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Abstract

Introduction Phenobarbital is a commonly used anticonvulsant for the treatment of canine epileptic seizures. In addition to
its central nervous system (CNS) depressing effects, long-term phenobarbital administration affects liver function. However,
broader metabolic consequences of phenobarbital treatment are poorly characterized.

Objectives To identify metabolic changes in the sera of phenobarbital-treated dogs and to investigate the relationship between
serum phenobarbital concentration and metabolite levels.

Methods Leftovers of clinical samples were used: 58 cases with phenobarbital concentrations ranging from 7.8 pug/mL to
50.8 ug/mL, and 25 controls. The study design was cross-sectional. The samples were analyzed by a canine-specific 'H NMR
metabolomics platform. Differences between the case and control groups were evaluated by logistic regression. The linear
relationship between metabolite and phenobarbital concentrations was evaluated using linear regression.

Results Increasing concentrations of glycoprotein acetyls, LDL particle size, palmitic acid, and saturated fatty acids, and
decreasing concentrations of albumin, glutamine, histidine, LDL particle concentration, multiple HDL measures, and polyun-
saturated fatty acids increased the odds of the sample belonging to the phenobarbital-treated group, having a p-value <.0033,
and area under the curve (AUC) >.7. Albumin and glycoprotein acetyls had the best discriminative ability between the groups
(AUC: .94). No linear associations between phenobarbital and metabolite concentrations were observed.

Conclusion The identified metabolites are known to associate with, for example, liver and CNS function, inflammatory
processes and drug binding. The lack of a linear association to phenobarbital concentration suggests that other factors than
the blood phenobarbital concentration contribute to the magnitude of metabolic changes.
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1 Introduction

Phenobarbital is a barbiturate drug commonly used as
an anticonvulsant in the treatment of canine epilep-
tic seizures. The antiepileptic function of phenobarbi-
tal is mainly mediated by postsynaptic inhibition via

< Claudia Ottka
claudia.ottka@helsinki.fi
1" PetBiomics Ltd., Helsinki, Finland

Department of Veterinary Biosciences, University
of Helsinki, Helsinki, Finland

Department of Medical and Clinical Genetics, University
of Helsinki, Helsinki, Finland

4 Folkhilsan Research Center, Helsinki, Finland
5 LABOKLIN GmbH & Co KG, Bad Kissingen, Germany

GABA ,-receptors (Twyman et al., 1989). Phenobarbital
prolongs the opening of postsynaptic chloride channels
evoked by gamma-aminobutyric acid (GABA), hyperpo-
larizing the cell membrane, and thus reducing neuronal
excitability (Twyman et al., 1989). When used in larger
than antiepileptic doses, phenobarbital works as a sedative
by inhibiting calcium uptake at nerve endings (Heyer &
Macdonald, 1982), and inhibiting the release of the neuro-
transmitters acetylcholine, norepinephrine, and glutamate
(de Boer et al., 1982). The most common form of pheno-
barbital treatment in dogs is long-term treatment using
daily oral dosage, although it is also used intravenously
in acute cases.

In addition to its actions as a central nervous system
(CNS) depressant, phenobarbital causes multiple meta-
bolic alterations, especially during long-term treatment.
Extended phenobarbital treatment causes widespread
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«Fig. 1 Study workflow. Rounded boxes include information on mate-
rials, boxes information on methods. Black points represent sam-
ple characteristics, and circles represent data handling procedures.
Arrows represent statistical analyses

changes in liver function, affecting the expression of over
50 different genes in liver cells (Frueh et al., 1997). The
activity of multiple hepatic enzymes, such as alanine ami-
notransferase (ALT), alkaline phosphatase (ALP), and
gamma-glutamyl transferase (GGT), is often increased
during phenobarbital treatment (Miiller, Taboada, et al.,
2000; Miiller, Wolfsheimer, et al., 2000). Increased hepatic
metabolism affects for example circulating thyroid hor-
mone levels by decreasing total and free thyroxine, and
increasing thyrotropin (Miiller et al., 2000; Miiller, Wolf-
sheimer, et al., 2000). Since phenobarbital causes changes
in liver function, hepatotoxicity is a possible adverse effect
of phenobarbital treatment, especially when using high
phenobarbital doses with serum phenobarbital concentra-
tions higher than 40 pg/mL (Dayrell-Hart et al., 1991).

