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Oral pharmacokinetics of a
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Introduction:  The use of  florfenicol must follow particular
pharmacokinetic/pharmacodynamic (PK/PD) ratios, i.e., it requires achieving
serum concentrations at or slightly above the pathogen’s minimum inhibitory
concentration (MIC) during the dosing interval and that the ratio of area under
the concentration vs. time curve (AUC)/MIC should be as high as possible (still
undetermined for poultry). As an alternative to the standard soluble florfenicol
that is administered to the flock through drinking water, florfenicol premix is
often recommended as feed medication in Latin America. However, no particular
pharmaceutical design has been proposed.

Methods: This study compared the PK of two preparations of florfenicol in broiler
chickens and pondered the possibility of each covering the referred PK-PD ratios
as predictors of clinical efficacy. The preparations comprise a pharmaceutical form
as FOLA pellets (F = bioavailability; O = optimum; and LA = long-acting) and
the premix formulation. The former are small colored pellets with vehicles and
absorption enhancers of florfenicol designed for long action, and the latter is
the reference premix of the antibiotic. First, these two pharmaceutical forms of
florfenicol were administered as oral boluses (30 mg/kg), aided by a probe. In a
second trial of the dosing form, both pharmaceutical preparations of florfenicol
were administered in feed and ad libitum (110 ppm; ~30 mg/kg).

Results: In both cases, FOLA-florfenicol presented much higher relative
bioavailability (3.27 times higher) and mean better residence time than florfenicol
premix (two times high when forced as bolus dose). Consequently, FOLA-
florfenicol possesses better PK/PD ratios than less sensitive pathogens, i.e., E. coli.
It is proposed that if a metaphylactic treatment of a bacterial outbreak in poultry
is implemented with florfenicol prepared as FOLA, better PK/PD ratios will be
obtained than those of standard florfenicol premix.

Discussion: Clinicians must confirm that feed consumption in the flock has not
been affected by the particular disease if FOLA pellets of florfenicol are used.

KEYWORDS

florfenicol-premix, florfenicol-FOLA, broiler-chicken, pharmacokinetics, oral dosage

Introduction

Florfenicol is a wide-spectrum, synthetic antibacterial structurally related to
chloramphenicol and thiamphenicol. To date, there is no evidence of toxicity or relevant
adverse effects in poultry for this derivative. In contrast, chloramphenicol has been banned
in most countries due to its involvement in human toxicity, i.e., aplastic anemia that can
be developed even with residual amounts (1). The recommended dose in poultry is 30-40
mg/kg bw/day for 3 days via drinking water, and its pharmacokinetics has been defined
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for this vehicle (2, 3). In contrast, no published data recommend
its use as an in-feed medication in poultry species. Nevertheless,
several florfenicol premix preparations are available for poultry
in Latin American countries. However, in broiler chickens, the
oral bioavailability appears to be lower in fed (55%) than in
fasted animals (87-96%) (3, 4). This feature may indicate that
administering florfenicol in poultry as an in-feed medication may
or may not achieve adequate serum and tissue concentrations
and consequently may or may not deliver good clinical efficacy.
Florfenicol shows an elimination half-life of at least 106.6 min in
poultry when administered through their drinking water (5, 6), and
it exhibits a reasonably good apparent volume of distribution at
a steady state (3.5 ml/kg) (6). When experimentally administered
by an oral gavage at a dose of 40 mg/kg bw, the duration of
therapeutic plasma concentrations can be stretched up to 8 h (7). If
administered ad libitum through the drinking water (approximate
dose of 26 mg/kg bw) in an 18:6 dark:light cycle for 3 days, the
estimated mean serum concentration of florfenicol averaged ~
0.7 pg/ml, and no florfenicol was detected in serum 72 h after the
terminal dose. Florfenicol is partially metabolized into florfenicol
amine, which is still bioactive (3).

Florfenicol is usually prescribed for treating gastrointestinal
and respiratory tract infections in poultry. The presence of a
bacterial disease must be established to administer florfenicol
as a metaphylaxis treatment (8). Based on the above features
of florfenicol, it is postulated that it could be administered in
poultry as feed medication and achieve good bioavailability in
broiler chickens. According to Murugayan et al. (8), it is necessary
to seek alternatives in dosing antibacterial drugs to chicken to
optimize pharmacokinetic/pharmacodynamic ratios and reduce
the emergence of bacterial resistance caused by the misuse of
these drugs. This trial was set to test this hypothesis; that is,
a comparative pharmacokinetic study was carried out in broiler
chickens, evaluating an experimental long-acting dosage form
of florfenicol, prepared as small colored pellets, and named
FOLA [Patent No. MX/a/2012/013222 and PCT/MX2013/000137,
Universidad Nacional Auténoma de México [UNAM]; FOLA
stands for bioavailability (F), optimum (O), and long-acting
preparation (LA)]. A standard commercial premix of florfenicol for
in-feed administration was taken as a reference preparation.

Materials and methods

The study design and animal handling complied with Mexican
regulations for experimental animals, as stated by CICUA No.
0673 (Internal Committee for the Care and Use of Animals,
UNAM) and Mexican prescripts in NOM-062-Z00-1999. This
trial was carried out in an experimental chicken house in Mexico
City. Overall, 360 15-day-old Ross-308 broiler chickens, weighing
approximately 450 g with a daily gain of 60 g, were distributed by
simple randomization in four groups. They were allocated within a
single chicken house. It was divided by wire mesh into eight smaller
areas to contain 45 chicken broilers per group, i.e., a group and its
replica as follows: for bolus dose, (Frgp_polus) florfenicol premix
from the product NE-180° 8% (PiSA Agropecuaria S.A. de CV,
Mexico; https://www.avicultura.mx/producto/nf-180-8) approved
in Mexico and other Latin American countries for poultry.

Frontiersin Veterinary Science
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The bolus administration of the florfenicol premix or the
florfenicol FOLA was carried out at 6a.m. Each pharmaceutical
preparation was weighed to meet individual broiler chicken
weights. Each preparation was suspended in tap water with 2%
gelatin and stirred prior to its dosing. The administration was
achieved by employing a plastic probe attached to a 10 ml syringe
and introduced into the included samples. In both groups, the
established dose was 30 mg/kg (15 mg/chicken broiler). Once
ensured that no regurgitation occurred, broiler chickens were
allowed to feed and water ad libitum. For the ad libitum dosing
(FREFadEéib and Fpopaad_1ip), florfenicol, either as premix from
NF-180~ 8% or FOLAs, was incorporated into their powdered
feed at a rate of 110 ppm of florfenicol, considering a feed
intake of 140 g/chicken and a final dose of ~ 30 mg/kg/day (15
mg/chicken, considering a 10% feed-waste). Medicated feeds were
prepared daily. In addition, FOLAs were added to the powdered
feed as a dressing at the same dose rate, establishing visually that
the distribution of pellets was even. In both ad libitum groups,

TABLE 1 Diet composition for this trial with 15-day-old Ross-308 broiler
chickens, weighing ~ 4504g.

Corn 590.50
Soybean meal 344.80
Soybean oil 23.80
Salt 2.40
Calcite limestone 9.50
Dicalcium phosphate 18.00
DL-methionine 1.75
L-lysine 2.15
Vitamins® 2.50
Minerals® 1
Sodium bicarbonate 3.60
Total 1,000
Crude protein 207.90
Calcium 8.80
Available phosphorus 4.40
Methionine 4.90
Sulfur amino acids 8.20
Lysine 12.70
Potassium 8.00
Sodium 2.20
Chlorine 1.90
Linoleic acid 26.00
Metabolizable energy, MJ/kg 12.56

# Amount/kg: Retinol 0.9 g, cholecalciferol 0.019 g, d-alpha-tocopherol 0.004 g, phylloquinone
1.0 g, riboflavin 4.0 g, cyanocobalamin 0.060 g, pyridoxine 3.0 g, calcium pantothenate 13.0 g,
niacin 25 g, biotin 0.063 g, and choline chloride 250 g.

b Amount/kg: selenium 0.2 g, cobalt 0.1 g, iodine 0.3g, copper 10g, zinc 50 g, iron 100 g, and
manganese 100 g.

frontiersin.org
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florfenicol was administered for 3 days, making feeders available
from 6:00 a.m. to 12:00 p.m. during these days. Diet composition is
presented in Table 1.

The pharmacokinetic approach of this study was to obtain PK
parameters following a type of naive pooled sampling since each
animal was not sampled more than two times. Hence, for the
oral bolus dosing (Frgr—polus and Frora—bolus) Of this trial aided
by technical assistance, ~ 1ml of blood samples was obtained
by jugular or radial wing vein puncture with 3 ml syringes and
25g x 1 in pediatric needles. A total of 10 broiler chickens were
bled-sampled each time, i.e, 5 from each group and 5 from
each repetition. The set times were as follows: 0.5, 1, 2, 4, 6,
8, 12, and 24h. No bird was sampled more than twice in a
24-h period.

For the ad libitum dosing, blood samples (1 ml per chicken)
were obtained from 5 animals in each group and 5 from its
repetition during 3 days of medication at fixed times as follows: 2,
4, 8, 14, and 24h after dosing, i.e., 8a.m., 10a.m., 2 p.m., 8 p.m.,,
and 6 a.m. the next morning and on each day. Paint marking of
the sampled broiler chickens allowed for an even sampling in each
group. Blood samples were centrifuged at 1,000 x g for 5min, and
serum was harvested and stored at —20°C until analyzed.

The FOLA pellets of florfenicol were manufactured in
our laboratory as described in Patent No.MX/a/2012/013222
and CT/MX2013/000137 (UNAM), observing good laboratory
practices. In brief, 1% carpool with butylhydroxytoluene as an
antioxidant was mixed in a base of 1:1 parts of wheat and corn
flour. Then, a yellow-orange vegetable dye was added. Finally,
florfenicol was incorporated at a rate of 10%. The mixture was
mixed and then extruded at temperatures not higher than 30°C,
using ethylalcohol and cotton-seed oil as lubricants. The final
concentration of florfenicol in FOLAS was 97.6%, as determined
by high-performance liquid chromatography (HPLC) based on the
established technique (10).

Concentrations of florfenicol and its active metabolite
florfenicol-amine were determined in plasma samples by HPLC
using the method described by Kowalski et al. (11), with
thiamphenicol as an internal standard. In brief, the extraction
procedure was initiated by thawing the plasma samples at 20-
25°C laboratory temperature. Then, 0.5ml of plasma aliquot

10.3389/fvets.2023.1208221

thiamphenicol was added as internal standard (0.5 pg in 0.2 ml),
along with 0.2ml of 1.0 M sodium hydroxide and 3 ml of ethyl
acetate. Each sample was vortex mixed and centrifuged at 5,000
g for 15min, and the organic layer was carefully transferred
to another tube. The supernatant was dissolved in 0.5ml of
the mobile phase. Then, the samples were filtered through a
membrane (nylon 0.45m) and injected into the HPLC with a
0.6 ml/min flow. Acetonitrile-water (25:75, v/v), adjusted to a pH
of 2.7 with 85% orthophosphoric acid, was utilized as the mobile
phase. Detection and quantitation were performed at 224 nm
for excitation wavelength and 290 nm for emission wavelength.
Calibration curves for florfenicol and florfenicol-amine were
prepared from 0.05 to 20.48 pg/ml (1 = 5).

The apparatus used was a Jasco XLC HPLC system (LC-
2000Plus; Jasco Benelux, the Netherlands) with a Symmetry-C18
column (4.6 mm x 100 mm, 3.5 um; Waters, USA) and equipped
with a fluorescence detector. Data were analyzed using Empower-
3 software from Waters (Mexico). The chromatographic method
was validated, and the analytical procedure was demonstrated
as specific. The method produced a linear result from 0.05 to
20.48 pg/ml (r* = 0.984; y = 500030 x—107 046). Recovery of
florfenicol and florfenicol-amine was calculated by applying a
linear regression analysis. Precision was demonstrated by the inter-
day coeflicient of variance (3.0) and the inter-assay error value
(<3.8). The lower quantification limit for florfenicol in plasma was
0.05 pug/ml, with a detection limit of 0.008 pg/ml, and linearity was
established from 0.05 to 20.48 pg/ml.

A pharmacokinetic analysis of plasma concentration-time data
for florfenicol was carried out using PKAnalyst~ (Micromath,
Scientific Software, SLM, USA). The pharmacokinetic model
(11) was based on choosing the most similar one having the
highest r after examining the concentration-time curves (r
> 0.98). Then, the number of exponential terms required to
describe the plasma concentration-time data for each dosing
form was determined by applying Akaike’s information criterion
(12). The peak concentration in serum (Cpax) and the time to
Cmax (Tmax) were estimated by observing data from tabulated
plasma concentrations. Relative bioavailability (Fr%) was derived
by comparing AUC(_»4 with florfenicol-FOLA and florfenicol-
reference groups.

. Spectrum Max Plot Spectrum Max Plot ___ Spectrum Max Plot Spectrum Max Plot __ Spectrum Max Plot
Std 2.dat Std 3.dat Std S.dat Std 7.5.dat Std 10.dat
180
160
e

140

120

100 \

0.0 08 1.0 1.8 20 25 3.0 as 5.0 5.5 6.0 6.5 7.

FIGURE 1
Type chromatogram of florfenicol in chicken serum samples. The retention time for florfenicol was 4 min.
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The serum concentration vs. time data was graphed with Origin
Lab-Pro 8C. Areas under the concentration vs. time curve (AUC)
on days 1 and 3 were calculated through the trapezoidal method

10 4

——O— florfenicol from reference premix

—— florfenicol prepared as FOLA

MIC for a Escherichia coli moderately sensitive

MIC for a sensitive Pasteurella spp.

0.1

Log,, serum concentration of florfenicol (ug/mL)

T T T T

0 4 8 12 16 20 24
Time (h)

FIGURE 2

Florfenicol serum concentrations in broiler chickens treated with 30
mg/kg florfenicol either as a reference premix (Frerpolus) or as FOLA
pellets (FroLabolus). €mploying a probe and suspending either
preparation in water plus 2% gelatin.

10.3389/fvets.2023.1208221

and confirmed with PKAnalyst®. Statistical AUC values were
compared with ANOVA and successive Dunnet’s test.

Results

Figure 1 shows an example of the chromatograms obtained.
The method utilized showed linearity when florfenicol-fortified
chicken serum samples were analyzed. Mean £ 1 SD serum
concentrations vs. time profiles of florfenicol in broiler chickens
after forced oral bolus medication with either florfenicol premix
from NF-180" or florfenicol prepared as FOLAs are presented in
Figure 2. Figure 3 shows the serum concentrations of florfenicol
after its administration ad libitum (110 ppm) for 3 days and their
pharmacokinetic variables are shown in Table 2. Pharmacokinetic
data obtained for oral bolus administration are shown in Table 3.
In addition, two pharmacokinetic/pharmacodynamic (PK/PD)
ratios (AUCy_24/MIC and %T > MIC) are presented for two
pathogenic bacteria whose MIC values were taken from the formal
literature: one sensitive (0.25pg/ml) and the other moderately
sensitive (2.0 uwg/ml) (13, 14). The relative bioavailability value
of FroLa—bolus Was 328%. Comparisons for MRT and T%:p
showed that these variables were statistically longer (P < 0.05)
in FrorA—bolus compared with Frggp_polys- The time the serum
florfenicol levels remain above or equal to MIC values (T>MIC)
and the AUC_,4/MIC ratios for Fropa_polus Show that the latter
had larger ratios than the former. Florfenicol administered as
premix remained above MIC values of the theoretically sensitive

Serum concentrations of florfenicol (ug/mL)

—O— florfenicol from reference premix
1 —0— florfenicol prepared as FOLA

MIC for a Escherichia coli
moderately sensitive

b

| AN R A LT R IR DR

B PR L L

FIGURE 3

administered.

0 4 8 12 16 20 24 28 32 36 40 44 48 52 56
\ Day 1 N\ Day 2 A
I T
Time (hours/days)

Serum concentrations of florfenicol in broiler chickens receiving two pharmaceutical forms of florfenicol. Feed medication was made available to
chickens at 6:00 a.m. using powdered premix (NF—180®, PiSA Agropecuaria S.A. de CV, Mexico) or small colored pellets (FOLA-see text). In both
instances, 110 ppm of florfenicol was incorporated into the feed. Given a food intake of 140 g/chicken (weighing 450 g), a dose of ~30 mg/kg was
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TABLE 2 Mean + 1 SD pharmacokinetic parameters of florfenicol in

broiler chickens receiving two pharmaceutical forms of florfenicol as
in-feed medication and ad libitum: powdered premix (NF-180®, PiSA
Agropecuaria S.A. de CV, Mexico) (Frerad—ip), and as FOLA (Frol aad—iib)-

Parameter FroLAad—1ib Fred—1ib
Mean +1 SD Mean  +1SD

Ka (h™1) 0.12° 0.6 0.6 0.3
TP, (h) 3172 0.2 1.8° 0.8
T % B, 6.2 03 232 0.4
T % Bs 7.0° 0.6 42° 12
ARComax 2.33 0.2 1.42 0.2
ARpuc 1.13 0.2 1.09 0.1
Fr (%) 250.6

AUCy_7; (jug/mL-h) 132.6° 6.5 52.9 4.9
AUCy-24 (jLg/mL-h) 44.0° 2.5 17.6° 1.8
AUCr (ng/mL-h) 137.22 8.5 53.7> 6.2
MRT; (h) 16.9% 32 14.1 2.1
RT; (h) 16.9 3.2 14.1 2.1
RTper (h) 16.8 34 14.0 24
AUCs4_g5 (jLg/mL-h) 17.95 2.67 46.24 531
AUCyg_75 (ng/mL-h) 18.92 3.65 46.90 5.28
AUMC, (j1g/mL-h?) 745.9 13.5 248.0 9.14
AUMCaqr (1Lg/mL-h?) 739.5 14.1 2473 10.1

Ka, absorption rate constant; T%p1 53, elimination half-life on days 1, 2, and 3; Fr, relative
bioavailability (Fropaad—lib/Frer x 100); AUCo_75, area under the curve from 0 to 72h;
S'AUG, first-day area under the curve from 0 to 24 h; 1*AUCT, first-day area under the
curve-trapezoidal method; RT;, Residence time at first dose; RTj,q 1, Residence time at last
T; ARCmax, Accumulation ratio using Cpax as a comparative value; ARsuc, Accumulation
ratio using AUCy_»4 as a comparative value; AUMC;, area under the moment curve at first
dose; AUMCj, T, area under the moment curve at last T.

In both instances, 110 ppm of florfenicol were incorporated into feed, which, given a food
intake of 140 g/chicken (weighing 450 g), a 30 mg/kg dose was calculated.

abDifferent letters mean statistical differences between groups (P < 0.5).

bacteria (0.25pg/ml) 31% of the dosing interval (24h), while
florfenicol prepared as FOLA was capable of covering the whole
dosing interval. However, the same T > MIC ratio is reduced
to 16% and 30% for Frep—bolus and Fropa—boluss respectively,
if the challenged bacteria are moderately sensitive (2.0 ug/ml).
AUC—24/CMI ratios follow the same pattern favoring the FOLA
form of florfenicol.

