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OsiecTives: Increased whole blood manganese concentrations have been reported in humans with pri-
mary liver disease. Due to the neurotoxic effects of manganese, altered manganese homeostasis has
been linked to the development of hepatic encephalopathy. Whole blood manganese concentrations
are increased in cases of canine congenital portosystemic shunts, but it remains unclear whether
dogs with primary hepatopathies also have altered manganese homeostasis.

MetHops: Whole blood manganese concentrations were measured by graphite furnace atomic absorp-
tion spectrometry in 21 dogs with primary hepatitis, 65 dogs with a congenital portosystemic shunt,
31 dogs with non-hepatic ilinesses and 18 healthy dogs.

Resuts: The whole blood manganese concentrations were significantly different between dogs with pri-
mary hepatitis, dogs with non-hepatic ilinesses and healthy dogs (P=0:002). Dogs with primary hepa-
titis had significantly increased whole blood manganese concentrations compared with healthy dogs
(P<0-05) and dogs with non-hepatic illnesses (P<0-01). Dogs with primary hepatitis had significantly
lower whole blood manganese concentration compared with dogs with congenital portosystemic
shunts (P=0-0005).

CunicaL SiaNIFicance: Dogs with primary hepatopathies have increased concentrations of whole blood
manganese although these concentrations are not as high as those in dogs with congenital portosys-
temic shunts. The role of altered manganese homeostasis in canine hepatic encephalopathy is worthy
of further study.
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INTRODUCTION in dogs, with one study reporting a clinical prevalence of 0-5%
(Poldervaart ez al. 2009). Primary hepatitis may be divided into
acute and chronic forms, as well as lobular dissecting, granu-
) > < ] ) ) lomatous and eosinophilic hepatitis as defined by the WSAVA
hepatic pe'lrenchyma (consisting of the functional unit of liver according to histological criteria (Van den Ingh er /. 2006). Of
lobule, Michalopoulos 8 DeFrances 1997), apart from those due | these, chronic hepatitis appears the most common (Poldervaart
to distant endotoxin release (Rothuizen & van den Ingh 1998, | e 4l 2009). The clinical prevalence of chronic hepatitis may
Van den Ingh et al. 2006). Primary hepatitis is well recognised | be an underestimate because post-mortem examination of 200

Primary hepatitis includes all inflammatory disorders of the
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unselected dogs detected the presence of chronic hepatitis in 12%
of dogs (Watson et al. 2010). In contrast to human medicine,
where the type of hepatitis is defined by the inciting cause, few
causes of chronic hepatitis have been identified in the dog, and
the majority of cases are considered idiopathic (Watson 2004).
As a result, treatment is symptomatic (Watson 2004) and the
prognosis for dogs with chronic hepatitis is poor with a reported
median survival time of 18-3 months (Poldervaart er /. 2009).
One of the most serious consequences of primary hepatitis is the
development of hepatic encephalopathy which can cause signifi-
cant morbidity (Rothuizen 2009).

The liver has a key role in regulation of many trace elements
and various trace element abnormalities have been document-
ed in cases of canine chronic hepatitis (Schultheiss ez /. 2002,
Pressler ez al. 2010). Copper metabolism has been investigated
most extensively and increased hepatic copper concentrations
have been shown to be both a cause and effect of chronic hepa-
titis. In Bedlington terriers, a primary genetic defect results in
copper accumulation within the hepatic parenchyma and subse-
quent hepatitis due to oxidative damage (Haywood ez al. 1996).
Conversely, chronic hepatitis can result in reduced biliary excre-
tion of copper and increased hepatic parenchymal concentra-
tions (Hoffmann e# /. 2009). Similarly, increased hepatic iron
concentrations have also been documented in naturally occur-
ring and experimental canine chronic hepatitis (Fuentealba ez 4/.
1997, Schultheiss ez al. 2002, Soubasis et al. 2006). Zinc has
been shown to be an effective treatment for copper-associated
hepatitis and hepatic and biliary zinc concentrations have been
investigated in canine chronic hepatitis (Schultheiss ez 2/. 2002,
Hoffmann et al. 2009, Pressler et al. 2010).