The activation of hepatic enzymes, such as cytochrome
P450, also affects the metabolism of multiple drugs, caus-
ing phenobarbital treatment to have multiple drug interac-
tions. One of the most important drug interactions is the
altered metabolism and increased clearance of phenobar-
bital, itself (Ravis et al., 1989). This may cause serum
phenobarbital levels to fall below the advised therapeutic
range during the course of treatment. Thus, serum pheno-
barbital levels are recommended to be evaluated regularly
(Podell et al., 2016).

Although it is known that phenobarbital treatment has
widespread metabolic effects, metabolomics studies of the
downstream effect of phenobarbital treatment are scarce.
This study aims to evaluate the presence of systemic meta-
bolic effects of phenobarbital treatment in dogs using a
targeted nuclear magnetic resonance (NMR) metabolomics
approach and to discuss the potential significance of these
findings on treatment safety and efficacy.

2 Materials and methods

The workflow of the study is presented in Fig. 1. The study
was performed as a case—control study using leftovers of
clinical serum samples.

2.1 Samples

The samples consisted of sample material that was left over
from laboratory analyses ordered in the patient’s benefit and
submitted to a single laboratory provider (Laboklin GmbH &
Co KG, Bad Kissingen, Germany). Signalment data limited

to age, breed, and sex were available for the samples, but
no clinical information or information on sample handling
before and during shipment to the laboratory was available.

The case group was based on 76 serum samples submitted
for the determination of serum phenobarbital concentration.
To reduce the possible confounding effects of potassium bro-
mide medication, we excluded samples, where the determi-
nation of potassium bromide concentration was also ordered.
The control group consisted of 25 leftover serum samples
with standard clinical chemistry within reference intervals.

Upon arrival to the laboratory, leftover sample material
was aliquoted and stored at —20 °C for up to 14 days, and
shipped to NMR analysis on cool packs. The samples were
analyzed by a validated, quantitative, canine-specific 'H
NMR-based metabolomics platform quantifying 123 meas-
urands with level 1 metabolite identification (Ottka et al.,
2019). The fatty acids included in the platform are quanti-
fied as serum total fatty acids, including fatty acids in their
esterified form. Fatty acid quantification using this method
does not require additional sample pretreatment.

2.2 Statistical analysis

The data were evaluated for outliers outside two standard
deviations of the mean, and the need for their exclusion was
reviewed. Missing values were imputed with the mean and
the data were scaled to standard deviation (SD) units using
z-score scaling.

Due to the intercorrelation of the measurands, Bonferroni
correction was conducted based on the number of princi-
pal components explaining 95% of the variation in the data
(Wurtz et al., 2017), a method which has become standard
practice in the field. The justification behind this procedure
is, that since Bonferroni correction is designed for independ-
ent tests, it is too stringent for intercorrelated measurands
(Wang et al., 2015). However, principal component analysis
can be used to break the intercorrelated measurands into
uncorrelated variables (Wang et al., 2015). Fifteen princi-
pal components explained 95% of the variation in the data
(Fig. 2), resulting in a significance threshold of P <0.0033
(0.05/15).

To determine measurand association with phenobarbital
treatment, we created separate logistic regression mod-
els for each measurand. The case—control status served as
the response variable and the individual metabolite as the
dependent variable. All models were adjusted for age and
sex. We used the odds ratio and its’ confidence intervals
(CD) to determine the strength of measurand association to
phenobarbital treatment. Since the odds ratio corresponds
to the change in odds of the outcome per one unit of the
variable, and since the data was scaled to SD units, a one-
unit increase in the odds ratio corresponds to a change in
metabolite concentration in the magnitude of one standard
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Fig.2 Cumulative percentage of variance explained by each component in principal component analysis

deviation. Predictive value of the models with significant
(P <0.0033) measurand association to phenobarbital treat-
ment was assessed using the area under the curve (AUC).
A high (£1) AUC indicates better predictive value of the
model, with 0.7 being the threshold for fair, 0.8 for good,
and 0.9 for an excellent model.