In the ad libitum administration, a decisive difference in the
serum profiles of florfenicol for the FOLA form of florfenicol
is appreciated. The values of AUCy_7; and 1'AUC(_,4 and
Ist MRT and T%p were statistically higher than those achieved
with the reference florfenicol premix (P < 0.05 in all cases).
Consequently, this complies well with a lower Ka obtained for
FroLabolus and FEoLAadlib.

Discussion

Respiratory diseases are the primary problem in poultry
production worldwide, and although much can be done with
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TABLE 3 Mean =+ 1 SD of the oral pharmacokinetic parameters of
florfenicol in broiler chickens after a 30 mg/kg administration either as a
reference premix (Freppbolus) OF as FOLA pellets (FroLabolus). Utilizing a probe
and suspending either preparation in water plus 2% gelatin.

Parameter FREFbolus FFOLAbolus
Mean +1 SD Mean +1 SD
Ka(h™!) 0.86° 0.04 0.23° 0.04
TY%B (h) 2.35% 0.31 8.72> 0.48
Tyax (h) 1.23? 0.31 1.07% 0.01
Cpmax (g/mL) 7.17% 0.52 10.31° 1.25
AUCy_24 (jLg/mL-h) 17.25% 242 41.18° 5.1
AUCy_« (g/mL-h™2) 42322 5.74 162.01° 13.68
MRT (h) 3.45° 0.71 7.03° 0.45
AUCr (jug/mL-h) 18.142 2.32 59.62° 6.61
F% 100% 328.7
PK/PD ratios
AUCq_54/CMI} 5 69 165
%T > CMI} 55 31% >100%
AUCy_24/CMI} 8.6 20
%T > CMI}, 16% 30%

Ka, absorption rate constant; Kz, absorption constant; Cpax, Maximum plasma
concentration; Tyax, time at which Cyax is achieved; AUCy_»4, area under the curve
from 0 to 24h; MRT, mean residence time; AUC(_n,, area under the curve from zero
to infinity; AUCr, area under the curve-trapezoidal method; Fr, relative bioavailability
(FroLAbolus/FREFbolus X 100); PK/PD ratios: AUCy_24/CMIg25 > 125 %T > CMI, > 100%.
*Pasteurella spp. sensitive 0.25 jug/mL.

¥ Escherichia coli moderately sensitive 2.0 jLg/mL.

Relevant PK/PD ratios are also presented.

abDifferent letters mean statistical differences between groups (P < 0.5).

good husbandry, bacterial disease outbreaks occur and must
be treated (15, 16). Antimicrobial drugs are then chosen and
are critical to solving the problem. However, their utility
has been compromised in recent years by the emergence of
resistance to antimicrobial drugs. Given the increasingly limited
availability of antimicrobial drugs for poultry production, it
is reasonable to think that an immediate operational line of
research is to optimize the pharmaceutical design of each active
principle (9). The study on the absorption and bioavailability
processes of antibacterial drugs in poultry is limited (17). Most
pharmaceutical forms available for poultry medicine have been
the product of trial and error. They were not designed to
optimize their PK/PD ratios when included in food or drinking
water (18). Thus, when an outbreak of a respiratory disease
occurs, such as complicated chronic respiratory disease, infectious
coryza (Haemophilus paragallinarum), or fowl cholera (Pasteurella
multocida), soluble florfenicol is often administered as the drug of
choice. Early intervention is required (metaphylaxis), and it has
been postulated that sick birds tend to reduce feed or water intake,
but their consumption patterns before signs of the referred diseases
appear have yet to be established; that is, unless a critical part of the
flock is affected, water or feed intake variations are rarely detected
during the early stages of the disease. This is a task that requires
careful research. However, in this context, several preparations
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of florfenicol in premix became available in Latin America for
metaphylaxis treatment.

Florfenicol is rapidly eliminated from the broiler chickens’
plasma. This study conceived and tested an attempt to extend the
clearance of florfenicol with its inclusion in FOLA pellets and as an
in-feed medication. The results show improved florfenicol PK/PD
ratios. It is postulated that the gastrointestinal retentive properties
of carbopol in FOLA pellets modify absorption into a type of
sustained release, and therefore, elimination is extended.

Prudent use of highly potent antimicrobial drugs in
veterinary medicine, such as florfenicol, is required (9, 17).
To achieve this goal, it is necessary to design pharmaceutical
preparations that better comply with each drug’s competent
PK/PD ratios (19). In turn, this may contribute to maintaining
its efficacy in the future (10, 20, 21). It is in this context that
florfenicol in FOLAs was conceived. FOLAs can be described
as pharmaceutically designed carriers prepared as small color
pellets that are readily consumed by poultry, which allow
the inclusion of vehicles and help improve the absorption
of the active ingredient by modulating the GI-transit time
(10,21).

The pharmacokinetic parameters obtained for the reference
florfenicol as premix were very similar to what was achieved in
other studies with soluble florfenicol. Minor differences can be
attributed to the use of different bloodlines of chicken, different
ages, feeding, and housing peculiarities (22, 23). More efficient
absorption of florfenicol, when prepared as FOLA pellets, was
anticipated as sustained-release formulations tend to achieve better
bioavailability values (20, 24), and such behavior has already
been obtained with FOLAs for doxycycline and tylosin in poultry
(19, 23). Furthermore, the lower Ka obtained for Fropabolus
and Fropaad—1ip may suggest that a flip-flop phenomenon is
occurring. In this study, the Fropapolus preparation achieved better
values in Cyax and AUCy_y4 than the premix formulation. In
addition, MRT and T%f were statistically higher than the premix
formulation (P < 0.05). Consequently, these features generate
notable differences in the bioavailability of the preparations, with
a notable advantage for the pharmaceutical form of type FOLA,
i.e, Fr from 250 to 328%. Having higher plasma concentrations
of the antibacterial drug and a total load of florfenicol achieved
(AUC/CMI), as well as slower elimination parameters for
florfenicol FOLA compared with reference florfenicol premix (T
> CMI), signify a notable improvement in the pharmacokinetic
ratios of this drug. Florfenicol is considered a time-dependent
antibacterial, and it would seem that there is no advantage in
using FOLAs when treating sensitive bacteria (MIC = 0.25 pg/ml).
However, it is evident that if a more resistant pathogen is
involved in an outbreak, such as E. coli (24), only florfenicol
prepared as FOLA will achieve adequate PK/PD ratios. This
latter view is even more evident in the ad Ilibitum dosing,
where the AUC values, T%B, and MRT parameters were
substantially higher.

In summary, during the metaphylactic treatment of a bacterial
outbreak in poultry, the clinician can safely use florfenicol
prepared as FOLA, as better PK/PD ratios than those achieved
with florfenicol premix will be obtained. In turn, better clinical
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results are foreseen. These pharmacokinetic considerations apply
if the clinician can confirm that feed consumption in the flock
has not been affected by the particular disease. In addition,
given the prolonged MRT, ARcmax, and ARayc found for
FOLA preparations, a new withdrawal time may be necessary to
avoid unauthorized drug residues. Nevertheless, according to the
standards proposed by the European Medicines Agency for the
modified release of pharmaceutical preparations, the obtained value
for the FOLA pellets (ARayc < 1.25) can be considered as leading
to non-relevant drug accumulation (24).
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Coadministration of ivermectin
and abamectin affects milk
pharmacokinetics of the
antiparasitic clorsulon in Assaf
sheep

Esther Blanco-Paniagua®?, Laura Alvarez-Fernandez'?,
Alicia Millan-Garcia'?, Guillermo Rivas?, Ana I. Alvarez'? and
Gracia Merino*2*

!Department of Biomedical Sciences-Physiology, Faculty of Veterinary, University of Leon, Ledn, Spain,
2Instituto de Desarrollo Ganadero y Sanidad Animal (INDEGSAL), University of Ledn, Ledn, Spain

Inveterinary field, drug exposure during milk production in dairy cattle is considered
a major health problem which concerns dairy consumers. The induced expression
of the ABC transporter G2 (ABCG2) in the mammary gland during lactation plays
a significant role in the active secretion of many compounds into milk. The
main objective of this study was to determine the involvement of ABCG2 in the
secretion into milk of the antiparasitic clorsulon in sheep as well as the possible
effect of the coadministration of model ABCG2 inhibitors such as macrocyclic
lactones on this process. Cells transduced with the ovine variant of ABCG2 were
used to carry out in vitro transepithelial transport assays in which we showed
that clorsulon is a substrate of the ovine transporter. In addition, ivermectin and
abamectin significantly inhibited clorsulon transport mediated by ovine ABCG2. In
vivo interactions were studied in Assaf sheep after coadministration of clorsulon
(in DMSO, 2mg/kg, s.c.) with ivermectin (lvomec®, 0.2 mg/kg, s.c.) or abamectin
(in DMSO, 0.2 mg/kg, s.c.). After ivermectin and abamectin treatment, no relevant
statistically significant differences in plasma levels of clorsulon were reported
between the experimental groups since there were no differences in the area
under the plasma concentration-curve (AUC) between clorsulon treatment alone
and coadministration with macrocyclic lactones. With regard to milk, total amount
of clorsulon, as percentage of dose excreted, did not show statistically significant
differences when macrocyclic lactones were coadministered. However, the
AUC for clorsulon significantly decreased (p <0.05) after coadministration with
ivermectin (15.15 + 3.17 pg h/mL) and abamectin (15.30 + 3.25 ug h/mL) compared
to control group (20.73 +4.97 pg h/mL). Moreover, milk parameters such as half-
life (T1,) and mean residence time (MRT) were significantly lower (p <0.05) after
coadministration of macrocyclic lactones. This research shows that the milk
pharmacokinetics of clorsulon is affected by the coadministration of ABCG2
inhibitors, reducing drug persistence in milk.
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1. Introduction

Helminth infections are responsible for the most relevant diseases
of livestock globally due to their negative impact on production
efficiency in livestock systems. Consequently, control of helminth
infections is essential and is mainly based on the use of anthelmintic
drugs (1-3). Fascioliasis, a zoonotic disease, causes high economic
loses in meat and milk production in livestock throughout the world
(4). A number of existing anthelmintic drugs have been used to treat
fascioliasis, among them clorsulon (4, 5).

Clorsulon is an antiparasitic drug that belongs to the
benzenesulphonamide antiparasitic family used for treatment against
adult and mature liver flukes (6). Blocking energy-producing pathways
in the fluke is the main mode of action of clorsulon; specifically, it
inhibits two enzymes involved in glycolysis of the parasite:
3-phosphate-glyceratekinase and phospho-glyceromutase (6, 7).
Regarding its pharmacokinetics, clorsulon is well absorbed after oral
administration and eliminated by renal excretion without being
metabolized (7, 8). Several previous studies have reported its plasma
pharmacokinetics in sheep, goats, cattle and rats (6, 8-10). Commonly,
clorsulon is marketed with the macrocyclic lactone ivermectin,
combining nematicide and flukicide effects (11, 12). The effectiveness
of this combination has been reported in sheep, rats and cattle
(13-17).

In veterinary field, potential mechanisms or factors that could
modify drug exposure and impact on efficacy as well as on the
appearance of drug residues in milk are vital to study. Drug-drug
interactions may be one of these factors and must be taken into
consideration. Transporter-based interactions in particular have been
reported to affect the pharmacokinetics of drugs (17, 18). These
interactions are related to coadministration of a drug that is an
inhibitor or an inducer of the transporter which may affect the
transport of another drug described as a substrate (19). ATP-binding
cassette (ABC) transporters are some of the transporters involved in
drug-drug interactions and Breast Cancer Resistance Protein (BCRP/
ABCG2) is one of the proteins included in this superfamily of
transporters, which is the focus of our study.

The ABCG?2 transporter extrudes a wide range of drugs from cells
due to its localization in the apical membrane of epithelial cells in
several tissues such as intestine, kidney, liver, brain and testicles. The
main biological function of ABCG2 is to limit toxin accumulation in
cells and to modulate of pharmacokinetic processes such as xenobiotic
absorption, distribution and elimination (20, 21). Moreover, ABCG2
is expressed in alveolar epithelial cells of the mammary gland during
lactation and is one of the main factors involved in active secretion of
many compounds into milk (22, 23). Consequently, drugs described
as ABCG2 substrates can accumulate in milk, posing a health risk to
dairy consumers. Drug—drug interactions mediated by the ABCG2

Abbreviations: ABC, ATP-binding cassette; AP-BL, Apical to basal transport; AUC,
Area under concentration-time curves; BCRP/ABCG2, Breast cancer resistance
protein/ATP-binding cassette transporter G2; BL-AP, Basal to apical transport;
Cmax. Maximum peak concentration; HPLC, High-performance liquid
chromatography; LOD, Limit of detection; LOQ, Limit of quantification; MDCKII,
Madin-Darby canine kidney; MRT, Mean residence time; s.c., Subcutaneous; T

Time to maximum concentration; Ty, Half-life.
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transporter that lead to the inhibition of ABCG2 affecting drug
secretion into milk or plasma availability have been reported (24-30).
Clorsulon has been characterized as an in vitro substrate of
murine and human variants of ABCG2, and its involvement in the
secretion of clorsulon into milk has been reported using ABCG2-
knockout mice; furthermore, a drug-drug interaction with the
macrocyclic lactone ivermectin has been shown given that its
coadministration decreased secretion of clorsulon into milk by
ABCG?2 in mice (31). However, interaction with the ovine variant of
ABCG?2 and its potential role in the secretion of clorsulon into milk
in sheep is unknown. The purpose of this study was to determine
whether clorsulon is an in vitro substrate of ovine ABCG2 and to
explore its role in the secretion of this flukicide into milk. The effect
of macrocyclic lactones, ivermectin and abamectin, on the
pharmacokinetics of clorsulon in sheep was also evaluated.

2. Materials and methods
2.1. Standards and chemicals

Clorsulon and abamectin were purchased from Biosynth
Carbosynth (Berkshire, United Kingdom) and albendazol-2
aminosulfone from LGC Standards (Molsheim, France). Ivermectin
and Lucifer Yellow were obtained from Sigma-Aldrich (St. Louis, MO,
United States). For in vivo assays, ivermectin (Ivomec®) was purchased
from Boehringer Ingelheim (Barcelona, Spain). All the additional
chemicals used were reagent grade and were available from
commercial suppliers.

2.2. Cell cultures

This study employed Madin-Darby Canine Kidney (MDCKII)
cells that had been previously transduced with ovine ABCG2. The
conditions for culturing have been previously described (32). Briefly,
cells were grown in DMEM (Dulbecco’s modified Eagle’s medium)
enriched with glutamax (Life Technologies, Inc., Rockville, MD,
United States) and supplemented with penicillin (50 units/mL),
streptomycin (50pg/mL), and 10% (v/v) fetal calf serum (MP
Biomedicals, Solon, OH, United States) at a temperature of 37°C and
5% of CO,. Every 3 to 4days, cells were trypsinized for subculturing.

2.3. Transcellular transport studies

Transcellular transport experiments using ovine ABCG2-
transduced cells were conducted following the method previously
described (33). Cells were seeded onto microporous polycarbonate
membrane filters (3.0 pm pore size, 24 mm diameter; Transwell 3414;
Costar, Corning, NY) at a density of 1.0 x 10° per well. The tightness
of the monolayer was assessed by measuring its transcellular resistance
using Millicell ERS (Millipore Burlington, MA).

Two hours before the beginning, preincubation was carried out
replacing medium in both compartments with 2mL of transport
medium [Hanks’ balanced salt solution supplemented with HEPES
(25 mM)] with or without the macrocyclic lactones (10 pM ivermectin
and 2.5 pM abamectin). The experiment began with the replacement
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of the medium in either the apical or basal compartment with
transport medium containing clorsulon (10 pM), with or without the
same concentration of macrocyclic lactones. Aliquots of 100 pL at 1, 2
and 3 h in the opposite compartment were taken, this volume being
replaced with fresh medium. At 4h, 600 pL aliquots were taken in both
Until
chromatography (HPLC), samples were stored at —20°C. After

compartments. analysis by high-performance liquid
concluding the experiment, the confluence of the monolayer was
evaluated by means of the Lucifer Yellow permeability assay (34).
Transport proficiency of these cells was consistently verified through
the evaluation of a typical ABCG2 substrate, danofloxacin (25).

The apparent permeability coefficients (P,,,) across MDCKII
parent and MDCKII 0ABCG2 cells monolayers in both apical to basal
(A-B) (P, A-B) and basal to apical (B-A) (P,,, B-A) directions were
calculated using following equation: P,,, = (AQ/At)*(1/A*Co), where
AQ/At is the rate of corresponding clorsulon appearing in the receiver
chamber, which was obtained as the slope of the regression line on the
transport time profile of clorsulon across the cell monolayers (from 0
to 4h); Co is the initial concentration of drug; A is the cell monolayer
The efflux ratio is the P, B-A/P,,

surface area (4.67cm?). app

A-B quotient.

2.4. Pharmacokinetic experiments with
Assaf sheep

Studies with sheep were carried out on the Experimental Farm of the
University of Ledn, following institutional guidelines in accordance with
European legislation (2010/63/EU). Procedures were also approved by
the Animal Care and Use Committee of the University of Ledn ULE-008-
2019 (25/09/2019). Eighteen lactating sheep (3-4 months in lactation) of
between 77-83 kg were used. Animals were previously dewormed and
they had ad libitum access to drinking water. Sheep were randomly
distributed in three experimental groups. All received a subcutaneous
(s.c.) injection of clorsulon at 2 mg/kg (dissolved in DMSO, 80 mg/mL);
one group coadministrated with another s.c. injection of ivermectin at
0.2mg/kg (Ivomec® 1%, Merial, France) and another group with another
s.c. injection of abamectin at 0.2 mg/kg (dissolved in DMSO, 8 mg/mL).
Blood samples were taken from the jugular vein, while milk samples
were obtained after completing milking of the gland before each
treatment and at intervals of 1, 2, 4, 6, 8, 10, 12, 24, 30, 48, 72, 96, 120 and
168h thereafter. Plasma was separated by centrifuging at 1200g 15min.
Samples were stored at —20°C until analyzed.

