe sequestration capacity of storage proteins or other molecules,
the concentration of Fe in the labile Fe pool may increase, with possibly harmful effects [10,54].

5. Conclusions

Information on the main essential trace and toxic elements in the serum of a representative
cohort-sample of dogs (in NW Spain) was used to establish reference ranges for the essential trace
elements and levels of toxic element exposure. In addition, several clinical situations associated with
variations in trace elements in serum were identified. In most cases, the patterns of these variations
are consistent with those previously described in studies on elemental serum levels in humans. Our
results, although preliminary, indicate that trace element determination in serum could provide
useful information about the pathogenesis of certain diseases (and about the associated causal
relationships). Further investigation of trace element concentrations in serum, together with other
biochemical parameters and diagnostic tools, may provide valuable information regarding the
diagnosis of disease and prognosis in dogs.

Author Contributions: Conceptualization, Y.C., M.M. and M.L.-A.; Resources, Y.C., 1.O., M.S. and D.L;
Investigation, Y.C., M.M,, L.O., M.S. and M.L.-A.; Methodology, Y.C., I.O. Data curation and Software, C.H.-L.
and M.L.-A.; Formal analysis, Y.C., M.M., and M.L.-A; Supervision, M.M. and M.L.-A.; Writing —original draft,
Y.C, MM.,, CH.-L. and M.L.-A,; Writing—review and editing, Y.C., M.M. and M.L.-A. All authors have read
and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Acknowledgments: The authors thank Rof-Codina Veterinary Teaching Hospital and RIAIDT-USC, University
of Santiago de Compostela, for the use of clinical and analytical facilities.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  WADA, O. What are Trace Elements? ]. Jpn. Med. Assoc. 2004, 47, 607-612.

2. Bonaventura, P.; Benedetti, G.; Albarede, F.; Miossec, P. Zinc and its role in immunity and inflammation.
Autoimmun. Rev. 2015, 14, 277-285.

3. Johnston, A.N.; Center, S.A.; Mcdonough, S.P.; Wakshlag, ].].; Warner, K.L. Hepatic copper concentrations
in labrador retrievers with and without chronic hepatitis: 72 cases (1980-2010). J. Am. Vet. Med. Assoc. 2013,
242, 372-380.

4. Fieten, H.; Leegwater, P.AJ.; Watson, A.L.; Rothuizen, ]. Canine models of copper toxicosis for
understanding mammalian copper metabolism. Mamm. Genome 2012, 23, 62-75.

5. Wu, X,; Leegwater, P.A ].; Fieten, H. Canine models for copper homeostasis disorders. Int. J. Mol. Sci. 2016,
17, 196.

6.  Strickland, J.M.; Buchweitz, ].P.; Smedley, R.C.; Olstad, K.J.; Schultz, R.S.; Oliver, N.B.; Langlois, D.K.
Hepatic copper concentrations in 546 dogs (1982-2015). ]. Vet. Intern. Med. 2018, 32, 1943-1950.

7. Webster, C.R.L.; Center, S.A.; Cullen, ].M.; Penninck, D.G.; Richter, K.P.; Twedt, D.C.; Watson, P.J. ACVIM
consensus statement on the diagnosis and treatment of chronic hepatitis in dogs. J. Vet. Intern. Med. 2019,
33, 1173-1200.

8.  Cedefio, Y.; Lopez-Alonso, M.; Miranda, M. Hepatic concentrations of copper and other metals in dogs
with and without chronic hepatitis. J. Small Anim. Pr. 2016, 57, 703-709.

9.  Deibel, M.A.; Ehmann, W.D.; Markesbery, W.R. Copper, iron, and zinc imbalances in severely degenerated
brain regions in Alzheimer’s disease: Possible relation to oxidative stress. J. Neurol. Sci. 1996, 143, 137-142.

10. Ward, RJ.; Zucca, F.A.; Duyn, J.H.; Crichton, RR.; Zecca, L. The role of iron in brain ageing and
neurodegenerative disorders. Lancet Neurol. 2014, 13, 1045-1060.



Animals 2020, 10, 1052 11 of 13

11.

12.

13.

14.

15.

16.
17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Vitale, S.; Hague, D.W.; Foss, K.; de Godoy, M.C.; Selmic, L.E. Comparison of Serum Trace Nutrient
Concentrations in Epileptics Compared to Healthy Dogs. Front. Vet. Sci. 2019, 6, 1-8.

Suttle, N.F. Mineral. nutrition of livestock: Fourth edition; 4th ed.; CABI: Wallingford, UK, 2010; ISBN
9781845934729.

NRC. Nutrient Requirements of Dogs and Cats; National Academies Press: Washington, DC, USA, 2006; ISBN
978-0-309-08628-8.

Luna, D.; Miranda, M.; Minervino, A.H.H.; Pifieiro, V.; Herrero-Latorre, C.; Lopez-Alonso, M. Validation
of a simple sample preparation method for multielement analysis of bovine serum. PLoS ONE 2019, 14,
e0211859.

Poulson, O.M.; Holst, E.; Christensen, ].M. Calculation and application of coverage intervals for biological
reference values (Technical Report). Pure Appl. Chem. 1997, 69, 1601-1611.