The impact of primary hepatic disease on the metabolism of
other trace elements is less well understood in dogs. In particular,
the liver plays a pivotal role in manganese (Mn) metabolism as
the majority of gastrointestinally absorbed Mn is removed by the
liver and excreted into bile such that only approximately 2% of
absorbed Mn reaches the systemic circulation (Aschner & Asch-
ner 2005). One experimental study showed that healthy dogs fed
large quantities of Mn daily for 16 months showed no ill-effects
and no appreciable increase in blood Mn concentrations. On
post-mortem examination, liver and bile had the highest con-
centrations of Mn (Reiman & Minot 1920). Although Mn is an
essential mineral, Mn toxicity has been reported in humans and
also in experimental animal models (Keen ez 2/ 2000). Stud-
ies in humans have shown increased blood Mn concentrations
and Mn deposition in the central nervous system (CNS) in cases
of hepatic insufficiency (Versieck et al. 1974, Rose et al. 1999,
Mizoguchi ez al. 2001, Tuschl ez al. 2008). The deposition of
Mn in the CNS is considered to play a role in hepatic encepha-
lopathy and a direct relationship has been demonstrated between
blood Mn concentration, magnetic resonance imaging (MRI)
hyperintensity consistent with Mn deposition and severity of
encephalopathic score in humans (Layrargues ez al. 1995, Spahr
et al. 1996). In the CNS, Mn is preferentially stored in astrocytes
such that their Mn concentrations may be up to approximately
200 times the extracellular concentrations (Tholey ez 2l 1988).
Astrocytes are the major cell implicated in the development of
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hepatic encephalopathy and dysfunction of the astrocyte by Mn
is thought to contribute to this (Shawcross & Jalan 2005, Hazell
et al. 20006).

There have been only a small number of studies which have
investigated the role of Mn in canine liver disease. MRI of 13
dogs and 3 cats with a congenital portosystemic shunt (cPSS)
detected hyperintense focal areas in the lentiform nuclei which
were considered to be consistent with Mn deposition, although
neither blood nor tissue Mn concentrations were assessed (Torisu
et al. 2005). In support of this hypothesis, a single case has been
reported of a Yorkshire terrier with a ¢cPSS and a compatible
hyperintense lentiform nucleus which had an increased concen-
tration of Mn in this area on post-mortem examination (Torisu
et al. 2008). A recent study demonstrated that whole blood Mn
concentrations are increased in cases of canine cPSS (Gow ez al.
2010). However, it remains unclear whether dogs with primary
hepatitis have altered Mn homeostasis.

The central hypothesis of this study was that dogs with pri-
mary hepatitis have altered Mn homeostasis. The aim was to
compare whole blood Mn concentrations in dogs with primary
hepatitis with concentrations in healthy dogs and in dogs with
non-hepatic illness. A second hypothesis was that dogs with pri-
mary hepatopathies would not have such profound disturbances
of Mn homeostasis as in dogs with a ¢PSS. This was investigated
by comparing whole blood Mn concentrations in dogs with a
primary hepatopathy and those with a cPSS.

MATERIALS AND METHODS

Study population

Cases of primary hepatitis, defined as dogs with increased fast-
ing bile acid concentrations, and histopathological confirmation
of primary hepatitis from samples collected by either biopsy or
post-mortem examination were considered eligible for inclusion
into the study. Disease was classified according to WSAVA crite-
ria (Van den Ingh ¢z al. 2006). The type of diet during the past 7
days was noted for each dog. Consecutive cases of dogs with non-
hepatic illness, defined as dogs with illness warranting diagnostic
investigations including serum biochemistry which had serum
concentrations of albumin, alanine aminotransferase (ALT), fast-
ing bile acid concentrations and bilirubin within their respective
reference intervals, were enrolled into the study. Dogs with cPSS
confirmed by ultrasonography and/or portovenography were
also enrolled. Consecutive cases of healthy dogs, defined as dogs
which were considered healthy by their owners and had a normal
physical examination when blood sampled for an unrelated pri-
mary reason (rabies serology or PCV check before blood dona-
tion), were also enrolled into the study.