2.5. High performance liquid
chromatography analysis

Samples were analyzed by HPLC under conditions which have
been previously described (31). Briefly, the chromatographic system
used included a Waters 2695 separation module and a Waters 2998
UV photodiode array detector. Separation was performed on a
reversed-phase column (4mm particle size, 250x341 4.6mm,
Max-RP 804, 362 Phenomenex®, Torrance, CA, United States). The
mobile phase consisted of potassium phosphate 0.01M (pH 7):
acetonitrile (75:25). The flow rate was set at 1.20 mL/min, with UV
absorbance measured at 225nm, and the column temperature
maintained at 35°C.
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In vitro samples were injected directly into the HPLC system. In
vivo samples, milk and plasma, were extracted following a formerly
described method (31) with minor modifications. For milk and
plasma samples, 10 puL of albendazole-2-aminosulfone (6.25 pg/mL)
as internal standard and 200 pL of ethyl acetate were added to each
100 pL. Then, the mixture was vortexed horizontally for 1 min and
centrifuged at 8000 g for 10 min at 4°C. The resulting supernatant was
collected and subjected to evaporation under N, at 30°C until dryness.
To the evaporated samples, 500 pL of hexane and 300 puL of acetonitrile
was added, the mixture was again vortexed horizontally for 1 min and
centrifuged at 3000 g for 10 min at 4°C. Hexane was removed and the
rest was evaporated to dryness under nitrogen stream. After being
resuspended in 100 pL of cold methanol, samples were injected into
the HPLC system.

Standard samples of clorsulon in the appropriate drug-free matrix
were prepared at concentrations of 0.078-10pg/mL for culture
samples, 0.078-2.5 ug/mL for plasma samples, and 0.078-5 pg/mL for
milk samples. Correlation coefficients for clorsulon ranged between
0.98-0.99. Precision coeflicients of variation were <20%, and relative
standard deviations (accuracy) values were <20%. Determination of
the limit of detection (LOD) and limit of quantification (LOQ) was
carried out in accordance with the procedure explained by Taverniers
et al. (35). LOD was 0.01 pg/mL for cell culture samples and sheep
plasma and 0.03 pg/mL for sheep milk. LOQ was 0.02 pg/mL for
culture samples, 0.04 pg/mL for sheep plasma and 0.09 pg/mL for
sheep milk.

2.6. Pharmacokinetic calculations and
statistical analyses

Plasma and milk concentrations for each animal were analyzed
using PK solution 2.0 computer program (Summit Research Services,
Ashland, OH) to calculated pharmacokinetic parameters as previously
described (27).

Statistical analysis for significant differences was performed using
SPSS Statistics software (v. 26.0; IBM, Armonk, New York, NY,
United States). Normal distribution of data was analyzed by the
Shapiro-Wilk test. The ANOVA and Kruskal-Wallis tests were applied
for normally and not normally distributed data, respectively. A
probability of p <0.05 was considered to be statistically significant.

3. Results

3.1. In vitro transport of clorsulon:
inhibition by ivermectin and abamectin

To determine the in vitro role of ovine ABCG2 in transport of
clorsulon, MDCKII parental cells and subclone transduced with ovine
ABCG2 were used, transepithelial translocation of clorsulon across
monolayers on porous membrane filters was measured (Figure 1) and
relative efflux ratios were calculated (Table 1).

MDCKII parental cells showed a similar transport in both
directions, basolateral and apical (Figure 1A), which is also reflected
in the relative efflux ratio, 1.07 +0.06. However, translocation in the
apical direction was significantly higher (p <0.05) than translocation
in the basolateral direction in MDCKII ovine ABCG2 cells
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FIGURE 1
Transepithelial transport assays of clorsulon (10 uM) in MDCKII (parental) cells and its subclones transduced with ovine ABCG2 (0ABCG2) (A,B), in
presence of ivermectin 10 uM (C,D) and abamectin 2.5uM (E,F). The assay was started with the addition of medium in either the apical or basal
compartment with fresh transport medium containing clorsulon with or without ivermectin or abamectin. Results are represented as mean + SD.
Closed circles represent basal to apical (B-A) transport rate and open circles represent apical to basal transport rate (A-B) (n > 3).

(Figure 1B), with a relative efflux ratio significantly higher (p <0.05)
in comparison to MDCKII parental cells (Table 1). Specific transport
by ABCG2 was checked using a specific inhibitor of ABCG2, Ko143
(36), resulting in a complete inhibition of clorsulon transported by
ovine ABCG2-transduced cells. These results reveal that clorsulon is
efficiently transported by ovine ABCG2.

We also studied the effect of two macrocyclic lactones,
ivermectin and abamectin on the ovine ABCG2-mediated
transport of clorsulon and performed transepithelial transport
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assays in the presence of ivermectin 10 uM (Figures 1C,D) and
abamectin 2.5 pM (Figures 1E,F) using MDCKII parental and
ovine ABCG2 cells. For ovine ABCG2-transduced cells, clorsulon
transport was effectively inhibited in the presence of ivermectin
(Figure 1D) and abamectin (Figure 1F), resulting in a similar
apical and basolateral translocation, with efflux ratios similar to
those in the parental cells (Table 1). These results demonstrate a
highly effective in vitro inhibitory effect of ivermectin and
abamectin on clorsulon transport mediated by ovine ABCG2.
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TABLE 1 Apparent permeability (P,,,) values for transepithelial transport
of clorsulon (10 M) across cells monolayers in MDCKII cells and the
ovine-ABCG2 transduced cells (0ABCG2) with or without ivermectin

(10 pM), abamectin (2.5 uM) and Ko143 (1 uM) (n > 3).

BL-AP, AP-BL,
x10-¢ x10-¢
cm/s cm/s
(Papp (Papp
B-A) A-B)
Clorsulon 241+046 | 2.27+0.46 1.07 £ 0.06
Clorsulon +Ivermectin = 2.83+0.97 | 2.61+0.71 1.09+0.17
MDCKIIT
Clorsulon + Abamectin = 2.29+0.60 = 2.37+0.93 0.99 +0.13
Clorsulon + Ko143 2.21+0.40 2.15+0.54 1.04 + 0.08
Clorsulon 3.23+0.88 1.13+0.16 2,92 +£0.93*
MDCKII | Clorsulon+Ivermectin | 1.43+0.20 | 122+0.15 @ 1.17+0.117
0ABCG2 | Clorsulon+Abamectin | 1.67+0.26 = 148+0.30  1.15+0.17*
Clorsulon + Ko143 1.59+£0.29 1.50 £ 0.21 1.06 + 0.09*

Results are mean + SD. #p <0.05: significant differences from MDCKII cells. *p <0.05:
significant differences from MDCKII 0ABCG2 clorsulon alone treatment.

For MDCKII parental cells with ivermectin (Figure 1C) and
abamectin (Figure 1E), we showed that clorsulon apical and
basolateral translocation were similar. Moreover, relative efflux ratios
were comparable to previous efflux ratios obtained in clorsulon alone
treatment in MDCKII parental cells (Table 1), thus indicating no effect
of these macrocyclic lactones on the parental cells.

3.2. Plasma and milk clorsulon
pharmacokinetics in sheep

To evaluate the potential in vivo drug-drug interactions between
macrocyclic lactones and secretion into milk of clorsulon, its
coadministration with ivermectin and abamectin was carried out
in sheep.

Mean plasma concentrations are shown in Figure 2A. Clorsulon
plasma concentrations were significantly lower (p <0.05) at 8h
(1.59+0.20 pg/mL) after coadministration with ivermectin compared
to clorsulon alone treatment (1.95+0.24 pg/mL). Regarding plasma
pharmacokinetics parameters (Table 2), Ty, and MRT values were
lower (p <0.05) after coadministration with abamectin compared to
clorsulon administration. However, no significant differences were
reported on comparing the AUC for clorsulon between clorsulon
alone treatment and coadministration with ivermectin and abamectin.
These data indicate that plasma availability was not affected by
coadministration of macrocyclic lactones.

Regarding milk, mean concentrations (Figure 2B) and
pharmacokinetic parameters of clorsulon (Table 3) were calculated.
No differences were reported in mean milk concentrations between
clorsulon alone administration and coadministration with ivermectin
or abamectin (Figure 2B). Nevertheless, the milk AUC for clorsulon
was around 25% lower (p <0.05) after coadministration with
ivermectin and abamectin compared to clorsulon alone treatment
(Table 3). No differences were reported for the AUC milk-to-plasma
values or total amount of clorsulon as percentage of dose excreted
between clorsulon alone treatment and ivermectin or abamectin
coadministration (Table 3). With regard to pharmacokinetics
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parameters, the T}, values were lower (p <0.05) after coadministration
with ivermectin and abamectin compared to clorsulon administration.
Furthermore, the MRT showed a reduction (p <0.05) in milk values
after coadministration of ivermectin and abamectin compared to
clorsulon alone treatment.

These results indicate that milk pharmacokinetics of clorsulon is
modified following its simultaneous administration with the
macrocyclic lactones ivermectin and abamectin in sheep. In addition,
a reduction in the persistence of clorsulon in milk was reported.

4. Discussion

Animal helminthic infections have an important unwanted
impact not only on livestock production, but also on animal welfare,
the environment and human health. Prevention or treatment of these
diseases using chemotherapeutics is essential for their control.
Nevertheless, there are undesired side-effects related to anthelmintic
use such as anthelmintic resistance development and anthelmintic
residues in the environment and animal-derived products (3).
Moreover, antiparasitic combinations are often used to enhance the
spectrum of activity. For example, clorsulon with the macrocyclic
lactone ivermectin is a marketed combination used in veterinary
medicine as a broad-spectrum anthelmintic formulation thanks to the
association of a nematicide and a flukicide (11, 12). However, the
administration of different anthelmintic drugs in combination can
lead to unpredictable drug-drug interactions that must be considered.
In particular, transporter-based interactions may affect plasma and
milk pharmacokinetics parameters of drugs (19, 23, 37, 38).

Recently, we showed that clorsulon was efficiently transported in
vitro by murine ABCG2 and human ABCG2, and also that ivermectin
inhibited murine and human ABCG2-mediated transport of
clorsulon. Moreover, we reported a reduction in milk levels of
clorsulon after coadministration of ivermectin in mice (31). In
accordance with these outcomes, in the present study we show that
clorsulon is an in vitro substrate for ovine ABCG2 and that there is an
important effect of two macrocyclic lactones, ivermectin and
abamectin, as model ABCG?2 inhibitors, on the transfer of clorsulon
into sheep milk.

In vitro transcellular transport assays using MDCKII cells
transduced with ovine variant of ABCG2 showed that clorsulon is
efficiently transported by ovine ABGC2 with an efflux transport ratio
of 2.92+0.93 (Table 1, Figure 1B). Similar ratios were previously
obtained in murine ABCG2 (2.20+0.13) and human ABCG2
(1.63+0.17) transduced cells lines (31). Beforehand, different
compounds were described as substrates of ovine ABCG2 such as
antibiotics and non-steroidal anti-inflammatories (28, 30, 32, 39).

We also demonstrate an efficient in vitro inhibition of ABCG2-
mediated transport of clorsulon in ovine variant by the macrocyclic
lactones ivermectin and abamectin (Table 1). Ivermectin and
abamectin are avermectin compounds known for their anthelmintic
and insecticidal effects (40). Both of these have been described as
inhibitors of the ABC transporter P-glycoprotein (41). Nevertheless,
only ivermectin has been previously identified as an in vitro inhibitor
of ABCG2, with an inhibition potency value of 45.9% at 25pM in
ovine ABCG2-transduced cells (32, 42). Furthermore, this inhibitory
effect was confirmed using transport assays with well-known ABCG2
substrates such as danofloxacin (25), albendazole sulphoxide (43) or
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FIGURE 2
Concentration in plasma (A) and milk (B) vs. time curves for clorsulon obtained from sheep after s.c. administration of clorsulon at dosage of 2 mg/kg
and co-administered with ivermectin at 0.2 mg/kg (s.c.) and abamectin at 0.2 mg/kg (s.c.). Results are represented as mean + SD (n = 6). Lowercase
letter (a) represents significant differences (p < 0.05) between clorsulon alone dose and ivermectin coadministration.

TABLE 2 Pharmacokinetic parameters (mean + SD) for clorsulon in plasma after s.c. administration at 2 mg/kg in sheep co-administrated with

ivermectin (0.2 mg/kg, s.c.) and abamectin (0.2 mg/kg, s.c.) (n =6).

Parameters? Clorsulon Clorsulon + ivermectin Clorsulon + abamectin
Crnax (pg/mL) 2.13+0.28 1.72+0.19 1.70 + 0.40

Tonex () 6.67+1.93 6.00 % 1.79 7.67 £0.82

Ty, (h) 18.97 +2.38 15.74 +3.83 12.34 + 2.65%

MRT (h) 25.00 +3.97 22.85+5.20 18.82 + 2.96*

AUC (g (pgh/mL) 43.27+6.40 38.77+6.10 33.68 +9.07

#p <0.05, significant differences from clorsulon alone treatment.

2Cpnap Maximum concentration; Tj,,,, time to maximum concentration; T}, half-life; MRT, mean residence time; AUC, area under the curve.

novel substrates like meloxicam (30). Apart from ivermectin, other
avermectins have been reported to have inhibitory effects on ABCG2
such as doramectin (32), eprinomectin (29) and selamectin (42).
However, the interaction between abamectin and ABCG2 has not yet
been described. Due to its similar structure with the rest of the
avermectins, its hydrophobic properties, previously related as a
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common chemical feature of inhibitors of ABCG2 (44), as well as its
current importance in the agriculture field (40), it was interesting to
address the potential role of abamectin as an inhibitor of ovine ABCG2.

Following the meaningful inhibition obtained in the in vitro
assays, the extent of in vivo ABCG2-mediated drug-drug interaction
involving macrocyclic lactones and the ovine ABCG2 substrate
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TABLE 3 Pharmacokinetic parameters (mean + SD) for clorsulon in milk after s.c. administration at 2 mg/kg in sheep co-administered with ivermectin

(0.2 mg/kg, s.c.) and abamectin (0.2 mg/kg, s.c.) (n = 6).

Parameters?® Clorsulon Clorsulon + ivermectin Clorsulon + abamectin
Crnax (g/mL) 0.65 +0.29 0.52 +0.12 0.57 +0.19

T (h) 10.00 +1.26 11.00 + 1.67 10.00 + 1.79

Ty, (h) 25.88 +3.72 17.44 +5.51 17.90 + 4.56

MRT (h) 40.77 £ 6.15 3045 + 7.83* 30.27 + 6.91%

AUC (g (pgh/mL) 20.73 +4.97 15.15 +3.17*% 15.30 + 3.25%

AUC milk/AUC plasma 0.49 +0.14 0.39 +0.03 0.47 +0.11

Dose excreted (%) in milk (72h) 0.86 +0.28 0.75 + 0.40 0.59+0.18

*p <0.05, significant differences from clorsulon alone treatment.

2Conexs Maximum concentration; T,,,,, time to maximum concentration; T}, half-life; MRT, mean residence time; AUC, area under the curve.

clorsulon was determined carrying out the coadministration of
clorsulon with ivermectin and abamectin in sheep. Clorsulon was
administrated at the recommended dose of 2 mg/kg by the s.c. route,
as is commonly used in cattle (6), and ivermectin and abamectin were
tested at doses based on the recommended dose rate (45).

Plasma concentrations of clorsulon (Figure 2A) were in the same
range as previous pharmacokinetics studies carried out in cattle in
which after s.c. administration of 2mg/kg of clorsulon, the maximum
plasma concentration was 2.5 pg/mL at 6h (6). We showed that plasma
concentrations were lower at 8 h after coadministration with ivermectin.
Differences in T), and MRT after coadministration with abamectin
were reported with lower values compared to clorsulon alone
administration. Despite these differences in clorsulon plasma
concentrations at certain single time points and pharmacokinetics
parameters, no significant differences between AUC values in clorsulon
alone treatment compared to coadministration of macrocyclic lactones
were reported, although these differences tended to be lower after the
coadministrations (Table 2). Lack of differences in clorsulon plasma
availability in sheep after macrocyclic lactone coadministration is in
agreement with the lack of differences in clorsulon plasma levels in mice
after coadministration with ivermectin (31). In particular, there were no
differences in plasma concentrations of clorsulon between wild-type
and Abcg2~~ mice in the treatment either with clorsulon alone or with
the combination of clorsulon and ivermectin. Even when comparing
treatments with or without ivermectin in both types of mice, no
differences in plasma concentrations of clorsulon were reported.
Although our in vitro results evidently showed that clorsulon is a
substrate of ovine ABCG2 and that this transporter can have an
influence on the plasma disposition of its substrates (20), it is important
to consider that other factors, including the potential involvement of
other transporters in vivo, might conceal the effect of ABCG2 on the
systemic disposition of clorsulon.

Focusing on milk pharmacokinetics of clorsulon, in our study the
effect of ivermectin and abamectin on clorsulon pharmacokinetics in
milk was also studied in Assaf sheep (Figure 2B and Table 3). Milk
AUC values decreased following coadministration of ivermectin and
abamectin compared to treatment with clorsulon alone (Table 3).
Moreover, the values of the parameters T/, and MRT in milk were also
lower after coadministration of macrocyclic lactones compared to
clorsulon alone treatment (Table 3), showing a reduction in the
persistence of clorsulon in milk. Previous studies reported a reduction
in milk levels of ABCG2 substrates such as danofloxacin (25) or
meloxicam (30) after coadministration of ivermectin in sheep, without
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any effect in plasma levels. In addition, the coadministration of
different ABCG2 inhibitors in sheep, such as triclabendazole
metabolites (28) or soy isoflavones (26) were also reported to affect
milk pharmacokinetics parameters of moxidectin and danofloxacin,
respectively.

Our results show no significant differences in AUC milk-to-
plasma values of clorsulon between experimental groups. We cannot
rule out the possibility that the coadministration of macrocyclic
lactones affected systemic exposure of clorsulon by some unknown
mechanism since reduced AUC in plasma was also shown although
not statistically significant, probably due to high interindividual
variability. Consequently, reduction in milk AUC might be a
consequence of this potential plasma reduction. In any case, these
results show that coadministration of macrocyclic lactones such as
model ABCG2 inhibitors causes a reduction in the persistence of
clorsulon in milk, limiting potential exposure of the offspring and
consumers of dairy products to this xenobiotic and enhancing the
understanding of the potential factors that could affect the
pharmacokinetics of contaminants in milk.