Puls R. Mineral. Levels in Animal Health, 2nd ed.; Sherpa International: Clearbrook, BC, Canada, 1994.
Mert, H.; Mert, N.; Dogan, I.; Cellat, M.; Yasar, S. Element status in different breeds of dogs. Biol. Trace Elem.
Res. 2008, 125, 154-159.

Tomza-Marciniak, A.; Pilarczyk, B.; Bgkowska, M.; Ligocki, M.; Gaik, M. Lead, cadmium and other metals
in serum of pet dogs from an urban area of NW Poland. Biol. Trace Elem. Res. 2012, 149, 345-351.
Zaccaroni, A.; Corteggio, A.; Altamura, G.; Silvi, M.; Di Vaia, R.; Formigaro, C.; Borzacchiello, G. Elements
levels in dogs from “triangle of death” and different areas of Campania region (Italy). Chemosphere 2014,
108, 62-69.

Dash, S.K; Singh, C.; Singh, G. Mineral status in female dogs with malignant mammary gland tumors fed
with different habitual diets. Explor. Anim. Med. Res. 2018, 8, 59-63.

Enginler, S.O.; Toydemir, T.S.F.; Ates, A.; Ozturk, B.; Erdogan, O.; Ozdemir, S; Kirsan, I.; Or, M.E.; Arun,
S.S.; Barutcu, U.B. Examination of oxidative/antioxidative status and trace element levels in dogs with
mammary tumors. Bulg. J. Agric. Sci. 2015, 21, 1086-1091.

Seyrek, K.; Karageng, T.; Pasa, S.; Kiral, F.; Atasoy, A. Serum Zinc, Iron and Copper Concentrations in Dogs
Infected with Hepatozoon canis. Acta Vet. Brno 2009, 78, 471-475.

Kazmierski, K.J.; Ogilvie, G.K.; Fettman, M.].; Lana, S.E.; Walton, J.A.; Hansen, R.A.; Richardson, K.L.;
Hamar, D.W.; Bedwell, C.L.; Andrews, G.; et al. Serum zinc, chromium, and iron concentrations in dogs
with lymphoma and osteosarcoma. J. Vet. Intern. Med. 2001, 15, 585-588.

Kim, MJ.; Oh, H]J,; Park, J.E,; Kim, G.A,; Park, EJ.; Jang, G.; Lee, B.C. Effects of mineral supplements on
ovulation and maturation of dog oocytes. Theriogenology 2012, 78, 110-115.

Soltanian, A.; Khoshnegah, J.; Heidarpour, M. Comparison of serum trace elements and antioxidant levels
in terrier dogs with or without behavior problems. Appl. Anim. Behav. Sci. 2016, 180, 87-92.

Forrer, R.; Gautschi, K.; Lutz, H. Simultaneous measurement of the trace elements Al, As, B, Be, Cd, Co, Cu,
Fe, Li, Mn, Mo, Ni, Rb, Se, Sr, and Zn in human serum and their reference ranges by ICP-MS. Biol. Trace
Elem. Res. 2001, 80, 77-93.

Herdt, T.H.; Hoff, B. The Use of Blood Analysis to Evaluate Trace Mineral Status in Ruminant Livestock.
Vet. Clin. North. Am. Food Anim. Pr. 2011, 27, 255-283.

Liu, N.; Lo, L.S. li; Askary, S.H.; Jones, L.T.; Kidane, T.Z.; Nguyen, T.T.M.; Goforth, J.; Chu, Y.H.; Vivas, E.;
Tsai, M,; et al. Transcuprein is a macroglobulin regulated by copper and iron availability. J. Nutr. Biochem.
2007, 18, 597-608.

Luna, D.; Lépez-Alonso, M.; Cedefio, Y.; Rigueira, L.; Pereira, V.; Miranda, M. Determination of Essential

and Toxic Elements in Cattle Blood: Serum vs Plasma. Animals 2019, 9, 465.



Animals 2020, 10, 1052 12 of 13

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.
44.

45.

46.

47.
48.

49.

Bhogade, R.B.; Suryakar, A.N.; Joshi, N.G. Effect of Hemodialysis on Serum Copper and Zinc Levels in
Renal Failure Patients. Eur. |. Gen. Med. 2013, 10, 154-157.

Nangliya, V.; Sharma, A.; Yadav, D.; Sunder, S.; Nijhawan, S.; Mishra, S. Study of Trace Elements in Liver
Cirrhosis Patients and Their Role in Prognosis of Disease. Biol. Trace Elem. Res. 2015, 165, 35—40.

Lin, C.C;; Huang, J.F; Tsai, L.Y.; Huang, Y.L. Selenium, iron, copper, and zinc levels and copper-to-zinc
ratios in serum of patients at different stages of viral hepatic diseases. Biol. Trace Elem. Res. 2006, 109, 15—
23.