Sampling methods

Whole blood samples were collected from fasted animals. Surplus
blood collected via a 21g 5/8” hypodermic needle from the jug-
ular vein for clinical diagnostic purposes was placed into com-
mercial 1.3 mL Ethylenediaminetetraacetic acid (EDTA) tubes
and retained for Mn measurement. All EDTA samples were
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frozen within 4 hours of collection and stored at -70°C undil
they were transported on dry ice to the Scottish Trace Element
and Micronutrient Reference Laboratory. Manganese concentra-
tions were determined in whole blood by graphite furnace atomic
absorption spectrometry after dilution with Triton X-100 solu-
tion. The inter-assay coefficient of variation (CV) was 3-1% and
the intra-assay CV was 5-4%.

The study was approved by the University of Edinburgh Eth-

ics Research Committee and owner consent was obtained.

Statistical analysis

Manganese concentrations, and differences in age, were com-
pared between the dogs with primary hepatitis, hospitalised ill
dogs and healthy dogs by a Kruskal-Wallis test with post-test
Dunn’s multiple comparison test. Manganese concentrations
were compared between dogs with primary hepatitis and a cPSS
by a Mann-Whitney U test. The presence of correlation between
Mn concentrations and biochemical values and age was evalu-
ated by Spearman Rank Correlation test. Statistical analysis was
performed with a commercial software package (GraphPad Prism
version 5.0 for Windows; GraphPad Software) with P<0-05 con-
sidered significant. Non-parametric testing was done because of
the size of the groups under analysis.

RESULTS

The group of dogs with non-hepatic illness comprised 31 dogs
(19 different breeds, 2 crossbreeds, 4 male entire, 10 male
neutered, 13 female neutered, 4 female entire, mean age 59-5
months, range 5 to 132 months). The disease categories were
nasal disease (n=5), inflammatory disease (n=4), orthopaedic
abnormalities (n=4), lower urinary tract disorders (n=6), poor
body condition/exercise intolerance (n=5), chronic renal failure
(n=2), focal neoplasia (n=2) and one each of ovarian remnant
syndrome, congenital cardiac disease and rodenticide exposure.
Blood samples from healthy dogs were obtained from 16 blood
donors and 2 dogs during rabies serology sampling (10 differ-
ent breeds, one crossbreed, 4 male entire, 11 male neutered, 3
female neutered, mean age 57 months, range 24 to 120 months).
Sixty-five dogs with cPSS (25 breeds, 8 crossbreeds, 21 male
entire, 10 male neutered, 26 female entire, 8 female neutered,
mean age 19 months, range 3 to 96 months) were also enrolled.
Twenty-one dogs diagnosed with primary hepatic disease were
enrolled (10 different breeds, 6 crossbreeds, 4 male entire, 7 male
neutered, 10 female neutered, mean age 84 months, range 6 to
180 months). Eight were confirmed from samples collected dur-
ing post-mortem examination, and four by using a percutane-
ous spring-loaded biopsy instrument. Nine were collected by
surgical biopsy techniques. Eighteen cases were diagnosed with
chronic hepatitis, two cases with dissecting lobular hepatitis and
one case with cirrhosis. Only one case was being fed a diet for-
mulated for liver disease at the time of sampling. The other 20
dogs were fed a standard proprietary dog food or home cooked
diet. The dogs with non-hepatic illnesses and healthy dogs were
fed a range of commercial non-clinical diets. There were no
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FIG 1. Whole blood manganese concentrations (nmol/L) in dogs with
primary hepatitis (liver), dogs with non-hepatic illness (hospitalised)
and healthy dogs (healthy)
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FIG 2. Whole blood manganese concentrations (nmol/L) in dogs with
primary hepatitis (liver) and dogs with a congenital portosystemic shunt
(cPSS)

significant differences between the age of the dogs in the healthy,
non-hepatic illness and primary hepatic disease groups (P=0-67).