5. Conclusion

Our study defined clorsulon as an in vitro substrate of ovine
ABCG2 and showed the in vitro inhibitory effect of ivermectin and
abamectin on clorsulon transport mediated by ovine ABCG2. In
sheep, the coadministration of ABCG2 inhibitors such as macrocyclic
lactones affected milk pharmacokinetics of clorsulon.
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Health, Department of Pathology, College of Veterinary Medicine, University of Georgia, Athens, GA,
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Saracatinib/AZD0530 (SAR), a Src tyrosine kinase inhibitor, mitigates seizure-
induced brain pathology in epilepsy models upon repeated oral dosing. However,
repeated dosing is stressful and can be challenging in some seizing animals. To
overcome this issue, we have incorporated SAR-in-Diet and compared serum
pharmacokinetics (PK) and brain concentrations with conventional repeated
oral dosing. Saracatinib in solution or in-diet was stable at room temperature
for >4 weeks (97 + 1.56%). Adult Sprague Dawley rats on SAR-in-Diet consumed
~1.7g/day less compared to regular diet (16.82+ 0.6 vs. 18.50 + 0.5g/day), but
the weight gain/day was unaffected (2.63+0.5g/day vs. 2.83+0.2g/day).
Importantly, we achieved the anticipated SAR dose range from 2.5-18.7mg/
kg of rat in response to varying concentrations of SAR-in-Diet from 54 to
260 ppm of feed, respectively. There was a strong and significant correlation
between SAR-in-Diet dose (mg/kg) and serum saracatinib concentrations (ng/
ml). Serum concentrations also did not vary significantly between SAR-in-Diet
and repeated oral dosing. The hippocampal saracatinib concentrations derived
from SAR-in-Diet treatment were higher than those derived after repeated oral
dosing (day 3, 546.8 +219.7ng/g vs. 238.6 +143ng/g; day 7, 300.7 +43.4ng/g
vs. 2711+ 62.33ng/qg). Saracatinib stability at room temperature and high serum
and hippocampal concentrations in animals fed on SAR-in-Diet are useful to titer
the saracatinib dose for future animal disease models. Overall, test drugs in the
diet is an experimental approach that addresses issues related to handling stress-
induced variables in animal experiments.
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1. Introduction

Saracatinib, also known as AZD0530, is a selective inhibitor of
Fyn or Src family of nonreceptor tyrosine developed by AstraZeneca.
Fyn/Src is highly expressed in proliferating cells such as cancerous
cells (1, 2) neurons and glial cells of the central nervous system in
response to brain insults such as exposure to neurotoxins (3) or
seizures (4, 5) or in chronic neurodegenerative diseases such as
Alzheimer’s disease (6). Considering the role of Fyn/Src kinases in cell
proliferation, saracatinib has been in clinical trials for various types of
cancers, such as bone, ovarian, and breast cancer (7-9). Excessive
production of Fyn/Src and its phosphorylation in reactive glial cells or
neurons causes hyperexcitability, neuroinflammation, and
neurodegeneration (10, 11). Therefore, saracatinib has been tested as
a disease modifier in experimental models of epilepsy and AD (3, 12)
and in clinical trials for AD and Parkinson’s disease (13, 14).

Saracatinib is orally active, crosses the blood brain barrier, and is
a potent modulator of ABCB1-mediated multidrug resistance (9, 15).
However, long-term treatment with this drug at an optimal dose is
required for debilitating and chronic diseases such as cancer and
neurodegenerative diseases to achieve beneficial effects with
minimum adverse effects. In humans, saracatinib has been tested in
clinical trials for some of these conditions for varying periods (8, 9).
In experimental models of epilepsy, we tested repeated oral dosing of
saracatinib for about a week and observed some disease-modifying
effects depending on the severity of the disease and the models of
epilepsy (3, 16). In the kainate (KA) model of temporal lobe epilepsy,
treating for a week with saracatinib was sufficient to mitigate long-
term effects such as reactive gliosis, neurodegeneration, epileptiform
spiking, and spontaneously recurring seizures (3). However, such
protective effects of saracatinib treatment for a week were limited in
organophosphate (OP) induced epilepsy models, perhaps due to
widespread peripheral effects and extended duration of body
clearance of OP (16). Furthermore, acute exposure to OP impacts gut
dysbiosis (17), in contrast to the more centrally localized effect of KA,
therefore, the drugs administered via oral gavage for a shorter
duration may have limited effects in OP models. Chronic and
debilitating diseases such as cancer, AD, PD, and epilepsy require
long-term treatment, and oral medication is ideal for attaining
optimum plasma concentration from a translational perspective.

In experimental models, daily administration of test drugs by oral
gavage for long term is tedious, impractical, and stressful for animals
due to repeated handling, which could confound the real effects of
interventional drugs. To mitigate these issues, we incorporated
saracatinib in rat chow to achieve the required dose during the 24h
feeding cycle and compared the feed consumption, weight gain, and
the pharmacokinetics of saracatinib in serum and brain with repeated
daily oral dosing of saracatinib for a week. We also tested the serum
saracatinib concentrations when the animals were fed different
concentrations of saracatinib in the diet for long term. LC-MS/MS
confirmed the saracatinib concentrations in the formulated diet. The
serum saracatinib in both groups showed a strong correlation from
day 2 through day 7, and there were no significant differences between
groups. Overall, saracatinib stability at room temperature and high
serum and hippocampal concentrations in animals fed on SAR-in-
Diet are useful for titrating the required dosing regimen in chronic
disease models. Incorporating test drugs in the diet is a translational
approach and abates stress-induced variables in animal experiments.
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2. Materials and methods
2.1. Animal studies

Twenty eight adult male Sprague Dawley rats (8 weeks old;
250-300g; Charles River, United States) were used in the study.
Animals were housed in individual cages with a 12-h light-dark cycle
in an enriched environment. The experiments were conducted after
2-3days of acclimatization as per the approved protocols by the
Institutional Animal Care and Use Committees (IACUC protocol:
21-109) and complied with the NTH ARRIVE Guidelines for the Care
and Use of Laboratory Animals. Blood sampling was done by retro-
orbital puncture as per IACUC protocol. Maximal blood collection
was limited to less than 7.5% of the animal’s body weight in one week.
The serum was separated by centrifugation at 1,000-1,500x g for
10 min and stored at —80°C until further analysis. All animals were
euthanized at the end of the study with pentobarbital sodium and
phenytoin sodium (100 mg/kg, i.p.) as per the American Veterinary
Medical Association Guidelines for euthanasia. Tissue samples were
collected and stored at —80°C until further analysis.

The experimental design is illustrated in Figure 1. SAR-in-Diet at
260, 210, 160, and 50 ppm was prepared by LabDiet (Lan O’Lakes, Inc)
to achieve the saracatinib dose range of 20-5 mg/kg of rat. The required
concentration of saracatinib to be incorporated in the rat chow was
estimated based on the average daily food consumption (18-21 g/day)
from eight male adult rats of the same age (8 weeks to start with) and
a similar weight range (206-230g). Saracatinib was prepared in 0.5%
hydroxypropyl methylcellulose at 5mg/mL and added to the diet at
260, 210, 160, and 50 ppm. The Saracatinib incorporated diet and the
control (regular rat chow) diet had similar composition/ingredients
and was purchased from the same source, Purina 5P07 (Prolab RMH
1000). Saracatinib >99% pure by Liquid Chromatography-Tandem
Mass Spectrometry (LC-MS/MS) was supplied by AstraZeneca under
the Open Innovation Program.

The animals were randomized into four experimental groups
(n=4-8).In group 1 (24h study; Figure 1 A), eight animals received a
single oral gavage of saracatinib (20 mg/kg), and the blood sampling
was done at 0.5, 1,2, 4, 6, 8, 12, and 24 h post-treatment. Four animals
each were euthanized at 4h and 24h, respectively. In group 2 (7-day
repeated oral dosing study; Figure 1B), eight animals received repeated
daily oral dosing of saracatinib (20 mg/kg of rat) at 24 h intervals; the
blood sampling was done daily at 24 h intervals before the next dosing.
Four animals were euthanized 24 h after the third repeated oral dosing,
i.e, day 3 and the other four animals were euthanized at day 7.
Group 3 (7-day SAR-in-Diet study; Figure 1C), received a single oral
gavage of saracatinib (20 mg/kg of rat) followed by 24 h later SAR-in-
Diet for 7 days (260 ppm). The blood sampling was done at 24h post
oral and daily at 24 h intervals for 7 days while the animals were on
SAR-in-Diet. Four animals each were euthanized on day 3 and 7.
Group 4 (Figure 1D) included four animals that were given 7 repeated
doses of oral saracatinib (20mg/kg/day for a week) followed by
ad-libitum SAR-in-Diet at varying concentrations fed for up to
18 weeks (260 ppm diet for 2 weeks, 210 ppm diet for a week, 160 ppm
for 4 weeks, and 50 ppm diet for 11 weeks) The tapering concentrations
of saracatinib in the diet from 260 to 50 ppm was done to target a daily
saracatinib dose rate in the range of 20-5mg/kg respectively, in a 24h
feeding cycle. Blood samples were collected at the end of each
diet change.
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FIGURE 1
Experimental design for a single dose pharmacokinetics of saracatinib [24 h study, (A)], repeated daily oral dose [for 7 days, (B)], SAR-in-Diet [for 7 days,
(C)], and for long term studies (D).

2.2. Serum and hippocampal samples
preparation for LC—MS/MS

Samples were submitted to the W.M. Keck Metabolomics Research
Laboratory (Office of Biotechnology, Iowa State University, Ames, IA)
for targeted saracatinibb LC-MS/MS quantification. Serum and
hippocampus preparations were conducted using a modified version of
the previously available extraction and sample preparation methods
previously established (18, 19). 50-75 uL or 50-75mg wet weight of each
sample was added to microcentrifuge tubes. A Reagent control sample
was generated for each sample batch, 75pL of 0.9% NaCl which was
extracted in the same fashion as the samples. The weighed samples were
then spiked with the internal standard, 1.25pg of S-Hexylglutathione
(Sigma-Aldrich CO,, St. Louis, MO), added as 10 pL of from a 0.125 mg/
mL solution in LC-MS grade 9:1 methanol: acetonitrile (Fisher
Scientific, Waltham, MA). The extraction was initiated by the addition
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of 0.4mL of 90% ice-cold LC-MS grade methanol with 10% LC-MS
grade water (Fisher Scientific, Waltham, MA). For the hippocampus
samples, after adding the 90% methanol to the samples, two 2.4mm
metal beads were added to each sample, the tissue was then
homogenized using a Bead Mill 24 Homogenizer (Thermo Fisher
Scientific, Inc., Waltham, MA, United States). All samples were then
vortexed 10s and placed on ice for 10 min before the addition of 1.0mL
of 3:1 of LC-MS grade acetonitrile: water (Fisher Scientific, Waltham,
MA). The samples were again vortexed for 10s before being placed in
an ice-cold sonication water bath (Branson Ultrasonics, Brookfield, CT)
for 10 min. Samples were vortexed for 10 min and centrifuged for 7min
at maximum speed (16,000g). The serum sample supernatant extracts
were transferred to LC vials and subjected directly to LC-MS/MS
analysis. The hippocampus samples sample extracts were filtered with
0.2-micron centrifugal filters (Cat. No. UFC30LG25, Millipore Sigma,
Burlington, MA) prior to LC-MS/MS analysis. A saracatinib
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(AstraZeneca, Cambridge, England, United Kingdom) standard curve
with a range of 0.49 to 1,000 ng per sample was prepared as 1:1 serial
dilutions in 90% methanol before being extracted and subjected to LC~
MS/MS analysis in the same manner as the biological samples.

2.3. Food pellet sample preparation for LC—
MS/MS

Samples were submitted to the W.M. Keck Metabolomics Research
Laboratory (Office of Biotechnology, Iowa State University, Ames, IA)
for targeted saracatinib LC-MS/MS quantification. One or two food
pellets (1.5-3 g) were homogenized by mortar-and-pestle before being
transferred and weighed in glass tubes with Teflon-lined screw caps. A
reagent control sample was generated for each sample batch which was
prepared in the same fashion as the samples. The weighed samples were
then spiked with the internal standard, 250 pg of S-Hexylglutathione
(Sigma-Aldrich CO., St. Louis, MO), added as 1.0mL of from a
0.25mg/mL solution in LC-MS grade 9:1 methanol: acetonitrile (Fisher
Scientific, Waltham, MA). The extraction was initiated by the addition
of 8mL of 90% LC-MS grade methanol with 10% LC-MS grade water
(Fisher Scientific, Waltham, MA). The samples were then vortexed 10s
and allowed to sit on ice for 10 min before the addition of 12mL of 5:1
of LC-MS grade acetonitrile: water (Fisher Scientific, Waltham, MA).
The samples were again vortexed for 10s before being placed in an
ice-cold sonication water bath (Branson Ultrasonics, Brookfield, CT)
for 10min. Samples were vortexed for 10min and centrifuged for
30min at 900g). The food pellet sample supernatant extracts were
transferred to LC vials and subjected directly to LC-MS/MS analysis.
A saracatinib (AstraZeneca, Cambridge, England, UK) standard curve
with a range of 75 to 6 00 g per sample was prepared as 1:1 serial
dilutions in 90% methanol before being extracted and subjected to LC-
MS/MS analysis in the same manner as the food pellet samples.

24. LC-MS/MS

LC separations were performed with an Agilent Technologies 1,290
Infinity Binary Pump UHPLC instrument equipped with an Agilent
Technologies Eclipse C18 1.8 pum 2.1 mm x 100 mm analytical column that
was coupled to an Agilent Technologies 6,540 UHD Accurate-Mass
Q-TOF mass spectrometer (Agilent Technologies, Santa Clara, CA). A
volume of 6 pL of each sample (0.5 pL of food pellet samples) was injected
into the LC system. Chromatography was carried out at 40°C with a flow
rate of 0.400mL/min. Running solvents were A: water with 0.1% formic
acid and B: acetonitrile with 0.1% formic acid. Initial solvent conditions
were 1% B which increased on a linear gradient to 50% B over 7min
before increasing to 100% B over 2min, 100% B was held for 6 min before
returning to 1% B over 2min. A 5-min post run at 1% B was conducted
after each LC-MS/MS acquisition. Saracatinib was detected using
electrospray ionization in positive ionization mode. Nitrogen was used as
the service gas for the ion source with a drying gas flow rate of 12L/min
ata temperature of 350°C, a nebulizing pressure of 25 psi, and a sheath gas
flow of 11L/min at 400°C. The capillary and nozzle voltages were 4,000
and 1,750 volts, respectively. The mass spectrometer was operated in high
resolution (4Gz) mode with a scan range from m/z 100 to m/z 1,700 for
MS and m/z 60 to m/z 350 for MS/MS. An acquisition rate of 10 spectra
per second was used for MS and 5 spectra per second for MS/MS,
respectively. During LC-MS data acquisition, reference masses were
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monitored for continuous mass calibration: m/z 121.050873 with m/z
922.009698. Two targeted MS/MS selections were acquired: for saracatinib
m/z 542.2 with a narrow isolation width and a collision energy of 25€eV;
for the internal standard m/z 392.2 with a narrow isolation width and a
collision energy of 25eV. Data evaluation and peak quantitation were
performed using Agilent MassHunter Qualitative Analysis (version 10.0)
and Agilent MassHunter Quantitative Analysis (version 10.0) software
(Agilent Technologies, Santa Clara, CA). Target peaks were quantified
using the LC-MS/MS extracted ion chromatographs for saracatinib
542.2->127.1218+50ppm and the standard  392.2->
246.1143 + 50 ppm. Saracatinib quantification was finally determined by

internal

relative abundance to the internal standard and linear saracatinib standard
curve before being made relative to the measured sample mass and
volumes. The limit of detection (LOD) and quantification (LLOQ) were
determined by the signal-to-noise ratio. The LLOQ was determined by
the concentrations of spiked calibration standards.

2.5. Pharmacokinetic parameter analysis

A noncompartmental pharmacokinetic (or statistical moments)
analysis was performed using PKanalix software ©Lixoft version 2023
to derive the following pharmacokinetic parameters for saracatinib
after a single oral dose (20 mg/kg) 24h study: elimination half-life
(T, ), elimination rate constant (K,;), maximum concentration (C,,.,),
time to reach maximum concentration (T,,,,), apparent volume of
distribution (Vyz), apparent systemic clearance (CL/F). The first
saracatinib concentration post dose below the LLOQ was inferred to
be LLOQ/2, and subsequent data points were excluded from the
analysis. Area under concentration vs. time curves was determined
using the linear/log trapezoidal rule. The slope of the terminal phase
for saracatinib (Az) was derived by linear regression between Y
(log(concentrations)) and the X (time) using a 1/Y? weighting method.

2.6. Experimental rigor and statistics

The experimental groups and samples were coded/blinded until
the raw data were compiled and analyses were completed. We used
GraphPad Prism 9.0 for statistical analysis. Normality tests were
performed using the Shapiro-Wilk test. Based on the normality of the
data, t-test or Mann-Whitney test was applied to compare data
between the two groups. A mixed-effects model was performed to
determine differences at different time points. Further statistical
details are included in the figure legends of the corresponding figures.

3. Results

The experimental design is illustrated in Figure 1.

3.1. Feed consumption and bodyweight
comparison between groups

In this study, the daily food intake and body weight during the one
week experimental period were compared between the animals fed on
a regular diet (Group 2) and SAR-in-Diet (Group 3). When the daily
food consumption was compared between the two groups, the
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SAR-in-Diet group consumed significantly less food on days 6-8
( ); however, there were no significant differences in the
average diet consumption before and after the first saracatinib oral
dosing ( ). Interestingly, despite the reduction in daily food
consumption in SAR-in-Diet group, there were no significant differences

in the weight gain between the groups at any day ( )

3.2. Authentication of saracatinib and its
stability at room temperature in solution or
when it was incorporated into the diet:
measured by LC—MS/MS

Before the saracatinib was tested in animals, its identity and
purity (>99%) was determined by LC-MS/MS. We first determined
response linearity for saracatinib ( ). The retention time for
saracatinib and the internal standard S- Hexylglutathione was 4.315
and 4.992 min, respectively ( ). When peak area (y) was
plotted against the ascending saracatinib standard, a good correlation
coefficient R? of 0.9998 was obtained, which was within the accepted
range and showed a linear relationship. The slope (m) and intercept
() of the calibration curve were 0.0214 and 0.0286, respectively. The

LOD and LLOQ of the method was 7.35ng/mL or ng/g and 22.65ng/

10.3389/fvets.2023.1297221

mL or ng/g, respectively. The SAR-in-Diet or in solution at room
temperature was stable for >4 weeks (97+1.56%) as detected by
LC-MS/MS.

3.3. Serum pharmacokinetics and
hippocampal concentrations of saracatinib
after a single oral dose (20 mg/kg) 24 h
study

After a single bolus dose of saracatinib (20 mg/kg, oral gavage), the
absorption of the drug seems biphasic. The initial absorption from the
GI lumen was slow for up to 2h, followed by a steep increase in the rate
of absorption. The peak serum concentration attained by saracatinib
was 954.42ng/mL at 6h ( ). The mean volume of distribution
was 15.59L/kg, and the clearance was 2.83L/h/kg. Saracatinib was
detected in the serum up to 24 h after a single oral dose. The estimated
elimination half-life of saracatinib was 4.12h with a rate constant of 0.18
per hour. The area under the concentration-time curve (AUC) from 0
to 24h was 6992.15 (ng/mL*h) ( ). The
hippocampal levels were >500ng/g at 4h, and by 24 h, the concentrations
dropped to nearly half compared to 4h. The hippocampal concentrations
were higher than the serum concentrations at 4h and 24h ( ).
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for a week. n = 4-8 (A,C) mixed-effects analysis (Sidak’s multiple comparisons test); n = 8 (B,D) two-way ANOVA (Tukey's multiple comparisons test);
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3.4. Serum and hippocampal
concentrations of saracatinib in repeated
daily dosing and SAR-in-Diet groups in the
7-day study groups

In the repeated daily dosing of saracatinib (20 mg/kg, oral

gavage), blood sampling was done at 24 h intervals before the next
oral dosing. The serum saracatinib concentrations were maintained
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at ~100ng/mL for the first three days, while trough serum
concentration of saracatinib steadily increased during 3-6 days to
reach a plateau at day 7 (Figure 5A). In the SAR-in-Diet group, the
serum concentration steadily increased during days 1-3, 5, and 6
with a reduction in saracatinib systemic levels at day 4 and day 7
(Figure 5A). However, there were no significant differences in the
serum concentrations of saracatinib between the repeated daily oral
dosing (group 2) and SAR-in-Diet (group 3) except on day 3
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(Figure 5A), which could be due to reduction in food intake in the
SAR-in-Diet group during the previous 24h (Figure 2A). Overall,
there was a strong and significant positive correlation in the serum
concentrations of saracatinib between the repeated daily oral
dosing and SAR-in-Diet groups (Figure 5B). Hippocampal
saracatinib concentrations in the repeated oral dosing maintained
nearly constant levels at days 3 and 7 (Figure 5C). There were no
the
concentrations when compared between the repeated daily oral

significant  differences in hippocampal saracatinib
dosing versus the animals fed on SAR-in-Diet at 3 and 7 days

(Figure 5C).