In clinical practice, patient results are evaluated in
untransformed units against reference intervals. We cre-
ated box plots using the untransformed data to visualize
the differences between the original values in pheno-
barbital-treated dogs and controls. To visualize whether
changes in measurand concentrations in phenobarbital-
treated dogs would be visible in clinical practice based on
reference intervals, we included serum reference intervals
of the NMR method (Ottka et al., 2019) to the box plots.

We performed multivariate logistic regression with
forward stepwise selection to determine the measurands
with the highest discriminative ability between pheno-
barbital-treated dogs and controls while adjusting for age
and sex. First, we added the measurand with the smallest
p-value in the logistic regression models created for single
measurands. Then, the measurand with the second small-
est p-value was added. This procedure was repeated until
no additional measurands gained statistical significance
(P<0.0033).

We fitted linear regression models for all measurands
to assess, whether metabolic changes are linearly associ-
ated with the serum phenobarbital concentration. The
serum phenobarbital concentration served as the response
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variable, individual metabolites as dependent variables, and
each model was adjusted for age and sex. The significance
threshold was P <0.0033.

Statistical analyses were carried out using IBM SPSS
Statistics for Windows, version 25 (IBM Corp., Armonk,
N.Y., USA) and Microsoft Office Excel, Microsoft Corp.,
Redmond, WA, US.

3 Results
3.1 Sample characteristics

We studied the metabolic changes associated with phe-
nobarbital treatment using a case group of leftovers of
clinical samples submitted for serum phenobarbital con-
centration determination. Seven case group samples had
glucose concentrations under 2.5 mmol/L, and three had
missing glucose results with lactate over 5.5 mmol/L.
These samples were removed from further analyses. The
resulting case group consisted of 58 samples with serum
phenobarbital concentrations ranging from 7.8 pg/mL to
50.8 pg/mL, with a mean of 21.7 ug/mL (Table 1). The
control group consisted of 25 samples with standard clini-
cal chemistry within reference intervals. The age and sex
distributions were similar in both groups. Both groups
consisted of a large variety of different breeds, with no
single breed dominating in either group (Table 2). Mixed
breed dogs accounted for 25.9% of the case group, and
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Table 1 Sample characteristics

n  Mean phenobarbi- % Males/females

tal (range) ug/mL

Mean age
years (range)

Controls 25 NA
Cases 58 21.7 (7.8-50.8)

7 (1-15)
7 (1-14)

64/36
60/40

Sample characteristics of the case (n=58) and control (n=25)
groups. Sex was unknown for 5 case group and 3 control group sam-
ples, and age was unknown for 3 case group samples, and 1 control
group sample

Table 2 Breed distributions in the case and control groups

Cases (n=58) Controls (n=25)

Breed % Breed %
Mixed breed 25.9 Mixed breed 24.0
Labrador retriever 8.6 Unknown 12.0
Poodle 6.9 Akita inu 4.0
Yorkshire terrier 6.9 Beagle 4.0
Chihuahua 5.2 Bearded collie 4.0
French bulldog 5.2 Boston terrier 4.0
Australian shepherd 3.4 French bulldog 4.0
Beagle 3.4 German shepherd 4.0
Bolonka zwetna 3.4 Giant dane 4.0
Cairn terrier 3.4 Irish terrier 4.0
Dachshound 3.4 Islandic hound 4.0
German shepherd 3.4 Magyar vizsla 4.0
Golden retriever 3.4 Miniature schnauzer 4.0
Bolonka Zwetna 1.7 Rhodesian ridgeback 4.0
Border Collie 1.7 Swiss Hound—Jura Hound 4.0
Cavalier King Charles 1.7 Swiss shepherd 4.0
spaniel
Maremmo sheepdog 1.7 West Highland white 4.0
terrier
Miniature Australian 1.7 Yorkshire terrier 4.0
shepherd

Parson Jack Russell terrier 1.7

Pug 1.7

Schnauzer 1.7

Swiss Mountain dog 1.7

Unknown 1.7

24.0% of the control group samples. The remaining case
group samples consisted of samples from 21 different
breeds, and the control group consisted of samples from
16 different breeds. Breed was unknown for three control
group samples and one case group sample.