There was a significant difference in Mn concentrations
between dogs with primary hepatic disease, dogs with non-
hepatic illness and healthy dogs (P<0.002, Fig 1). Post test
analysis revealed that there was no difference in Mn concentra-
tions between dogs with non-hepatic illness and healthy dogs
but a significant difference in Mn concentration between dogs
with primary hepatic disease and dogs with non-hepatic illness
(P<0-01) and dogs with primary hepatic disease and healthy dogs
(P<0-05). In the primary hepatic disease group, there was no cor-
relation between Mn and fasting bile acid concentrations (r=0-25,
P=0.28), Mn and albumin concentration (r=-0-19, P=0.41),
Mn and ALT activity (=-0-20, P=0-39), Mn and prothrombin
time (r=0-18, P=0-48), Mn and activated thromboplastin time
(r=0-35, P=0-16) or Mn and bilirubin concentrations (r=0.07,
P=0-77).
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Dogs with primary hepatitis had significantly lower whole
blood Mn concentration compared to dogs with cPSS (median
values 1101 and 2026 nmol/L, respectively, P=0-0005; Fig 2).
There was a significant difference in age between the cPSS (medi-
an age six months) and primary hepatitis groups (median age 84
months) (P<0-0001).

DISCUSSION

The central finding of this study was that whole blood Mn con-
centrations were significantly higher in dogs with primary hepatic
disease compared to both healthy dogs and dogs with non-hepatic
illness. Taken together with an earlier study, which reported that
dogs with cPSS had increased Mn concentrations, it is clear that
dogs with either primary vascular or primary hepatic disease fre-
quently have disturbed Mn homeostasis (Gow et al. 2010). The
first-pass excretion of gastrointestinally absorbed Mn relies on
efficient delivery through the portal circulation, and both func-
tional hepatocytes and a functional biliary system. Dysfunction
of any one of these three components will potentially increase
delivery of Mn to the systemic circulation (Krieger ¢z al. 1995,
Rose ez al. 1999). Chronic hepatitis and lobular dissecting hepa-
titis commonly result in dysfunction of all three components:
hepatocyte loss by definition in chronic hepatitis, cholestasis
due to hepatic architecture disruption of the biliary system and,
because of increased portal pressure, recruitment of portosystemic
collateral vessels (Rothuizen 2009). Consequently, it is techni-
cally challenging to establish the relative importance of primary
parenchymal diseases, cholestasis and portosystemic shunting on
Mn metabolism. This issue has been partially addressed in exper-
imental models of liver disease, a study of CNS Mn deposition in
the rat found that rats with induced portocaval shunts had higher
concentrations than rats with induced cirrhosis. The shunting
percentage was 100% for induced shunts, whereas cirrhotic rat
shunting percentage ranged from 29 to 100% (Rose ez al. 1999).
One clinical study of humans with cirrhosis demonstrated that
all nine patients with hyperintense lesions on MRI had shunting
vessels compared to only 2 of 17 patients with no lesions on MRI
(Inoue et al. 1991). In this study, the finding that whole blood
Mn concentrations were significantly higher in dogs with cPSS
compared to dogs with primary hepatopathy would suggest that
shunting vessels have an important role in the pathogenesis of
hypermanganesaemia. A further study investigating any correla-
tion between whole blood Mn concentrations with the percent-
age shunting in dogs with primary hepatitis would further clarify
this hypothesis.

Investigation of whole blood Mn concentrations in cases of
acute hepatitis may help define the contribution of hepatic dys-
function per se to increased Mn concentrations. One study of
acute hepatitis in humans demonstrated increased serum con-
centrations of Mn in acute hepatitis and found a correlation with
activity of serum ALT in both acute and chronic hepatitis which
may suggest that hepatic dysfunction rather than development
of portosystemic shunting was responsible for the increased sys-
temic concentrations of Mn in these cases (Versieck et al. 1974).
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Determination of systemic whole blood Mn concentrations in
cases of extra-hepatic cholestasis would also be useful to assess
the contribution of biliary dysfunction to increased systemic Mn
concentrations.