3.5. Serum concentrations of saracatinib
when the animals were fed with different
concentrations of SAR-in-Diet for long
term

SAR-in-Diet of different concentrations were prepared, and the
drug concentrations were confirmed in the prepared diet by LC-MS/
MS (Table 1). The animals first received daily oral dosing of
saracatinib (20 mg/kg of rat) for a week and then fed with SAR-in-
Diet of varying/tapering concentrations. The concentrations of
saracatinib in the diet were 260, 210, 160, and 50 ppm and were given
for 2, 1, 4, and 11 weeks, respectively (group 4). Blood samples were
collected at the end of each period before the diet was changed. The
experimental design for group 4 is illustrated in Figure 1D. The
overview of the serum saracatinib concentrations is represented in
Figure 6.

3.6. Correlation analysis of serum SAR
levels and SAR-in-Diet consumption at
different concentrations

In group 3, animals were given saracatinib with an initial single
oral dose followed by 6 days of SAR-in-Diet at 260 ppm. The serum
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TABLE 1 SAR concentration in diet and SAR dose rate in long term study
(18 weeks).

Expected Dose rate
; of SAR
SAR-in- hi d
Diet (ppm) ERICE

(mg/kg)
260 260.15 20 17.47 2
210 21941 15 13.75 1
160 165.45 10 8.95 4
50 54.43 5 2.75 11

concentration of saracatinib and the rate at which the drug was
consumed (mg/kg of rat) via SAR-in-Diet is presented in Figure 7A. A
positive correlation was observed between serum concentration and
the SAR-in-Diet consumption rate (Figure 7B). In group 4, animals
were given repeated oral dosing of saracatinib for 7 days followed by
SAR-in-Diet at 260 ppm, 210 ppm, 160 ppm, and 50 ppm until the end
of week 2, week 3, week 7 and week 18, respectively. The serum
concentration of saracatinib and the rate at which the drug was
received through SAR-in-Diet is presented in Figure 7C. Overall, a
strong and positive significant correlation was observed between
serum saracatinib concentrations and the drug consumption rate via
the diet (Figure 7D).

4. Discussion

In this study, we demonstrated the feasibility of incorporating
various concentrations of an orally active test drug saracatinib, for
about 18 weeks in healthy adult male rats. We also compared the
serum disposition kinetics, feed consumption, and weight gain
between orally administered saracatinib and diet-incorporated
saracatinib in a week-long study. Our descriptive PK analysis
confirmed that saracatinib is well absorbed when administered orally,
reaches a peak concentration at approximately 6h, and is
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well-distributed to the brain. Clinical pharmacokinetics of saracatinib
in healthy humans at the dose rate of 250 mg/day once a day daily for
10-14 days has shown excellent pharmacokinetic parameters with the
T,, of 40h and was well tolerated. However, the drug and its
metabolites may accumulate in the tissues over time (20). Therefore,
a tapering dosing regimen may mitigate such adverse effects in long-
term studies. In contrast to human pharmacokinetics, our study in
adult rats shows that the half-life of saracatinib was much lower in
rats, perhaps due to a higher metabolic rate.

Exposure to DFP and soman can lead to status epilepticus
resulting in spontaneous recurrent seizures (21-24). We have
previously demonstrated the disease-modifying effects of saracatinib
in the rat kainate and DFP models of epilepsy (3, 16). However,
saracatinib efficacy seems to depend on the initial severity of the
seizures and subsequent brain pathology (25). Therefore, optimizing
the effective dose of saracatinib for chronic diseases such as epilepsy,
AD, and certain types of cancers, and a long term treatment of
saracatinib at decreasing concentrations may be required to minimize
adverse effects. Src/Fyn kinases play a significant role in cell
proliferation and migration, an active process in cancers and chronic
neurodegenerative diseases (for example, gliosis). Therefore, inhibiting
Src/Fyn kinase activity can be beneficial to control or modify the
progression of the disease.

Saracatinib has been tested in several clinical trials for various
types of cancers, AD and PD. In all these trials, saracatinib was
administered as oral tablets or capsules for a very long time (13, 26,
27). Since saracatinib is an orally active drug, it has to pass through
the hepatic circulation for its metabolism. A repeated oral gavage in
experimental models is not feasible for long term. Furthermore,
repeated handling of animals for oral gavage causes stress and
confounds the experimental results. Therefore, for long term studies
test drugs are normally added to the drinking water or the feed (28).
In a mouse model of AD, saracatinib incorporated into the diet was
fed for up to 9 months and demonstrated its disease-modifying effects
(29). In the mouse AD study, they monitored the body weight to
determine the food/drug intake. Our current study demonstrates the
feasibility, stability, serum and brain pharmacokinetics of saracatinib
when the animals were fed for the long term with the drug
incorporated in the rat chow. We also compared the differences in
serum and brain saracatinib concentrations between daily oral dosing
versus SAR-in-Diet in a 7-day study. The brain concentrations were
also decreased as the serum concentrations decreased but took a
longer time to clear from the brain, which is an advantage from a
therapeutic perspective.

The commonly used routes of drug delivery in laboratory animals
require repeated handling and restraint that are aversive to animals.
This can be a problem in studies that require chronic administration
of drugs daily orally. Furthermore, the timing of administration of the
test drug may impact the pharmacokinetics and the drug metabolism,
which depends on animal’s metabolic state during the day or the night.
Since rodents are nocturnal, they are metabolically active at night and
eat more than during the day. This may be an advantage for rodents if
a test drug mixed in the diet was fed, especially for epileptic conditions
to control the incidence of nocturnal seizures.

Several studies from other labs have demonstrated the delivery of
drugs such as antibiotics or disease-modifying agents in drinking water
or by incorporating them into the diet (29, 30). However, the choice of
such a delivery method depends on the stability of the test drug at
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room temperature and whether the test drug remains in solution
without precipitation. Although saracatinib in solution is stable at
room temperature for several weeks, it may require stirring to prevent
precipitation, therefore, not suitable for delivering it in drinking water
for long term treatment. Furthermore, when added to water, saracatinib
solution alters its taste and impacts daily water consumption. Diet-
incorporated saracatinib has been shown to be effective in a mouse
model of AD (29). Repeated oral dosing or chronic diet incorporated
delivery is required to achieve a steady state of saracatinib serum
concentrations. Although we did not find significant differences
between the two approaches, sustained and steady optimum serum
concentrations of saracatinib are likely to be maintained through diet
rather than acute dosing. Acute dosing rapidly increases serum
concentrations of saracatinib within 6h and decreases after that. Such
rapid increases of test drug in serum may have off-target effects in
contrast to a gradual buildup of serum concentrations when the test
drugs were administered through the diet (31-33).

The choice of administration of test drugs in rodents depends on
various factors such as rate of absorption, target retention/engagement,
and the rate of metabolism, which is high in small rodents and impacts
drug clearance (34, 35). Drugs administered in humans or other
species with lower metabolic rates and various disease conditions
require dosage adjusting to achieve optimum therapeutic levels in
serum and the target organs (36). Our data from repeated daily oral
dosing versus SAR-in-Diet suggest that a steady state of therapeutic
concentration in serum can be achieved through diet incorporation.

The main objective of the translational studies in preclinical
rodent models is to acquire adequate and robust scientific data for
future drug development for clinical application. In humans, oral
medication takes priority over parenteral routes of administration for
obvious reasons. Therefore, characterizing the orally active test drugs
in preclinical models has a translational potential. Saracatinib has
been tested in various experimental models and its PK and toxicity at
high doses are also known from clinical trials (8, 37). Our published
work has demonstrated the disease-modifying effects of saracatinib in
experimental models of epilepsy (3, 25). The long term treatment of
saracatinib in epilepsy and AD models, and in various cancerous
studies in clinical trials provide adequate evidence for the translational
potential of saracatinib for future drug development. Furthermore,
saracatinib reverses ATP-binding cassette (ABC) transporters Bl
(ABCBI) mediated multidrug resistance (15). Interestingly, saracatinib
only inhibits ABCBI transport function, without altering ABCB1
expression or AKT phosphorylation. Therefore, incorporating orally
active antiepileptic drugs and saracatinib in the diet could offer
therapeutic benefits in epilepsy.

5. Conclusion

Repeated oral dosing of saracatinib and SAR-in-Diet produced
comparable serum saracatinib concentrations with no significant
differences between groups, except on day 3 wherein saracatinib
serum concentrations were significantly higher in SAR-in-Diet group.
Overall, saracatinib concentrations in the serum and the hippocampus
reached therapeutic concentrations in rats fed a SAR-in-Diet, which
has obvious potential benefits in the management of chronic diseases
such as epilepsy. This approach can be extended to many other orally
active therapeutic drugs that are intended for use long term.

frontiersin.org


https://doi.org/10.3389/fvets.2023.1297221
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org

Vasanthi et al.

Data availability statement

The original contributions presented in the study are included in
the article/Supplementary material, further inquiries can be directed
to the corresponding author.

Ethics statement

The animal study was approved by Iowa State University
Institutional Animal Care and Use Committee (IACUC). The study
was conducted in accordance with the local legislation and
institutional requirements.

Author contributions

TT: Conceptualization, Funding acquisition, Project
administration, Resources, Supervision, Validation, Visualization,
Writing - original draft, Writing - review & editing. SV:
Conceptualization, Data curation, Formal analysis, Investigation,
Methodology, Software, Validation, Visualization, Writing — original
draft, Writing - review & editing. NM: Conceptualization, Data
curation, Formal analysis, Investigation, Methodology, Software,
Validation, Visualization, Writing - original draft, Writing - review &
editing. SN: Methodology, Validation, Visualization, Writing - review
& editing. JM: Methodology, Validation, Visualization, Writing —
review & editing. LS: Data curation, Methodology, Writing — review

& editing.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This research
was funded by the National Institute of Health/NINDS through the

References

1. Elias D, Ditzel HJ. Fyn is an important molecule in cancer pathogenesis and drug
resistance. Pharmacol Res. (2015) 100:250-4. doi: 10.1016/j.phrs.2015.08.010

2. Wakelee HA, Gubens MA, Burns M, Barbeau SL, Perkins S, Pedo-Salcedo MGS,
et al. A phase II study of Saracatinib (AZD0530), a Src inhibitor, administered orally
daily to patients with advanced Thymic malignancies. ] Thorac Oncol. (2010) 5:5528-8.

3. Sharma S, Carlson S, Gregory-Flores A, Hinojo-Perez A, Olson A, Thippeswamy T.
Mechanisms of disease-modifying effect of saracatinib (AZD0530), a Src/Fyn tyrosine
kinase inhibitor, in the rat kainate model of temporal lobe epilepsy. Neurobiol Dis. (2021)
156:105410. doi: 10.1016/j.nbd.2021.105410

4. Luo XM, Zhao J, Wu WY, Fu J, Li ZY, Zhang M, et al. Post-status epilepticus
treatment with the Fyn inhibitor, saracatinib, improves cognitive function in mice. BMC
Neurosci. (2021) 22:2. doi: 10.1186/s12868-020-00606-z

5. Putra M, Puttachary S, Liu GH, Lee G, Thippeswamy T. Fyn-tau ablation modifies
PTZ-induced seizures and post-seizure hallmarks of early Epileptogenesis. Front Cell
Neurosci. (2020) 14:e592374. doi: 10.3389/fncel.2020.592374

6. Nygaard HB, van Dyck CH, Strittmatter SM. Fyn kinase inhibition as a novel
therapy for Alzheimer's disease. Alzheimers Res Ther. (2014) 6:8. doi: 10.1186/alzrt238
7. Baird K, Glod J, Steinberg SM, Reinke D, Pressey JG, Mascarenhas L, et al. Results
of a randomized, double-blinded, placebo-controlled, phase 2.5 study of saracatinib

(AZDO0530), in patients with recurrent osteosarcoma localized to the lung. Sarcoma,
2020 (2020).

8. Oswald AJ, Symeonides SN, Wheatley D, Chan SP, Brunt AM, McAdam K, et al.
Aromatase inhibition plus/minus Src inhibitor saracatinib (AZD0530) in advanced

Frontiers in Veterinary Science

10.3389/fvets.2023.1297221

CounterACT program, grant number NS117284, and W.E. Lloyd
Endowment fund SG2200008.

Acknowledgments

We thank AstraZeneca for providing saracatinib under the Open
Innovation Program for this study.

Conflict of interest

This study received the test drug, saracatinib, under the Open
Innovation Program from AstraZeneca. However, AstraZeneca was
not involved in the study design, collection, analysis, interpretation of
data, the writing of this article or the decision to submit it
for publication.

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fvets.2023.1297221/

full#supplementary-material

breast cancer therapy (ARISTACAT): a randomised phase II study. Breast Cancer Res
Treat. (2023) 199:35-46. doi: 10.1007/s10549-023-06873-8

9. Williams E, Bagarova J, Kerr G, Xia DD, Place ES, Dey D, et al. Saracatinib is an
efficacious clinical candidate for fibrodysplasia ossificans progressiva. JCI Insight. (2021)
6. doi: 10.1172/jci.insight.95042

10.Du E Tang T, Li QZ, Liu JX. Fyn signaling in ischemia-reperfusion injury:
potential and therapeutic implications. Mediat Inflamm. (2022) 2022:1-10. doi:
10.1155/2022/9112127

11. Guglietti B, Sivasankar S, Mustafa S, Corrigan F, Collins-Praino LE. Fyn kinase
activity and its role in neurodegenerative disease pathology: a potential universal target?
Mol Neurobiol. (2021) 58:5986-005. doi: 10.1007/s12035-021-02518-3

12. Kaufman AC, Salazar SV, Haas LT, Yang ], Kostylev MA, Jeng AT, et al. Fyn
inhibition rescues established memory and synapse loss in Alzheimer mice. Ann Neurol.
(2015) 77:953-71. doi: 10.1002/ana.24394

13. McFarthing K, Buff S, Rafaloff G, Dominey T, Wyse RK, Stott SRW. Parkinson's
disease drug therapies in the clinical trial pipeline: 2020. J Park Dis. (2020) 10:757-74.
doi: 10.3233/JPD-202128

14. van Dyck CH, Nygaard HB, Chen KW, Donohue MC, Raman R, Rissman RA, et al.
Effect of AZD0530 on cerebral metabolic decline in Alzheimer disease a randomized
clinical trial. JAMA Neurol. (2019) 76:1219-29. doi: 10.1001/jamaneurol.2019.2050

15. Liu KJ, He JH, Su XD, Sim HM, Xie JD, Chen XG, et al. Saracatinib (AZD0530) is
a potent modulator of ABCB1-mediated multidrug resistance in vitro and in vivo. Int J
Cancer. (2013) 132:224-35. doi: 10.1002/ijc.27649

frontiersin.org


https://doi.org/10.3389/fvets.2023.1297221
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fvets.2023.1297221/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fvets.2023.1297221/full#supplementary-material
https://doi.org/10.1016/j.phrs.2015.08.010
https://doi.org/10.1016/j.nbd.2021.105410
https://doi.org/10.1186/s12868-020-00606-z
https://doi.org/10.3389/fncel.2020.592374
https://doi.org/10.1186/alzrt238
https://doi.org/10.1007/s10549-023-06873-8
https://doi.org/10.1172/jci.insight.95042
https://doi.org/10.1155/2022/9112127
https://doi.org/10.1007/s12035-021-02518-3
https://doi.org/10.1002/ana.24394
https://doi.org/10.3233/JPD-202128
https://doi.org/10.1001/jamaneurol.2019.2050
https://doi.org/10.1002/ijc.27649

Vasanthi et al.