Da Silva, A.S.; Franga, R.T.; Costa, M.M.; Paim, C.B. V.; Paim, F.C.; Santos, C.M.M,; Flores, E.M.M.; Eilers,
T.L.; Mazzanti, C.M.; Monteiro, S.G.; et al. Influence of Rangelia vitalii (Apicomplexa: Piroplasmorida) on
Copper, Iron, and Zinc Bloodstream Levels in Experimentally Infected Dogs. J. Parasitol. 2012, 98, 1018—
1020.

Strecker, D.; Mierzecki, A.; Radomska, K. Copper levels in patients with rheumatoid arthritis. Ann. Agric.
Environ. Med. 2013, 20, 312-316.

Zowczak, M.; Iskra, M.; Torlinski, L.; Cofta, S. Analysis of serum copper zinc concentrations in cancer
patients. Biol. Trace Elem. Res. 2001, 82, 1-8.

Harro, C.C.; Smedley, R.C.; Buchweitz, ].P.; Langlois, D.K. Hepatic copper and other trace mineral
concentrations in dogs with hepatocellular carcinoma. J. Vet. Intern. Med. 2019, 33, 2193-2199.

Panda, D.; Patra, R.C.; Nandi, S.; Swarup, D. Oxidative stress indices in gastroenteritis in dogs with canine
parvoviral infection. Res. Vet. Sci. 2009, 86, 36-42.

Sturniolo, G.C.; Di Leo, V.; Barollo, M.; Fries, W.; Mazzon, E.; Ferronato, A.; D'Inca, R. The many functions
of zinc in inflammatory conditions of the gastrointestinal tract. Proc. J. Trace Elem. Exp. Med. 2000, 13, 33—
39.

Alborough, R.; Grau-Roma, L.; de Brot, S.; Hantke, G.; Vazquez, S.; Gardner, D.S. Renal accumulation of
prooxidant mineral elements and CKD in domestic cats. Sci. Rep. 2020, 10, 3160.

Manuti, J.K.; Al-Rabii, F.G.; Khudayr, M.S. Serum concentration of molybdenum in chronic renal failure
patients requiring hemodialysis. J. Fac. Med. Baghdad 2011, 53, 393-395.

Rannem, T.; Ladefoged, K.; Hylander, E.; Hegnhgj, J.; Staun, M. Selenium depletion in patients with
gastrointestinal diseases: Are there any predictive factors? Scand. ]. Gastroenterol. 1998, 33, 1057-1061.
Kazantzis, G. Role of cobalt, iron, lead, manganese, mercury, platinum, selenium, and titanium in
carcinogenesis. Envion. Health Perspect. 1981, Vol. 40, 143-161.

Jensen, A.A.; Tuchsen, F. Cobalt exposure and cancer risk. Crit. Rev. Toxicol. 1990, 20, 427-439.

Suh, M.; Thompson, C.M.; Brorby, G.P.; Mittal, L.; Proctor, D.M. Inhalation cancer risk assessment of cobalt
metal. Regul. Toxicol. Pharm. 2016, 79, 74-82.

Wu, T.; Sempos, C.T.; Freudenheim, J.L.; Muti, P.; Smit, E. Serum iron, copper and zinc concentrations and
risk of cancer mortality in US adults. Ann. Epidemiol. 2004, 14, 195-201.

Fonseca-Nunes, A.; Jakszyn, P.; Agudo, A. Iron and cancer risk-a systematic review and meta-analysis of
the epidemiological evidence. Cancer Epidemiol. Biomark. Prev. 2014, 23, 12-31.

Ho, E. Zinc deficiency, DNA damage and cancer risk. J. Nutr. Biochem. 2004, 15, 572-578.

Khayyatzadeh, S.S.; Maghsoudi, Z.; Foroughi, M.; Askari, G.; Ghiasvand, R. Dietary intake of Zinc, serum
levels of Zinc and risk of gastric cancer: A review of studies. Adv. Biomed. Res. 2015, 4, 118.

Purello D’ambrosio, F.; Bagnato, G.F.; Guarneri, B.; Musarra, A.; Di Lorenzo, G.; Dugo, G.; Ricciardi’, L.
The role of nickel in foods exacerbating nickel contact dermatitis. Allergy Eur. ]. Allergy Clin. Immunol. 1998,
53, 143-145.



Animals 2020, 10, 1052 13 of 13

50. Torres, F.; Das Gragas, M.; Melo, M.; Tosti, A. Management of contact dermatitis due to nickel allergy: An
update. Clin. Cosmet. Investig. Derm. 2009, 2, 39-48.

51. Leis Dosil, V.M.; Cabeza Martinez, R.; Suarez Fernandez, R.M.; Lazaro Ochaita, P. Allergic contact
dermatitis due to manganese in an aluminium alloy. Contact Dermat. 2006, 54, 67-68.

52. Tuchinda, P.; Liu, Y.; Tammaro, A.; Harberts, E.; Goldner, R.; Gaspari, A.A. Resolution of occupational
dermatitis related to manganese exposures. Dermatitis 2014, 25, 280-281.

53. Gangz, T. Iron and infection. Int. |. Hematol. 2018, 107, 7-15.

54. Murray-Kolb, L.E. Iron and brain functions. Curr. Opin. Clin. Nutr. Metab. Care 2013, 16, 703-707.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
|@ @ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).