3.2 Albumin, glycoprotein acetyls, saturated
fatty acids, amino acids, and lipoproteins are
associated with phenobarbital treatment

We created separate logistic regression models for all 123
measurands to assess, whether measurand concentrations
differ between the phenobarbital-treated group and con-
trol group (Online Resource 1). Albumin, glycoprotein
acetyls, relative concentrations of palmitic acid and total
saturated (SFA) and polyunsaturated fatty acids (PUFA),
the amino acids glutamine and histidine, as well as sev-
eral HDL and LDL lipoprotein measures were associ-
ated with phenobarbital treatment (P <0.0033) and the
predictive values of these models was fair to good (AUC
0.73-0.82) (Table 3). Increasing concentrations of gly-
coprotein acetyls (OR=38.9, CI 2.7-29.4), LDL particle
size (OR=3.4, CI 1.6-6.9), and relative concentrations of
palmitic acid (OR =4.6, CI 2.0-10.6) and SFA (OR =3.2,
CI 1.6-6.6) increased the odds of the sample belonging
to the phenobarbital-treated group. Conversely, increasing
concentrations of albumin (OR =0.19 CI 0.08-0.43), glu-
tamine (OR =0.34, CI 0.18-0.64), histidine (OR =0.42,
CI 0.24-0.75), LDL particle concentration (OR=0.41, CI
0.24-0.72), multiple HDL measures including HDL cho-
lesterol (OR =0.35, CI 0.19-0.66), and the relative con-
centration of PUFA (OR =0.29, CI 0.13-0.64) decreased
the odds of the sample belonging to the phenobarbital-
treated group. Sex and age were not significantly associ-
ated with case—control status in any of the models.

Box plots of the untransformed data were created to vis-
ualize the observed changes in original values compared
to analysis reference intervals (Ottka et al., 2019) (Fig. 3,
Online Resource 1). Case group medians of glycoprotein
acetyls, total saturated fatty acids %, palmitic acid %, and
glutamine were outside analysis reference intervals.

3.3 Albumin and glycoprotein acetyls together
have the highest discriminative ability
between the phenobarbital-treated group
and the control group

The model with the best discriminative ability between
the phenobarbital-treated group and the control group was
determined by performing multivariate logistic regression
with forward stepwise selection. Albumin and glycopro-
tein acetyls were identified as the best discriminators
between the case and control groups, while age and sex
were insignificant as predictors (Table 4). The receiver
operating characteristic (ROC) curve analysis using this
model produced an AUC of 0.922, indicatig excellent pre-
dictive ability for the model (Fig. 4).
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Table 3 Measurands associated  \15qyrang SE P Odds ratio (CI)  SD AUC (CI)

with phenobarbital treatment

in logistic regression after Albumin -1.67 42 <001 .19(08-43)  3.1g/l 83 (.73-93)

adjusting for age and sex Glycoprotein acetyls 219 61 <001 89(27-294) 427 mmol/ .82 (73-91)
PUFA % -1.23 .40 .002 29 (\13-.64) 3.1% .73 (.62-.83)
SFA % 1.18 .36 .001 3.2 (1.6-6.6) 1.3% .75 (.65-.85)
Palmitic acid % 1.52 43 <001 4.6(.0-10.6) 14% .75 (.65-.85)
Glutamine -1.07 .32 .001 .34 (.18-.64) .100 mmol/L. .74 (.64—.86)
Histidine -.86 .29 .003 042 (.24-75) .16 mmol/L .75 (.63—.86)
HDL cholesterol -1.04 32 .001 .35 (.19-.66) 1.4 mmol/L 75 (.65-.87)
L-HDL cholesterol -.99 32 .002 .37 (.20-.70) .6 mmol/L 74 (.62-.85)
L-HDL esterified cholesterol -1.02 .33 .002 .36 (.19-.68) .5 mmol/L 74 (.63-.86)
XL-HDL particles -89 .29 .002 41 (.23-73) 1.9 pmol/L 73 (.62-.84)
XL-HDL esterified cholesterol  —.85 29 .003 43 (.24-75) .6 mmol/L 72 (.61 -.83)
LDL diameter 1.22 37 .001 3.4 (1.6-6.9) 4 nm .79 (.68-.90)
LDL particles —.89 29 .002 41 (.24-72) .5 pmol/LL 75 (.64-.85)