16. Gage M, Putra M, Wachter L, Dishman K, Gard M, Gomez-Estrada C, et al.
Saracatinib, a Src tyrosine kinase inhibitor, as a disease modifier in the rat DFP model:
sex differences, Neurobehavior, gliosis, neurodegeneration, and nitro-oxidative stress.
Antioxidants. (2022a) 11:61. doi: 10.3390/antiox11010061

17. Gage M, Vinithakumari AA, Mooyottu S, Thippeswamy T. Gut dysbiosis following
organophosphate, diisopropylfluorophosphate (DFP), intoxication and saracatinib oral
administration. Front Microb. (2022¢) 1:1006078. doi: 10.3389/frmbi.2022.1006078

18. Jackson KD, Durandis R, Vergne MJ. Role of cytochrome P450 enzymes in the
metabolic activation of tyrosine kinase inhibitors. Int ] Mol Sci. (2018) 19:2367. doi:
10.3390/ijms19082367

19. Sharma S, Carlson S, Puttachary S, Sarkar S, Showman L, Putra M, et al. Role of
the Fyn-PKCJ signaling in SE-induced neuroinflammation and epileptogenesis in
experimental models of temporal lobe epilepsy. Neurobiol Dis. (2018) 110:102-21. doi:
10.1016/j.nbd.2017.11.008

20. Hannon RA, Clack G, Rimmer M, Swaisland A, Lockton JA, Finkelman RD, et al.
Effects of the Src kinase inhibitor saracatinib (AZD0530) on bone turnover in healthy
men: a randomized, double-blind, placebo-controlled, multiple-ascending-dose phase
I trial. J Bone Miner Res. (2010) 27:1435-5. doi: 10.1002/jbmr.1557

21. Gage M, Rao NS, Samidurai M, Putra M, Vasanthi SS, Meyer C, et al. Soman (GD)
rat model to mimic civilian exposure to nerve agent: Mortality, video-EEG based status
epilepticus severity, sex differences, spontaneously recurring seizures, and brain
pathology. Front Cell Neurosci. (2022b) 15:15. doi: 10.3389/fncel.2021.798247

22. Massey N, Vasanthi SS, Samidurai M, Gage M, Rao NK, Meyer C, et al. 1400 W, a
selective inducible nitric oxide synthase inhibitor, mitigates early neuroinflammation and
nitrooxidative stress in diisopropylfluorophosphate-induced short-term neurotoxicity rat
model. Front Mol Neurosci. (2023) 16:1125934. doi: 10.3389/fnmol.2023.1125934

23.Rao NS, Meyer C, Vasanthi SS, Massey N, Samidurai M, Gage M, et al. DFP-
induced status epilepticus severity in mixed-sex cohorts of adult rats housed in the same
room: behavioral and EEG comparisons. Front Cell Dev Biol. (2022) 10. doi: 10.3389/
fcell.2022.895092

24, Vasanthi SS, Rao NS, Samidurai M, Massey N, Meyer C, Gage M, et al. Disease-
modifying effects of a glial-targeted inducible nitric oxide synthase inhibitor (1400W)
in mixed-sex cohorts of a rat soman (GD) model of epilepsy. ] Neuroinflammation.
(2023) 20:163. doi: 10.1186/s12974-023-02847-1

25.Gage M, Putra M, Gomez-Estrada C, Golden M, Wachter L, Gard M, et al.
Differential impact of severity and duration of status epilepticus, medical
countermeasures, and a disease-modifier, Saracatinib, on brain regions in the rat
Diisopropylfluorophosphate model. Front Cell Neurosci. (2021) 15:¢772868. doi:
10.3389/fncel.2021.772868

Frontiers in Veterinary Science

31

10.3389/fvets.2023.1297221

26. Gucalp A, Sparano JA, Caravelli ], Santamauro J, Patil S, Abbruzzi A, et al. Phase
II trial of Saracatinib (AZD0530), an Oral SRC-inhibitor for the treatment of patients
with hormone receptor-negative metastatic breast Cancer. Clin Breast Cancer. (2011)
11:306-11. doi: 10.1016/j.clbc.2011.03.021

27.Nygaard HB, Wagner AF, Bowen GS, Good SP, MacAvoy MG, Strittmatter KA,
et al. A phase Ib multiple ascending dose study of the safety, tolerability, and central
nervous system availability of AZD0530 (saracatinib) in Alzheimer's disease. Alzheimers
Res Ther. (2015) 7:35. doi: 10.1186/s13195-015-0119-0

28. Turner PV, Brabb T, Pekow C, Vasbinder MA. Administration of Substances to
laboratory animals: routes of administration and factors to consider. ] Am Assoc Lab
Anim Sci. (2011) 50:600-13.

29. Tang SJ, Fesharaki-Zadeh A, Takahashi H, Nies SH, Smith LM, Luo A, et al. Fyn
kinase inhibition reduces protein aggregation, increases synapse density and improves
memory in transgenic and traumatic Tauopathy. Acta Neuropathol Commun. (2020)
8:96. doi: 10.1186/s40478-020-00976-9

30. Redelsperger IM, Taldone T, Riedel ER, Lepherd ML, Lipman NS, Wolf FR.
Stability of doxycycline in feed and water and minimal effective doses in tetracycline-
inducible systems. ] Am Assoc Lab Anim Sci. (2016) 55:467-74.

31.Lin A, Giuliano CJ, Palladino A, John KM, Abramowicz C, Yuan ML, et al. Off-
target toxicity is a common mechanism of action of cancer drugs undergoing clinical
trials. Sci Transl Med. (2019) 11. doi: 10.1126/scitranslmed.aaw8412

32.Van Harken DR, Hottendorf GH. Comparative absorption following the
administration of a drug to rats by oral gavage and incorporation in the diet. Toxicol
Appl Pharmacol. (1978) 43:407-10. doi: 10.1016/0041-008X(78)90020-0

33. Zhao ZM, Ukidve A, Kim J, Mitragotri S. Targeting strategies for tissue-specific
drug delivery. Cells. (2020) 181:151-67. doi: 10.1016/j.cell.2020.02.001

34. Agoston DV. How to translate time? The temporal aspect of human and rodent
biology. Front Neurol. (2017) 8:92. doi: 10.3389/fneur.2017.00092

35.Kim J. Medication routes of administration. Treasure Island (FL): StatPearls
Publishing (2023).

36. Herbrink M, de Vries N, Rosing H, Huitema ADR, Nuijen B, Schellens JHM, et al.
Quantification of 11 therapeutic kinase inhibitors in human plasma for therapeutic drug
monitoring using liquid chromatography coupled with tandem mass spectrometry. Ther
Drug Monit. (2016) 38:649-56. doi: 10.1097/FTD.0000000000000349

37. Baselga ], Cervantes A, Martinelli E, Chirivella I, Hoekman K, Hurwitz HI, et al.
Phase I safety, pharmacokinetics, and inhibition of Src activity study of Saracatinib in
patients with solid tumors. Clin Cancer Res. (2010) 16:4876-83. doi: 10.1158/1078-0432.
CCR-10-0748

frontiersin.org


https://doi.org/10.3389/fvets.2023.1297221
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://doi.org/10.3390/antiox11010061
https://doi.org/10.3389/frmbi.2022.1006078
https://doi.org/10.3390/ijms19082367
https://doi.org/10.1016/j.nbd.2017.11.008
https://doi.org/10.1002/jbmr.1557
https://doi.org/10.3389/fncel.2021.798247
https://doi.org/10.3389/fnmol.2023.1125934
https://doi.org/10.3389/fcell.2022.895092
https://doi.org/10.3389/fcell.2022.895092
https://doi.org/10.1186/s12974-023-02847-1
https://doi.org/10.3389/fncel.2021.772868
https://doi.org/10.1016/j.clbc.2011.03.021
https://doi.org/10.1186/s13195-015-0119-0
https://doi.org/10.1186/s40478-020-00976-9
https://doi.org/10.1126/scitranslmed.aaw8412
https://doi.org/10.1016/0041-008X(78)90020-0
https://doi.org/10.1016/j.cell.2020.02.001
https://doi.org/10.3389/fneur.2017.00092
https://doi.org/10.1097/FTD.0000000000000349
https://doi.org/10.1158/1078-0432.CCR-10-0748
https://doi.org/10.1158/1078-0432.CCR-10-0748

:' frontiers ‘ Frontiers in Veterinary Science

‘ @ Check for updates

OPEN ACCESS

EDITED BY
Arturo Anadon,
Complutense University of Madrid, Spain

REVIEWED BY
Ayhan Filazi,

Ankara University, Turkiye

James Edward Brereton,

Sparsholt College, United Kingdom

*CORRESPONDENCE
Wilson K. Rumbeiha
wkrumbeiha@ucdavis.edu

RECEIVED 11 October 2023
ACCEPTED 04 December 2023
PUBLISHED 03 January 2024

CITATION

Kwizera E, Rumbeiha WK, Nishimwe K and
Nziza J (2024) A survey to document toxic
hazards in the zone surrounding volcanoes
national park, a habitat for mountain gorillas, an
endangered wildlife species in Rwanda.

Front. Vet. Sci. 10:1320162.

doi: 10.3389/fvets.2023.1320162

COPYRIGHT

© 2024 Kwizera, Rumbeiha, Nishimwe and
Nziza. This is an open-access article distributed
under the terms of the Creative Commons
Attribution License (CC BY). The use,
distribution or reproduction in other forums is
permitted, provided the original author(s) and
the copyright owner(s) are credited and that
the original publication in this journal is cited, in
accordance with accepted academic practice.
No use, distribution or reproduction is
permitted which does not comply with these
terms.

Frontiers in Veterinary Science

TYPE Original Research
PUBLISHED 03 January 2024
Dol 10.3389/fvets.2023.1320162

A survey to document toxic
hazards in the zone surrounding
volcanoes national park, a habitat
for mountain gorillas, an
endangered wildlife species in
Rwanda

Enock Kwizera?!, Wilson K. Rumbeiha?*, Kizito Nishimwe?® and
Julius Nziza*

!Department of Veterinary Medicine, University of Rwanda, Nyagatare, Rwanda, 2Department of
Molecular Biosciences, University of California, Davis, Davis, CA, United States, *Department of Food
Science and Technology, University of Rwanda, Musanze, Rwanda, *Gorilla Doctors, Musanze, Rwanda

Introduction: In recent years, Volcanoes National Park has seen a rise in
its wildlife population, primarily due to the diligent efforts of the Rwandan
government in safeguarding endangered species, notably the mountain gorillas
(Gorilla beringei spp. beringei). This population growth has led to a pressing
need for more expansive habitats, ensuring these creatures have ample space,
sustenance, and shelter for their wellbeing. Consequently, there are planned park
expansion activities on the horizon. However, before initiating this expansion, a
critical prelude involves identifying potential threats, particularly toxic substances
stemming from agricultural activities in the surrounding environment of Volcanoes
National Park.

Methods: To address this concern, a comprehensive study was conducted,
aimed at pinpointing potential toxic hazards and assessing the awareness of
the local population regarding the harm these hazards pose to wildlife species.
Data was collected from individuals with no prior knowledge of the study using
a pre-tested questionnaire. The questionnaire was divided into three sections:
socio-demographic issues, potential toxic hazards assessment, and a section to
determine awareness and risk of potential toxic hazards to humans, animals, and
the environment. Respondents were selected based on specific criteria, which
included being 18 years or older and residing within the National Volcano Park
(NVP) area.

Results: The study’s findings revealed four main categories of potential
toxic hazards, which include household chemicals, pharmaceutical products,
agricultural pesticides, and poisonous plants. These hazards could jeopardize the
health and survival of wildlife species if they consume or come into contact with
them. Furthermore, the study exposed an inadequacy in the knowledge and skills
of the local community in preventing these toxic hazards, which can resultin death
of wildlife species and ecosystem contamination and degradation.

Conclusion: Study results also underscored the significance of education and
training in enhancing the awareness of local communities concerning these toxic
threats. Therefore, it is imperative to implement immediate measures to mitigate
the adverse effects of these toxic hazards on wildlife species, especially in light of
the planned park expansion.

KEYWORDS

chemicals, wildlife, mountain gorillas, VNP, pesticides, pharmaceuticals, poisonous plants,
toxicants
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1 Introduction

The Volcanoes National Park (VNP) is situated in Northern
Rwanda and is part of the Virunga Massif landscape that also
consists of the Mgahinga Gorilla National Park in Southwestern
Uganda and the Virunga National Park in the Eastern Democratic
Republic of Congo (DRC). The VNP, with an area of 160 km?,
encompasses high-altitude volcanic mountains (ranging from 2,
400 to 4, 500m above sea level), namely Sabyinyo, Gahinga,
Muhabura, Bisoke and Karisimbi, with the highest peak at 4, 507 m
above sea level (1). As a part of the Albertine rift (The western
branch of the East African Rift, covering parts of Uganda, DRC,
Rwanda, Burundi and Tanzania, extending from the northern end
of Lake Albert to the southern end of Lake Tanganyika), this
unique habitat is one of the most biologically diverse regions
in the world, supporting various wildlife species, including the
endangered mountain gorillas according to the International
Union for Conservation of Nature (IUCN) (2, 3). The VNP is
a legally protected area by the Government of Rwanda (GoR)
to shield endangered species including mountain gorillas (4).
In addition, eco-tourism to the VNP generates foreign income,
primarily from mountain gorilla-based tourism (5, 6). Thus, the
VNP is a world treasure.

Over the last few years, the wildlife population in VNP has
increased. For instance, it was estimated that the wildlife population
of the Virunga Mass if would increase by around 3% annually,
including the 4.4% growth rate of the mountain gorillas under
observation (7), thanks to the GoR’s efforts to protect those
endangered species. As the population has increased, mountain
gorillas tend to move out of VNP to the surrounding agricultural
communities, which unfortunately creates conflicts with the local
communities. To better protect these endangered species, the GoR
has initiated the expansion of VNP to the surrounding agricultural
communities (8). These communities traditionally use agricultural
and household chemicals, pharmaceuticals, and other hazardous
chemicals for different reasons. The surrounding areas also contain
natural toxins such as poisonous plants and mushrooms. Like
communities anywhere in the world, people living in the area
surrounding the VNP plant ornamental and/or herbal plants, some
of which have toxic properties (9). Therefore, there are concerns
that the expansion of VNP to the surrounding agricultural territory
will expose the wildlife in the protected area to toxic hazards that
will harm or kill them. Some published studies show that farmers in
Musanze District, where VNP is located, heavily rely on pesticides
to protect their crops from pests and diseases, with some using up to
12 different types of pesticides (10-12). Such heavy use of pesticides
in agriculture, particularly in Musanze District, Rwanda, has been
a cause for concern because of the potential of these chemicals
to harm human health and the environment if they are not well
managed or disposed of.

Therefore, the goal of this study was to identify the toxic
hazards to wildlife in the future expansion zone surrounding VNP,
and to assess people’s awareness of the harm these toxic hazards
pose to wildlife. We tested the hypothesis that people living in the
area surrounding the VNP were not aware of the potential for these
toxicants to harm or kill wildlife. This is important because the
VNP harbors endangered wildlife species, such as mountain gorillas
which must be conserved. Information obtained from this study is
crucial for safe expansion of VNP into contiguous areas. Expanding
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wildlife habitat will provide wildlife species in VNP with sufficient
sources of food and shelter, reduce competition, and allow wildlife
will thrive in a conductive safe environment.

2 Materials and methods

2.1 Description of the study area

The study area is located in the northern and western provinces
of Rwanda. This area is near the borders with the DRC and Uganda.
The study was conducted in four sectors surrounding VNP in
Musanze District, namely Nyange, Kinigi, Shingiro, and Gataraga
(Figure 1). The primary economic activity in the area is agriculture,
with Irish potatoes, pyrethrum, wheat, onions, nuts, and maize as
major cash crops cultivated (13, 14). Livestock production is mainly
cattle (Bos taurus), sheep (Ovis aries), and goats (Capra aegagrus
hircus). Beekeeping is also practiced on a small scale. The study area
is characterized by heavy pesticide use to boost crop agricultural
production (15, 16).

2.2 Sample size determination

Determination of sample size of study participants for this
study was based on the estimated population of 63, 972 individuals
living in the mentioned sectors surrounding VNP (16). A
confidence level of 95% and a margin of error of 5% were used
to determine the sample size. The Survey Monkey formula was
employed, with a z-score of 1.96 (17). The calculated minimum
sample size was determined to be 380 participants, representative
of the entire population.

2.3 Target population

The target population was individuals living in the area
surrounding VNP, regardless of their occupation. The only
inclusion criteria were that the participants were at least 18 years
old. Therefore, the study aimed at capturing a diverse range of
individuals living in the vicinity of the park, including farmers
and non-farmers.

2.4 Study design and sampling method

A cross-sectional study was conducted for identification of
potential toxic hazards through interviews with people who lived in
the area surrounding VNP. Non-probability (empirical) sampling
using the quota approach was used because all study subjects in
the research population were not available at the same time. By
skipping 3rd or 4th home, survey was conducted until the required
number of study subjects was reached.

2.5 Data collection

Data collection was conducted using a questionnaire from
November to mid December 2022. Respondents were not
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FIGURE 1
Map showing the administrative boundaries surrounding Volcanoes National Park.

pre-informed to avoid biased responses, and the questionnaire
was designed based on previously published studies (18-21). Prior
to the study, the questionnaire was piloted on a small sample
of farmers (22), and questions’ clarity and appropriateness were
evaluated and edited accordingly. The questionnaire was divided
into three main sections: socio-demographic issues, potential toxic
hazards assessment, and a section to assess awareness and risk of
potential toxic hazards to humans, animals, and the environment.
The target respondents were selected based on specific criteria
namely being 18 years old or above and living in the area
surrounding VNP. The questionnaire consisted of closed questions,
and 14 questions were selected to assess the respondents’ level
of knowledge about potential toxic hazards to wildlife species
in the area surrounding VNP (Supplementary material). The
questionnaire was inserted into the Kobo Toolbox for quick and
reliable data collection (23). The interviews were conducted in the
local language (Kinyarwanda), and verbal consent was obtained
from all participants involved in the study to keep their anonymity.
This study was approved by the University of Rwanda (The office
of the director of research & innovation) and Rwanda Development
Board (RDB) in charge of wildlife protection. Validation of names
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of pesticides and pharmaceutical drugs used by the participants in
each study area was done by contacting local pesticide retailers and
local health centers and pharmacies. The printed photos of listed
poisonous plants were shown to respondents during interview
in order give accurate data. Furthermore, an android application
called LEAF SNAP was used to confirm the identity of plant species
by scanning plants’ photos (23).

2.6 Data analysis

The raw data collected were first exported into Microsoft
Excel (version 2021) and reviewed for the accuracy. The data
were then coded, entered, and verified to minimize the risk
of errors. The statistical software package, SPSS v.20 (Chicago,
IL), was used for data analysis in accordance with the study’s
objectives. The precision level was set at 5% and the confidence
interval at 95%. Descriptive statistics were used to calculate the
frequencies and percentages of the responses. Logistic regression
was conducted to determine the association between the dependent
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TABLE 1 Social demographic characteristics of respondents.

Responden Frequency Percentage
characteris (n) (%)
Location
Kinigi 139 34.4%
Nyange 72 17.9%
Shingiro 126 31.3%
Gataraga 66 16.4%
Gender
Female 202 50.1%
Male 201 49.9%
Age
18-25 55 13.6%
26-30 60 14.9%
31-35 77 19.1%
36-40 64 15.9%
41-45 37 9.18%
46-50 28 6.95%
51-55 21 5.21%
56-60 25 6.21%
61-65 13 3.24%
66-70 9 2.23%
71-75 5 1.25%
76-80 9 2.23%
Occupation
Farmer 400 99.25%
Pastor 1 0.25%
Technician 1 0.25%
Constructor 1 0.25%
Marital Status
Divorced 6 1.49%
Married 354 87.84%
Single 18 4.47%
Widower 25 6.2%
Family Size
1-5 People 201 49.9%
6-10 People 75 31.5%
11-15 People 127 18.6%
Educational Background
No formal 90 22.3%
education
Primary 209 51.9%
Secondary 100 24.8%
College and 4 1%
University
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variable, knowledge, and the independent variables, education
level, and training status. To evaluate the level of knowledge of
the respondents regarding potential toxic hazards around VNP, the
14 questions were scored, with a score of 1 indicating sufficient
knowledge and a score of 0 indicating insufficient knowledge. The
total number of points was 14. Respondents who scored > 10 points
were considered to have sufficient knowledge. Those who scored
7 but <10 points were considered to have moderate knowledge.
Those who scored < 7 points were regarded as having insufficient
knowledge about potential toxic hazards.

3 Results

3.1 Social demographic characteristics of
respondents

The results of this study showed that the majority of the
respondents were farmers (99.9%) with a large proportion
practicing both crop and livestock farming (43.9%). The
respondents were predominantly married (87.8%) and had
different family sizes, with almost half of them belonging to
households of 1-5 people (49.9%). In terms of educational
background, the majority attended primary school (51.9%) and
a considerable number had no formal school education at all
(22.3%). The age bracket of the majority of respondents was
youths, 31-35 years (19.1%). The study had almost an even
representation of both genders, with females constituting slightly
over half of the respondents (50.1%). The study was conducted in
four sectors of the Musanze district, with Kinigi sector having the
highest number of respondents (34%) (Table 1).