Manganese and iron metabolism are intimately linked. Both
metals use divalent metal transporter 1 (DMT1) for absorption
from the gastrointestinal tract and also transport into the CNS
(Garrick er al. 2003). DMTT1 expression in both is regulated by
iron status via hepcidin (Brasse-Lagnel ez a/l. 2011, Li ez al. 2011).
Deficiency of iron has been shown to increase CNS Mn uptake
whilst iron overload decreases Mn uptake (Aschner & Aschner
1990). Hepcidin is mainly produced by hepatocytes and is up-
regulated in response to inflammation (Park ez a/. 2001, Nicolas
et al. 2002). Because chronic hepatitis (by definition) and to a
lesser extent lobular dissecting hepatitis have an inflammatory
component, it would be expected that hepcidin may be up-regu-
lated and this, in turn, would reduce gastrointestinal absorption
of Mn (Rothuizen 2006). In converse, loss of hepatocytes would
reduce the liver’s ability to produce hepcidin and thus potentially
remove negative regulation of DMT1 expression. In support of
this, serum hepcidin and prohepcidin concentrations have been
found to be lower in humans with chronic hepatitis C compared
to healthy controls and correlate with fibrosis (Jaroszewicz et al.
2008, Tsochatzis ez al. 2010). Therefore, it is likely that the
confounding interplay of inflammation, reduced hepatic func-
tion, effects of iron status on hepcidin expression and therefore
gastrointestinal Mn uptake, may all play a role in the variation
in Mn concentrations found in the primary hepatopathy group.

In the primary hepatitis group, 5 dogs had whole blood Mn
concentrations which were markedly elevated whilst the remain-
ing 16 had similar concentrations to the non-hepatic illness and
healthy groups. This apparent split may be due to a difference
in hepatic reserve, or as stated above, due to differing shunt frac-
tions, and larger studies to assess if histological severity and/or
shunting fraction correlated with Mn concentrations would be
informative.

The main pathological consequence of increased Mn con-
centrations in hepatic disorders is considered to be neurologi-
cal dysfunction. The exact mechanism by which Mn causes
encephalopathy is unclear although there are both in vitro and
in vivo studies which suggest that many of the effects are cen-
tred on the astrocyte, a key cell in the development of hepatic
encephalopathy (Prakash & Mullen 2010). Astrocytes have
been shown to have a high affinity transport mechanism for
Mn and cytoplasmic Mn accumulation causes Alzheimer type
IT changes, which are recognized in post-mortem examination
of human hepatic encephalopathy patients (Hazell ez /. 2006,
Rama Rao ez al. 2007). Experimental studies have demonstrated
a wide variety of potential toxic effects of Mn on the astrocyte,
including potentiating the effect of ammonia as well as impairing
their glutamate transport (Jayakumar ez /. 2004). Glutamate is
the main excitatory neurotransmitter in the brain, and astrocyte
uptake is the main method of removal from the synaptic cleft.
Glutamate is then converted to glutamine by the astrocyte before
being recycled back to the neuron. Inhibition of the astrocyte
glutamate transporter GLT-1 by Mn prevents this inactivation
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and recycling, potentially causing increased concentrations of
the neurotransmitter in the synaptic cleft (Hazell & Butterworth
1999). Astrocyte mitochondrial dysfunction and induction of
peripheral-type benzodiazepine receptors (PTBR, now termed
translocator protein) with increased ligand binding have also
been reported with increasing concentrations of Mn (Hazell
et al. 1999, Yin et al. 2008, Ahboucha 2011). Activation of the
PTBR causes neurosteroid production, which is also implicated
in astrocyte dysfunction and hepatic encephalopathy (Hazell &
Butterworth 1999, Ahboucha 2011).

The finding that Mn concentrations are increased in some
dogs with primary hepatopathies may be therapeutically relevant
since chelation treatment with para-aminobenzoic acid and diso-
dium edetate has been used successfully in human cases of Mn
toxicity (Ky et al. 1992, Herrero Hernandez et al. 2006). This
has led to the suggestion that it may be of use in controlling Mn
and thus hepatic encephalopathy in humans and dogs (Riordan
& Williams 1997, Torisu ez al. 2008, Tuschl ez al. 2008). In sup-
port of this, Park ez al. (2008) used trientine chelation therapy in
one human case of chronic hepatic disease with acquired porto-
systemic shunting and hepatic encephalopathy. Following treat-
ment there was a decrease in whole blood Mn concentrations
and a reduction in CNS MRI hyperintensity which was thought
to be consistent with a reduction in CNS Mn deposition. These
findings correlated with a reported marked improvement in clini-
cal signs.

Conclusion

This study demonstrates that whole blood Mn concentrations
are increased in dogs with primary hepatitis. The prognostic
significance of increased Mn concentrations, correlation with
severity of histopathological changes or acquired shunting frac-
tion and the relationship between Mn and severity of hepatic
encephalopathy in dogs is deserving of further study.
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