The utilized significance threshold was P <.0033. The odds ratio indicates the strength of measurand asso-
ciation to phenobarbital treatment. Since the data were scaled to standard deviation (SD) units, a one-unit
increase in the odds ratio corresponds to one SD of the measurand. The area under the curve (AUC) indi-
cates the predictive value of the model; .7 is the threshold for fair, .8 for good, and .9 for an excellent
model. N cases=58, n controls=25. Glutamine results were missing for 2 case group samples. B coef-
ficient, SE standard error, P P-value, CI confidence interval, SD standard deviation, AUC area under the
curve, PUFA polyunsaturated fatty acids, SFA Saturated fatty acids, HDL high-density lipoprotein. L large,
XL extremely large, LDL low-density lipoprotein. Degrees of freedom =1

3.4 No linear association of measurand results
with serum phenobarbital concentration
is observed

We created separate linear regression models for all 123
measurands to assess whether a linear relationship exists
between serum phenobarbital concentration and the meas-
urand values (Online Resource 1). Significant association
(P <0.0033) with serum phenobarbital concentration was
not observed for any of the measurands.

4 Discussion

Phenobarbital is a commonly used drug in the treatment
and prevention of canine epileptic seizures. Phenobarbital
treatment is also known to affect metabolism, especially
liver function, but its metabolic effects have not yet been
extensively studied in metabolomics settings. We utilized a
novel, targeted canine-specific NMR metabolomics platform
to identify circulating metabolites associated with pheno-
barbital treatment. We found many physiologically relevant
metabolites associated with phenobarbital treatment, includ-
ing albumin, glycoprotein acetyls, SFA and PUFA as well
as the individual saturated fatty acid palmitic acid, amino
acids glutamine and histidine, and HDL and LDL lipopro-
tein measures. The highest predictive ability was observed
for albumin and glycoprotein acetyls. These findings provide
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new insights into the global metabolic effects of phenobarbi-
tal treatment, and warrant further studies to identify possible
clinical outcomes.

Higher levels of glycoprotein acetyls (GlycA) increased
the odds of the sample belonging to the phenobarbital-
treated group, and its median concentration was above the
reference interval in the case group. GlycA is a novel com-
posite inflammatory marker with the contribution of the sig-
nals of the acute-phase proteins al-acid glycoprotein (AGP),
haptoglobin, al-antitrypsin, al-antichymotrypsin, and trans-
ferrin, and a small contribution of glycosylated apolipopro-
teins (Otvos et al., 2015). GlycA is considered a marker of
systemic inflammation in humans, and has been linked with
long-term risk of severe infection, and even mortality (Con-
nelly et al., 2017; Fischer et al., 2014; Fizelova et al., 2017,
Otvos et al., 2015; Ritchie et al., 2015). It is known, that
the concentration of AGP, a major contributor to the GlycA
signal, is elevated in phenobarbital-treated dogs (Hojo et al.,
2002), and phenobarbital treatment has been shown to affect
the course of the inflammatory process in rats (Levy et al.,
1991). Phenobarbital induces AGP gene expression by act-
ing directly on hepatocytes by a pathway independent of
inflammation (Fournier et al., 1994). However, this increase
has an additive effect with the main inflammatory drivers
of AGP gene expression; interleukin-1, interleukin-6, and
glucocorticoids (Fournier et al., 1994). In addition to being
an acute-phase protein, AGP is a vital carrier molecule, and
increased AGP concentrations affect the pharmacokinetics
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Fig.3 Box plots of untransformed measurand values in the case and
control groups for selected measurands associated with phenobarbi-
tal treatment in logistic regression. The horizontal red lines represent

of multiple drugs (Israili & Dayton, 2001; Kremer et al.,
1988).