3.2 Household chemicals

The survey results revealed that households in the vicinity
of the VNP had a low usage level of house hold chemicals.
Bathroom, toilet cleaners, disinfectants, and surface cleaners were
used by only 0.20% of respondents. Deodorants and sprays, bleach,
perfumes, nail polish, nail polish remover, hair dyeing and hair
styling products, and hair removers were not used at all. In
the kitchen, dishwashing detergents and powders were used by
49.0% of respondents. Chemicals used in laundry, such as washing
detergents were used by respondents at a high level of 98%
(Table 2). Sleeping aids, painkillers, and cough and cold medicines
were used only by 29% of respondents, while cosmetics (lotions)
were used at a level of 70.5% (Table 3).

3.3 Pharmaceutical drugs used in humans

The findings from the survey revealed the use of various
human pharmaceutical drugs. The most commonly used
pharmaceutical drugs were antimalarial drugs such as Coartem
(artemether/lumefantrine) which was used by 8.4% of survey
participants. The usage of anthelminthic and antiprotozoal drugs
was also common. For example, Metronidazole was used by 96.5%
of participants, followed by Tinidazole at 96.8% and Albendazole at
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TABLE 2 Household chemicals used for laundry in communities around
VNP.

Itemized household Percentage (%)

Frequency (n)

chemicals

Yes No
Washing detergents 395 8 98% 2%
Bleach 0 403 0% 100%
Solvents 0 403 0% 100%
Pet flea powders and shampoo 0 403 0% 100%
Metal and wood polish 0 403 0% 100%
Washing soap 1 402 0.20% 99.80%
Antiseptics 1 402 0.20% 99.80%

TABLE 3 Household chemicals used in bedrooms in communities around
VNP.

Household Frequency (n) Percentage (%)
chemicals

Yes No Yes \[o)
Usage of chemicals in your 286 116 71.1% 28.9%
bedrooms
Sleeping tablets painkillers 2 401 0.0.5% 99.5%
and cough and cold medicines
Cosmetics lotions 284 119 70.5% 29.5%
Insect repellents 0 403 0% 100%

97.3%. Antibiotics such as Amoxicillin were also commonly used,
with a usage level of 99%, followed by Erythromycin at 26.6% and
Cotrimoxazole at 13.3%. Non-steroidal Anti-inflammatory drugs
such as Paracetamol and Ibuprofen were used at a very high level
of 99.5% and 98.5% of survey participants respectively (Table 4).
Results showed that survey participants use pharmaceutical drugs
at different frequencies. Those who use pharmaceutical drugs
more than once per week were at 4.5%, while those who use
pharmaceutical drugs once per week were at 1.2%. The majority of
the population surveyed use drugs less frequently, with 40.4% using
them once every 3 months, 16.1% using them once every 6 months,
and 31.3% using them once a month. The lowest percentage of
pharmaceutical drug users was those who use them once per year,
at 6.5%.

3.4 Disposal of household chemicals and
pharmaceutical drugs

The results showed that people have adopted different methods
for disposal of unused household chemicals, pharmaceutical
products, and residues. The majority of the respondents (40.1%)
reported that they simply throw away unused chemical and
packaging materials into dumpsites, while a very small proportion
(0.2%) reported wrapping the materials in separate containers
before discarding in the open space. Additionally, 15.6% of
respondents reported burying the materials, while the majority of
respondents (60.8%) reported outdoor burning the materials.
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TABLE 4 Itemized household human pharmaceuticals used around VNP.

Medicines Medicine  Frequency (n) Percentage (%)
category
\[¢) \[¢) ‘
Antimalarial drugs
Coartem® ‘ 34 ‘ 369 ‘ 8.4% ‘ 91.6%
Anthelmintic/ antiprotozoal drugs
Metronidazole 389 14 96.5% 3.5%
Tinidazole 390 13 96.8% 3.2%
Mebendazole 34 369 8.4% 91.6%
Albendazole 392 11 97.3% 2.7%
Nystatin 4 399 1% 99%
Antibiotics
Amoxicillin 399 4 99% 1%
Erythromycin 107 296 26.6% 73.4
Cotrimoxazole 53 350 13.2% 86.8%
NSAID for fever and headache
Paracetamol 401 2 99.5% 0.5%
Ibuprofen 397 6 98.5 1.50%

3.5 Use of veterinary drugs around VNP

The use of Albendazole and Ivermectin at 100% indicates
that parasitic infections are the most common diseases affecting
livestock in the area. Oxytetracycline, used to treat bacterial
infections is an important veterinary drug used by 38% of
respondents. Multivitamin supplements used to improve the
general health of the livestock was used by all survey participants
(100%). Vaccines were used at 55.8% to prevent certain diseases
such as Rift Valley Fever, Lumpy Skin diseases, Anthrax, and so
on (Table 5). The low usage of disinfectants at 17% suggests a lack
of awareness of the importance of hygiene in preventing spread of
25 (Oxytetracycline 2.5% spray).
Spray at 39.2% and Eye Ointments at 4.5% indicates that eye

diseases. The use of Limoxin

infections are also prevalent in the area. Streptomycin at 70.2% is
used to treat bacterial infections, but its frequent use can lead to the
development of antibiotic resistance, which is a major concern for
public health.

3.6 The fate of veterinary drug residues
and their packaging materials

We also studied the fate of unused veterinary drug and their
packaging materials to understand the level of environmental
contamination from this class of chemicals. The results showed
that 46.4% of respondents discard unused veterinary drugs and
their packaging materials in the open at the edge of farms 13.2%
bury them, 5.5% discard them in public landfills, and 1.7%
dispose of them in streams. Interestingly, a significant proportion
(62.8%) reported outdoor burning the unused veterinary drugs
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TABLE 5 Veterinary pharmaceuticals commonly used by farmers around
VNP.

Veterinary drugs Percentage (%)

Frequency (n)

10.3389/fvets.2023.1320162

TABLE 6 Itemized insecticides commonly used to increase agricultural
production around VNP.

Yes Yes No
Albendazole 403 0 100% 0%
Oxytetracycline 153 250 38% 62%
Ivermectin 403 0 100% 0%
Multivitamin 403 0 100% 0%
Vaccines 225 178 55.8% 44.2%
Disinfectant 70 333 17% 82.6%
Limoxin® 25 Spray 158 245 39.2% 60.8%
Eye Ointment 18 385 4.50% 95.5%
Streptomycin 141 262 35% 65%
Streptomycin Injection 283 120 70.2% 29.8%

and packaging materials, which could potentially release harmful
chemicals into the environment. These findings suggest that there
is a need for proper disposal methods for veterinary drug residues
and their packaging materials to reduce the potential risks to the
environment and wildlife in and around the VNP.

3.7 Agricultural pesticides

Our survey for potential toxic hazards for wildlife species
around VNP in Rwanda also involved studying the use of
different pesticides in the area. We found that the most
commonly used pesticide was SAFARIMAX™ (Dinotefuran 20%),
which was used at a level of 88.4% in the agricultural sector.
THIODAN 4EC® (Endosulfan) was also widely used, with a
frequency of 90.3%. pupu® (Abamectin 20g/L + Acetamiprid
3%) was used by 68.8% of farmers, while DITHANE M.45®
(Manconazeb/ dithiocarbametes) had the highest frequency of
use at 96.3%. MBOLEA YA MAIIMA]I®
and Phosphorous) as Fertilizer was used by 54% of farmers,
and ROCKET (Profenofos and Pyrethroid Cypermethrin) had a
frequency of use of 60%. Finally, MILLMAX GOLD ~ (Cymoxanil
6% + Propineb 70%) was used at a level of 0.2% (Table 6). These
findings suggest that the use of pesticides is prevalent in the area,

(Nitrogen, Potassium

particularly for crop farming such as Irish potatoes (Solanum
tuberosum) and tamarillo /tree tomatoes (Solanum betaceum)
which rely heavily on pesticide applications to increase yield and
prevent agricultural losses.

3.8 The storing, disposing, and factors
influencing application of pesticides

Results showed that most of the farmers surveyed have
designated storage areas for pesticides (88.80%). However, the
study also found that there is a lack of proper disposal practices
for unused pesticide and packaging materials. Most of the farmers
reported outdoor burning of pesticide containers and residues.

Frontiersin Veterinary Science

Pesticides Frequency (n) Percentage (%)
Yes No Yes No

SAFARIMAX® (Dinotefuran 358 47 88.4% 11.6%

20%)

THIODAN® (Endosulfan) 365 39 90.3% 9.7%

Dudu® (Abamectin 20g/L + 278 121 68.8% 31.2%

Acetamiprid 3%)

DITHANE M—45® (80% 389 15 96.3% 3.7%

Mancozeb)

MBOLEA YA 218 186 54% 46%

MAJIMAJI® (Nitrogen,

Potassium and Phosphorous)

ROCKET® (Profenofos and 242 161 60% 40%

Pyrethroid Cypermethrin)

MILLMAX GOLD® 1 402 0.2% 99.8%

(Cymoxanil 6%+-Propineb

70%)

The findings of the study suggest that there are several factors
that could contribute to presence of high quantities of pesticides
in the area around VNP. The data indicates that the harmfulness
threshold and date fixed in advance were the most influential
factors, with 98.8 and 98.3% of respondents respectively. In
terms of initiating the treatment, the majority of respondents
(98.3%) relied on the harmfulness threshold and date fixed
in advance, with regional surveillance playing a slightly larger
role at 99.0%. Respondents also took into account the climate
when applying pesticides, with 1.5% reporting it as a major
contributor to the use of pesticides. In cases where the treatment
was ineffective, all respondents (100%) reported increasing the
concentration or changing the pesticides used. Only a small
percentage (0.2%) of respondents reported consulting a specialist in
phytosanitary products.

3.9 Poisonous plants

Our study has also revealed several herbal, ornamental, and
poisonous plants in the area. In total, 47.9% of respondents
reported having herbal plants around their homes. Those
herbal plants that were commonly used include Nasturtium
(Aloe
plant (Coleus kilimandscharica), Umutagara (Crassocephalum

(Tropaeolum majus), Soap aloe maculate), Coleus

multicorymbosum), bitter leaf (Vernonia amygdalina), ginger
bush (Tetradenia
dodecandra), and holy basil (Ocimumtenuiflorum). In addition

riparia), African soapberry (Phytolacca
to herbal plants, the study also revealed the most common
toxic plants in that area and they include pyrethrum,
Coral tree (Erythrina genus), angel trumpet (Brugmansia
genus), Bracken fern (Pteridium aquilinum) and Castor oil
identified
include Arum lily, Arizona cypress, cacti, and Mushrooms

(Table 7).

plant (Ricinus Communis). Other toxic plants
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3.10 Awareness about potential toxic
hazards to wildlife species around VNP

The results of our study indicate that the level of awareness
about toxic hazards to wildlife around VNP varied among study
participants. The majority of the participants had moderate
knowledge (57.10%), while 28.8% insufficient knowledge (that
chemicals and natural plant toxins can harm wildlife. However, a
smaller percentage of participants was aware (14.10%) (Table 8).

3.11 The association between education
background of respondents and training on
awareness of potential toxic hazards to
wildlife in the area around VNP

The findings of our study showed a significant association
between the educational background of respondents and their
knowledge about potential toxic hazards for wildlife species around
VNP. It was observed that the majority of respondents who
had attended primary school had moderate knowledge (52.6%)
about potential toxic hazards, followed by those who had attended
secondary school (76%). On the other hand, respondents without
formal education had the lowest proportion (20%). Interestingly,
respondents who had attended college or university had sufficient
knowledge (50%) compared to those who had attended primary or
secondary school. The study also found that respondents who had
received training on potential toxic hazards had better knowledge
compared to those who had not received any training. Specifically,
those who had received training had a higher proportion of
respondents with moderate knowledge (60.5%) compared to those
who had not received training (43.4%) (Table 9).

4 Discussions

The VNP is home to endangered wildlife species such as the
mountain gorillas. The GoR is planning an expansion of the VNP to
increase habitat for this endangered species. Mountain gorillas, like
other wildlife, are susceptible to poisoning from natural and man-
made chemicals. For example, pesticides, including rodenticides,
pose significant risks to wildlife (22, 24, 25). Pharmaceutical
products and household chemicals released into the environment
may also pose threats to wildlife directly or indirectly (26,
27). Herbal or poisonous ornamental plants can also affect
wildlife negatively (28). Because people in the potential VNP
expansion zone use various chemicals, fertilizers, pharmaceuticals,
ornamental plants, etc.; for their livelihoods, it is important to
determine potential toxic hazards to wildlife so that the area can be
prepared before wildlife are introduced to the area. Furthermore,
although the park expansion has not yet commenced, wildlife
species in VNP, including buffaloes and mountain gorillas, continue
to venture out of the park and into surrounding agricultural fields.
This ongoing interaction between wildlife and human settlements
increases the risk of these animals being exposed to toxic hazards
within the community, posing potential threats to their health and
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TABLE 7 Poisonous plants found in homesteads around VNP.

Poisonous plant Percentage (%)

Frequency (n)

Yes No Yes \[e)
Presence of poisonous plants 6 397 1.50% 98.5%
harmful to people and animals
Castor oil (Ricinus 103 300 25.6% 74.4%
Communis)
Coral tree (Erythrina genus) 331 72 82.1 17.9%
Golden dewdrop (Duranta 1 402 0.2% 99.8%
eracta)
Rhus or Wax tree 28 375 6.9% 93.1%
(Toxicodendron
Succedaneum)
White Cedar tree (Melia 1 402 0.2% 99.8%
Azedarach)
Angel trumpet (Brugmansia 305 98 75.7% 24.3%
genus)
Arum lily (Zantedeschia 125 278 31% 69%
aethiopica)
Belladonna lily and amalylis 1 402 0.2% 99.8%
belladonna
Cacti and other succulents 63 340 15.6% 84.4%
(Adromischus spp)
Dumb cane (dieffendenbachia 12 391 3% 97%
genus)
Euphorbia genus 2 401 0.5% 99.5%
Arizona cypress 122 281 30.3% 69.7%
(Hesperocyparis arizonica)
Mushrooms and toadstools 110 293 27.3% 72.7%
Bulbs 2 401 0.5% 99.5%
Sticky weed or asthma weed 1 402 0.2% 99.8%
(Parietaria Judaica)
Bracken fern (Pteridium 226 177 56.1% 439
aquilinum)

TABLE 8 Awareness about toxic hazards to wildlife species around VNP.

Knowledge level Frequency (n) Percentage (%)

Insufficient 116 28.8%
Moderate 230 57.1%
Sufficient 57 14.1%

wellbeing. Therefore, this study tackles that too even before park
expansion program.

This study has identified four main categories of potential
toxic hazards to wildlife. These include household chemicals,
pharmaceutical products, pesticides, and poisonous plants.
Interestingly, survey results revealed that households in the vicinity
of the VNP had a low level of house chemical usage in their homes.
This is likely due to a number of factors, including the remote
location of the park, the limited availability of household chemicals
and the cultural practices of the local people. This is good news as
it reduces the chances for environmental contamination. However,

frontiersin.org


https://doi.org/10.3389/fvets.2023.1320162
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org

Kwizera et al.

10.3389/fvets.2023.1320162

TABLE 9 Association between education background of respondents, training on toxic hazards and knowledge toward potential toxic hazards for
wildlife species in area around VNP.

Respondent’s characteristics Knowledge

Insufficient Moderate Sufficient P-value
Educational background <0.0001
No formal education 30/90 (33.3%) 42/90 (46.7%) 18/90 (20%)
Primary 73/209 (34.9%) 110/209 (52.7%) 26/209 (12.4)
Secondary 13/100 (13%) 76/100 (76%) 11/100 (11%)
College and University 0/4 (0%) 2/4 (50%) 2/4 (50%)
Specific training on potential toxic hazards of pesticides 0.02
No 33/84 (39.3%) 36/84 (42.9%) 15/84 (17.8.7%)
Yes 83/319 (26%) 193/319 (60.5%) 43/319 (13.5%)

use of dishwashing detergents and laundry detergents was observed
at varying levels. Some detergents have extreme pH values and
exposure to such detergents is corrosive and can cause caustic
injury on contact with mouth or skin (29).

Our study also uncovered evidence of significant use of
rodenticides in the area. Those include zinc phosphide and sodium
monofluoroacetate. However, zinc phosphide was more prevalent.
Zinc phosphide, primarily used as a rodenticide, poses a threat to
local wildlife because it releases toxic phosphine gas, impacting not
only the targeted rodents but also potentially harming non-target
species, including humans. All species of animals are susceptible to
zinc phosphide poisoning, but avian species, are the most seriously
affected and even resulting in death (30). Meanwhile, sodium
monofluoroacetate, known as Compound 1080, a potent pesticide
used for pest control, can disrupt cellular metabolism and result in
organ failure in various animals, making it a substantial risk to both
wildlife and humans alike (31, 32).

Rodenticides are widely employed
populations and to minimize food damage during storage.

to control rodent
Rodenticides can affect primary and secondary targets. Some
are specific and others are nonspecific. The potential hazards
associated with rodenticides can extend beyond their intended
targets. Secondary poisoning resulting from the consumption
of poisoned rodents by some wildlife (carnivores) and is a
well-documented concern. Poisoning on non-target species such
mountain gorillas, through ingestion of rodenticides residues
or packaging materials is also a serious concern. Additionally,
scavengers and other non-target animals may also be exposed to
the lethal effects of rodenticides, leading to ecosystem disruptions
and unintended consequences for the entire wildlife community.
The high prevalence of the use of human and veterinary
pharmaceutical drugs in the area surrounding VNP is a cause
for concern. Poorly disposed of pharmaceuticals may be directly
accessed and consumed by wildlife, and can easily enter the
ecosystem, primarily through wastewater, and reach various surface
water bodies such streams, rivers, lakes, wetlands, reservoirs,
creeks, and oceans. These drugs may also contaminate ground
water sources (33, 34). Primary medicines and their metabolites
may also enter the food chain (35). Ultimately, this could
harm wildlife including the endangered mountain gorillas. For
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example, NSAIDs like Ibuprofen are toxic to a wide variety of
species (36, 37). Moreover, excessive and inappropriate use of
pharmaceuticals, particularly antibiotics in humans and animals,
contributes significantly to global antimicrobial resistance (AMR).
This misuse leads to antibiotic-resistant bacteria in both groups,
endangering public and animal health. In animal agriculture,
resistant bacteria can transfer to humans and wildlife through
food or the environment, worsening the AMR issue. One of the
medications used for treating parasitic infections in livestock was
ivermectin. Accidental ingestion of ivermectin by wildlife, whether
through contaminated food sources or environmental exposure,
can result in a range of toxic effects, including neurological
symptoms like tremors and seizures, gastrointestinal disturbances,
respiratory distress, ataxia, muscle weakness or paralysis, and
lethargy (38-40).