Dogs with lower albumin concentrations were more likely
to belong to the phenobarbital-treated group, although overt
hypoalbuminemia was rarely reached. Albumin is produced
by the liver, and is an important carrier protein, and required
for maintaining blood oncotic pressure and acid—base bal-
ance (Thrall et al., 2012). The blood albumin concentra-
tion decreases during liver failure and chronic inflammatory
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serum reference intervals of the NMR method (Ottka et al., 2019). N
cases =58, n controls =25. HDL high-density lipoprotein

diseases (Thrall et al., 2012). Long-term phenobarbital treat-
ment reduces serum albumin concentrations (Chauvet et al.,
1995). If overt hypoalbuminemia is observed in conjunction
with elevated liver enzyme values ALT and ALP, treatment
discontinuation is advised due to the possibility of hepato-
toxicity (Plumb, 2015).

Circulatory glutamine is largely synthesized in the liver
by glutamine synthetase, which catalyzes the glutamine
synthesis from glutamate and ammonia (Listrom et al.,
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Table 4 Results of multivariate logistic regression for the top dis-
criminating metabolites albumin and glycoprotein acetyls, in addition
to age and sex

Variable B SE P QOdds ratio (CI)
Age -.15 12 217 .86 (0.68-1.09)
Sex -.58 .80 474 .56 (.12-2.72)
Albumin -2.02 55 <.001 .13 (.05-.39)
Glycoprotein acetyls ~ 2.79 .82 .001 16.3 (3.2-82.0)
Constant 3.67 1.34  .006 39.2

Since the metabolite data were scaled to standard deviation (SD)
units, a one-unit increase in the odds ratio corresponds to one SD of
the measurand. N cases =158, n controls=25. B coefficient, SE stand-
ard error, P P-value, CI confidence interval. Degrees of freedom =1

1.0
.8
2 6
=
‘@
3
n 4
2
0
0 2 4 .6 .8 1.0

1 - Specificity

Fig.4 Receiver operating characteristic (ROC) curve of the multi-
variate logistic regression model including albumin and glycoprotein
acetyls, adjusted for age and sex. The area under the curve (AUC) of
the model is .94 (CI .88-.99), indicating excellent predictive ability of
the model. N cases =58, n controls=25

1997, van Straaten et al., 2006). Phenobarbital treatment
has been associated with the down-regulation of hepatic
glutamine synthetase (Klepeisz et al., 2013), which most
probably explains why in our study, samples with lower
glutamine concentrations were more likely to belong to the
phenobarbital-treated group. Glutamine plays an important
role in multiple cellular functions in various organ systems,
the CNS being one of them (Curi et al., 2005). In neurons,
glutamine is utilized for the production of both the excita-
tory neurotransmitter glutamate and the inhibitory neuro-
transmitter GABA (Eid et al., 2016). Glutamate-glutamine
cycling is considered to contribute to the development of
epileptic seizures, with delayed synaptic glutamate clear-
ance causing excitotoxicity (Eid et al., 2016; Flanagan et al.,
2018; Petroff et al., 2002). Increased plasma glutamate and
decreased plasma glutamine levels have been reported in
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both juvenile myoclonic epilepsy patients on antiepileptic
treatment and in untreated patients with acute tonic—clonic
seizures (Rainesalo et al., 2004).

Lower levels of serum histidine increased the odds of the
sample belonging to the phenobarbital-treated group. His-
tidine is an essential amino acid in dogs utilized in multiple
important metabolic pathways, including the histaminergic
system in the CNS (Bhowmik et al., 2012). Decreased his-
tidine concentrations have previously been observed during
acute tonic—clonic seizures and juvenile myoclonic epilepsy
in humans (Rainesalo et al., 2004). Intraperitoneal histidine
injections have been shown to dose-dependently inhibit
myoclonic jerks and tonic—clonic seizures in rats with chem-
ically-induced seizures (Chen et al., 2002). Since histidine
injections have been shown to increase histamine concentra-
tions in the cerebral cortex, amygdala and hippocampus of
rats (Chen et al., 1999), the seizure inhibiting effect of histi-
dine has been suspected to be caused by increased histamine
formation (Chen et al., 2002).

The higher relative concentration of total SFA and the
saturated fatty acid palmitic acid, and the lower relative
concentration of total PUFA increased the odds of the sam-
ple belonging to the case group. However, no significant
change in their molar concentrations were observed. This
indicates a relative, rather than an absolute change in blood
fatty acid composition in phenobarbital-treated dogs. PUFA
supplementation has been suggested beneficial for epileptic
patients by reducing seizure susceptibility (Al Khayat et al.,
2010; DeGiorgio et al., 2015; Reda et al., 2015; Schlanger
et al., 2002). However, the determination of plasma fatty
acid content has rarely been a part of studies examining the
effects of fatty acid supplementation.

Reduced concentrations of multiple HDL measures, and
LDL lipids were associated with increased risk of the sample
belonging to the case group. However, overt hypocholes-
terolemia was rarely reached. HDL is the major lipoprotein
class for canine cholesterol transport. The liver is responsi-
ble for cholesterol biosynthesis (Xenoulis & Steiner, 2010).
Hepatic failure can reduce hepatic cholesterol synthesis
capacity, and if cholesterol excretion exceeds synthesis,
hypocholesterolemia may occur (Thrall et al., 2012). Since
hepatic failure is a known, possible adverse effect of pheno-
barbital treatment (Dayrell-Hart et al., 1991), further stud-
ies are needed to evaluate whether lower HDL cholesterol
concentrations during phenobarbital treatment are caused by
reduced hepatic function.

None of the measurands showed a linear association
with the measured phenobarbital serum concentration.
This finding suggests, that the magnitude of metabolic
changes in phenobarbital-treated dogs cannot be directly
derived from the serum phenobarbital concentration. Since
phenobarbital induces its own elimination (Ravis et al.,
1989), phenobarbital dose and serum concentration might
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not always be directly proportional. Thus, further research
is needed to identify whether the variation in measurand
concentrations in phenobarbital-treated dogs would rather
be linearly associated with the ingested phenobarbital dose
than its serum concentration, or whether they are caused
by other physiological or pathophysiological factors.

Several case group samples were removed from statisti-
cal analyses due to extreme outlier glucose (<2.5 mmol/L)
or lactate (>5.5 mmol/L) concentrations. They were
removed, since we suspected a preanalytical cause for
these results: prolonged contact to red blood cells (RBC)
before serum separation causes glucose catabolism within
the sample tube, forming lactate (Ottka et al., 2019). While
hypoglycemia itself can cause seizures requiring pheno-
barbital treatment, phenobarbital concentrations are typi-
cally not measured in emergency situations, and thus a
physiological cause for these values would be unlikely.
Therefore, prolonged contact with RBC was deemed the
most likely cause for these values.

The major limitation of this study is the absence of
clinical information about the samples. Utilization of the
residual sample material of clinical samples is an animal-
friendly way of conducting science, with easy access to
sample material, enabling the effortless creation of large
study groups. However, veterinary laboratories do not
gather clinical information, they are best suited for basic
research in the metabolomics field, paving the way for
further studies where broader clinical data is required.
Since no clinical information was available, it is possible,
that not all dogs included in the control group are healthy.
Although highly unlikely, the control group might include
dogs that are even treated with phenobarbital. Uncon-
trolled preanalytical factors, such as unknown sample
handing before sample arrival at the laboratory, and ani-
mal-based factors, such as the uncontrolled breed distribu-
tion and uncontrolled diet, are additional confounding fac-
tors of this study. Thus, further studies with well-defined
cohorts are required to verify and expand these findings.

This study is the first metabolomics study to character-
ize the metabolic changes in phenobarbital-treated dogs.
We demonstrated the feasibility of the novel canine serum
NMR metabolomics platform to simultaneously quantify
and identify multiple drug-induced alterations in the
systemic metabolism. The altered metabolic profiles of
phenobarbital-treated dogs identify known and new mark-
ers involved in multiple important metabolic processes,
such as liver and CNS function, inflammatory processes
and drug binding, which may contribute to treatment
safety and efficacy. A replication study utilizing com-
plete clinical data is needed to confirm and expand the
findings in this study. The lack of a linear association of
the metabolite levels to serum phenobarbital concentra-
tion suggests, that the magnitude of metabolic changes in

phenobarbital-treated dogs cannot be directly derived from
the serum phenobarbital concentration.
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