The high frequency of pharmaceutical drug use in the area of
the study suggests that there is a potential for mountain gorillas
and other wildlife to be exposed to pharmaceutical drugs through
a variety of pathways, such as direct ingestion, indirect ingestion
through contaminated food or water, or through contact with
contaminated surfaces. The results of the survey on the disposal
methods of household chemicals and pharmaceutical drugs in the
zone surrounding VNP provide crucial insights into potential toxic
hazards that may impact the habitat of the endangered mountain
gorillas. Alarmingly, results showed a significant proportion of
respondents reported poor disposal of pharmaceuticals. They
simply throw them away without an adequate disposal. When VNP
is expanded it is recommended that proper procedures for disposal
of human and animal pharmaceutical drugs is implemented so that
wildlife do not get into contact.

Our survey indicates that the use of agricultural insecticides
is widespread, with several products being applied at high
frequencies. Most of these are potent acetylcholinesterase inhibiting
organophosphorus and carbamate pesticides. They are known to be
highly toxic to wildlife (41, 42). Ingestion of improperly disposed of
these agricultural insecticides not only can kill the primary victim
but also causes relay toxicosis which can devastate ecosystems. For
example the intentional baiting of carcasses by poachers has killed
mammals and vultures simultaneously (43, 44). Therefore, since the
use of agricultural insecticides is prevalent, these chemicals must be
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collected and properly disposed of by authorities before wildlife is
allowed access to the expansion zone.

Natural toxins can poison wildlife. Plant toxins are particularly
hazardous to wildlife. Therefore, the discovery of herbal,
ornamental, and poisonous plants in the study area raises concerns
about the potential risks they pose to the wildlife in VNP, including
the mountain gorillas. The prevalence of herbal plants around the
homes of local communities is notable, with 47.9% of respondents
reporting their presence. While some of these plants are likely
beneficial (herbal plant species), toxic plants including the Coral
tree, Angel trumpet, Bracken fern, and Castor oil plant (Ricin),
and others can be lethal to mammals (45). Pyrethrum, a source of
pyrethrin insecticides is commercially grown in the area. Wildlife
grazing these plants, which have the potential to grow wild if
not controlled, may be hazardous., Ricin (Ricinus communis) is a
potent toxin which inhibits the synthesis of proteins within cells
and can cause severe vomiting, diarrhea, seizures, and death (46).
These and other toxic plants identified should be eliminated before
this area is accessible to wildlife.

The study also reveals varying levels of awareness by survey
participants about natural and chemical hazards to wildlife in areas
surrounding VNP. While a significant proportion had moderate
knowledge, 28% of the population had insufficient knowledge about
the dangers of toxicants they pose to wildlife. This suggests that
it is necessary to conduct an education campaign to educate the
population about dangers natural and chemical toxicants pose to
wildlife. That way the public can assist VNP staff in eliminating
toxic hazards identified in this survey before they are relocated. In
addition, it is necessary to educate communities surrounding VNP
about such dangers to enhance their awareness about these toxic
hazards to wildlife. Communities that are aware of toxic hazards
can play a proactive role in safeguarding the parK’s ecosystem and
the wellbeing of its precious inhabitants, including the endangered
mountain gorillas.

In conclusion, this is the first report of toxic hazards in the
zone surrounding the VNP which has been identified for future
expansion of the park. This research has revealed the presence
of various toxic hazards, including household chemicals, human
and veterinary pharmaceutical drugs, agricultural insecticides,
and poisonous plants. The VNP is a crucial habitat for the
endangered mountain gorillas and other wildlife. More research
is recommended to fully document the quantity of toxic hazards
identified in this survey. Also, in addition to environmental
sampling and laboratory analysis of water bodies, soil, river
sediments and poisonous plants, is recommended to fully
understand whether use of agricultural chemicals for example
have contaminated and negatively impacted the ecosystem.
This will require collaborative efforts between health care
veterinary professionals, agronomists, local communities, wildlife
conservationists, chemists and other professionals. Ultimately, this
work will improve our understanding of whether and how these
pharmaceuticals, household chemicals, pesticides and poisonous
plants impact the delicate ecological balance of VNP. This is a
one health issue, crucial for maintaining the health of people,
domestic animals and wildlife species such as the endangered
mountain gorillas that share this unique and fragile habitat; and
this requires a one health approach. It is also important to conduct
a targeted education campaign to communities surrounding VNP

Frontiers in Veterinary Science

10.3389/fvets.2023.1320162

to increase their awareness of the toxic hazards to wildlife. By
increasing their knowledge and awareness we can foster a more
sustainable relationship between the communities and the natural
environment, contributing to the conservation efforts for the
mountain gorillas and their habitat.
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Pharmacokinetics of florfenicol
and its metabolite florfenicol
amine in the plasma, urine, and
feces of fattening male donkeys
following single oral
administration

Shijie Liu'', Yanxin Guo', Honglei Qu'?, Yanjie Dong?,
Shancang Zhao?, Tianze Fu?, Ruifen Kang?, Jie Cheng'?,
Shimeng Huang?, Lihong Zhao! and Qiugang Ma*

IState Key Laboratory of Animal Nutrition, College of Animal Science and Technology, China
Agricultural University, Beijing, China, 2National Engineering Research Center for Gelatin-Based
Traditional Chinese Medicine, Dong-E-E-Jiao Co., Ltd., Liaocheng, China, *Shandong Academy
of Agricultural Sciences, Jinan, China

Florfenicol (FF) is a commonly used antibacterial agent in animals.
We investigated the pharmacokinetics of FF and its metabolite florfenicol
amine (FFA) in donkeys. Donkeys were administered FF (30mg/kg
bodyweight, p.o.). Pharmacokinetic parameters were calculated using a
non-compartmental model. The FF (FFA) pharmacokinetics parameters were
characterized by along elimination half-life (t;,,) of 5.92h (15.95h), plasma
peak concentration (C,,.,) of 0.13pg/mL (0.08ug/mL), and the time taken to
reach Cpax (Trmad Of 0.68h (0.72h). The area under plasma concentration-time
curve and mean residence time of FF (FFA) in plasma were 1.31 pg-mL=*h
(047 pg-mL=th) and 10.37h (18.40h), respectively. The ty ., of FF and FFA in
urine was 21.93 and 40.26h, and the maximum excretion rate was 10.56 and
4.03pg/h reached at 25.60 and 32.20h, respectively. The respective values in
feces were 0.02 and 0.01 pg-h~* reached at 33.40h. The amount of FF and FFA
recovered in feces was 0.52 and 0.22ug, respectively. In conclusion, FF (FFA)
is rapidly absorbed and slowly eliminated after a single oral administration to
donkeys. Compared to FF, FFA was more slowly eliminated. FF (FFA) is mostly
excreted through urine.

KEYWORDS

florfenicol, florfenicol amine, pharmacokinetics, donkey, urinary excretion,
antibiotic

1 Introduction

Florfenicol (FF) is a fluorinated derivative of thiamphenicol. It is a valuable synthetic
reagent used to treat various antibacterial infections in animals, widely used in veterinary
clinics. FF exerts its antibacterial effect by inhibiting protein synthesis at the prokaryotic
ribosome. However, compared with thiamphenicol and chloramphenicol, FF is much less
susceptible to bacterial deactivation as a result of fluorine substituting a hydroxyl group
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(1, 2). Considering its safety and high therapeutic potency, FF is used
frequently for treating infections induced by Escherichia coli,
Salmonella typhimurium, Staphylococcus aureus, Streptococcus suis,
Pasteurella multocida, Manheimia haemolytica and Actinobacillus
pleuropneumoniae (3, 4).

FF is mainly used for large ruminants in the treatment of bovine
respiratory diseases caused by etiological agents such as Pasteurella
multocida, Mannheimia haemolytica, or Histophilus somni.
Florfenicol products are also intended for therapeutic use in acute
interdigital necrobacillosis, presenting good antimicrobial activity
against Fusobacterium necrophorum and B. melaninogenicus (5), but
also in the case of keratoconjunctivitis produced by Moraxella bovis
(6). Additionally, a study was identified that tested the efficacy of
florfenicol in its therapeutic approach to caseous lymphadenitis in
sheep and goats caused by Corynebacterium pseudotuberculosis. A
comparison of the control groups and those who received florfenicol
therapy showed an improvement in clinical scores, suggesting the
effective treatment and maintenance of remission in caseous
abscesses (7). In pigs, FF is used for the treatment of bacterial
respiratory diseases caused by agents such as Actinobacillus
pleuropneumoniae, Pasteurella multocida, Bordetella bronchiseptica,
and Salmonella choleraesuis (6, 8). A recent study presented
florfenicol to be a reliable option for the treatment of arthritis in pigs
caused by Streptococcus suis (9). The pharmacokinetics of FF has been
extensively studied in cattle (10, 11), pigs (12), rabbits (13), dogs (14),
llamas (15), sheep (16), chickens (17-19), turkeys (20), ducks (21),
and fish (22), but pharmacokinetic studies in donkeys have not
been reported.

As known, donkeys are widely used in various aspects of social
life, as important tools for transportation and private riding. As
livestock, they are also widely used in the food processing industry.
Donkey products, such as donkey meat and skin, play an important
role in the catering industry and healthcare industry. Donkeys are
also frequently infected with diseases, but there are few reports on
effective drugs for treating donkey diseases. Based on the effectiveness
of FF in other animals, it may be possible to use it as an effective drug
for treating donkey diseases, and therefore pharmacokinetics needs
to be carried out to further understand the metabolism of FF in
donkeys, and provide a theoretical basis for the use of FF in
production practice.

However, few studies have been carried out on the
pharmacokinetics of FF in equine species. Designing species-specific
dosing protocols and identifying the absorption, distribution,
metabolism or elimination of FF in such studies is very important.
Herein, we studied the pharmacokinetics of FF in the plasma, urine,
and feces of donkeys.

2 Materials and methods
2.1 Chemicals and reagents

The concentration of florfenicol standard in methanol is over
99.0% which was purchased from the Research and Monitoring
Institute of Environmental Protection (Ministry of Agriculture,
China). And florfenicol used in this study was provided by Zhongmu
Nanjing Animal Pharmaceutical Co., Ltd. (Nanjing, China).
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2.2 Animals and treatment

The study was allowed by the Laboratory Animal Welfare and
Animal Experimental Ethical Committee of China Agricultural
University (No. AW80803202-1-4). Five 13 months-old male
donkeys were selected and housed individually in metabolic
cages. The donkeys were allowed to adapt to their surroundings
for 7 days and fasting overnight before the experiment. Then, the
body weight (BW) of donkeys was measured (173.20 + 14.39 kg).
The samples of blank blood, urine and feces were collected at 6 h
prior to the start of the experiment. At the start of the
experiment, the FF solution was orally administered through an
esophageal tube in a single dose of 30 mg/kg BW. The animals
had free access to water during the experimental period. Each
donkey received their individual ration of concentrates twice
daily (7 am and 5 pm), with weighing 1.5kg/d per donkey. The
composition and nutrient levels of concentrate was reported in
Table 1. Meanwhile, each donkey was fed the Leymus chinensis
hay four times a day (8 am, 12 am, 4 pm and 8 pm), with averagely
2.1kg/d per donkey. The analyzed values of dry matter (DM),
crude protein (CP), crude fiber (CF), neutral detergent fiber
(NDF), acid detergent fiber (ADF), ether extract (EE) and ash
were 90.64, 7.78, 35.32, 68.17, 44.19, 1.10 and 5.15%, respectively
in the hay.

2.3 Blood, plasma, feces and urine
collection

Blood was collected from the jugular vein in heparin anticoagulant
tubes before administration (0h) and 0.08, 0.25, 0.42, 0.58, 0.75, 1.0,
1.5, 2.0, 2.5, 3, 4, 5, 6, 8, 10, 12, 24, 36, 48, 72, 96, and 144h after
administration. The blood samples were centrifuged at 3,000 rpm for
20min at 4°Cto obtain plasma and were stored at —20°C until
analyses. The urine and feces were collected and weighed every 6h.
After each collection, the weight of feces and the volume of urine were
into 50mL centrifuge tubes for

recorded and stored

subsequent analysis.

TABLE 1 Composition and nutrient levels of concentrate.

Ingredients Composition (%) Nutrients Levels®
Corn 45.00 Dry matter (DM) 87.56
Soybean meal 15.00 DE/MJ-kg™ 10.79
Wheat bran 20.00 Crude protein (CP) 22.18
Corn germ meal 10.00 Crude fiber(CF) 6.26
Peanut meal 5.00 Ether extract (EE) 1.38
Premix* 5.00 Lysine 1.12
Total 100.00 Calcium 1.07
Phosphorus 0.65

“The premix provided the following per kg of concentrate diets VA 12,0001U, VD3 1,5001U,
VE 40 mg, VK3 3mg, VB1 2mg, VB2 4mg, VB6 4mg, VB12 0.01 mg, pantothenic acid

20 mg, nicotinic acid 30 mg, folic acid 1.7 mg, biotin 0.3 mg, Cu 20 mg, Zn 80 mg, Fe 100 mg,
Mn 80mg, I 0.6 mg, Se 0.2mg.

"DE was a calculated value, while the others were measured values; except for DM, the others
were air-dry basis.
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2.4 Determination of FF and FFA

The concentrations of FF and its metabolite FFA were determined
using high performance liquid chromatography (HPLC) tandem mass
spectrometry detection. The assay was referenced to previous
reports (9).

Briefly, 0.1 mL of FF and FFA standard stock solution, respectively,
were placed in a 10mL volumetric flask. The volume was made up to
10mL with methanol. A mixed standard working solution of
concentration 1pg/mL was prepared. Then, 0.1mL of FF-d3 and
FFA-d3 isotope internal standard stock solution, respectively, were
placed in a 10 mL volumetric flask. The volume was made up to 10mL
with methanol. A mixed internal standard working solution of FF-d3
and FFA-d3 was prepared. An appropriate amount of the standard
working solution of FF and FFA was measured accurately. The control
solution was diluted with acetonitrile to make concentrations of 5, 10,
20, 50, 100, and 200 ng/mL. The internal standard solution was mixed
with a concentration of 50ng/mL. A series of control solutions from
low concentrations to high concentrations was created. A standard
curve was created according to the ratio of the obtained peak area to
the concentration of the corresponding control solution. We calculated
the regression equation and correlation coefficient. The sample
solution and control solution of 50ng/mL (based on the FF
concentration) were used for calibration at a single point. The response
values of FF and FFA in the control solution and sample solution had
to be within the linear range of detection for the instrument. During
determination of the sample solution, the reference solution was
injected after 10 single batches of samples to facilitate accurate
quantification. Subsequently, we weighed 1g of blood, urine, or feces,
respectively, and placed them in 50mL centrifuge tubes. Then,
we added 50 uL of mixed internal standard working solution. Next,
we added 5.0mL of water and 0.5mL of ammonia solution, and
vortex-mixed for 1 min. Then, we added 10.0 mL of acetonitrile and
vortex-mixed immediately for 1 min. The next step was ultrasonic
agitation for 20 min, followed by addition of NaCl (3 g) and stirring
for 1 min. Next, we undertook ultrasonic agitation for 10 min, followed
by centrifugation at 8,000x g for 5min at room temperature. And
then, 1 mL of the supernatant was transferred to a test tube and the
extraction procedure was repeated, and make the liquid flow out at a
constant speed drop by drop through HLB columns (Tianjin Alta
Technology, Tianjin, China), lastly put it on the HPLC-MS/MS for
determination. The mobile phase was 5% acetonitrile (phase A) and
95% formic acid water (phase B). The flow rate was maintained at
1.0mL/min.

2.5 HPLC method validation

The method was validation for linearity, sensitivity and recovery
in plasma, urine and feces. Standard curves were constructed from the
concentrations of 5, 10, 20, 50, 100, and 200ng/mL FF or FFA in
plasma, urine, and feces, respectively, with their peak areas. The limit
of detection (LOD) and limit of quantitation (LOQ) were calculated.
Recoveries were calculated by the ratio of the peak areas of different
concentrations of FF or FFA obtained from spiked samples of plasma,
urine, and feces to the peak area of the corresponding FF or FFA
standard working solution.
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2.6 Pharmacokinetics analyses

We undertook a non-compartmental approach based on the
combined linear trapezoidal rule using WinNonlin 8.3.5.0 (Pharsight,
Mountain View, CA, United States). The Az was a first-order rate
constant associated with the terminal (log linear) segment of the
curve. It was estimated by linear regression of terminal data points.
The terminal elimination half-life (¢,,,,) was calculated as 0.693/1z.
The area under the plasma concentration-time curve (AUC) was
calculated using the trapezoid method. The area under the rate curve
(AURC) was calculated as the product of time and excretion rate.

The peak plasma concentration (C,,,) of the drug and the time to
reach the peak plasma concentration (7,,,) were determined from
individual plasma concentration-time curves. The ratio of AUCs of
FFA and FF was calculated. The concentrations of FF and FFA in
plasma, urine, and feces versus time for each donkey were reported as
the mean + SD at each time point.

3 Results

LC/MS for simultaneous determination of FF and FFA was rapid
with a high degree of reproducibility. We obtained calibration curves
of FF (FFA) for plasma, urine and fecal matrix with R* of 0.9988
(0.9992), 0.9971 (0.9980) and 0.9962 (0.9977), respectively. The mean
inter-day precision and intra-day precision was <20%. Accuracy
ranged from 80.9 to 113.5%. The limit of detection (LOD) and limit
of quantitation (LOQ) were 0.5 pg/kg and 1.0 pg/g or pg/mL for FF
and FFA that is calculated according to a signal-to-noise ratio >3 and
>10. These validation parameters indicate that this assay method used
in this study is accurate and precise.

The mean serum concentration of FF and FFA in these five
donkeys is shown in Figure 1. The pharmacokinetics parameters for
FF after administration (30 mg-kg™" BW, p.o.) to donkeys are shown in
Table 2. After administration of FFE, the C,,, was 0.13+£0.02 pg-mL"™",
Tnax Was 0.68 £0.09 h, and elimination half-life was 5.92+3.25h. The
AUC of FF was 1.31+0.46 pg-mL~"h, and the mean residence time for
FF was 10.37+4.80h. FFA was detected in all donkeys after
administration. The C,,, of FFA was 0.08 £0.01 pg-mL™", T,,,, was
0.72+0.72h, and elimination half-life was 15.95 + 14.04h. The AUC
of FFA was 0.47£0.11 pg-mL™"h, and the mean residence time for
FFA was 18.40+ 13.02 h. Plasma results can show that FF and FFA are
absorbed quickly and eliminated slowly in donkeys.

In a semi-logarithmic plot, the relationship between the urinary
concentration of FF and FFA and time was evaluated (Figure 2). Table 3
illustrates the individual and mean pharmacokinetics parameters of FF
and FFA in urine. FF was excreted mainly unchanged. The urinary
concentration of FF and its metabolite FFA was 123.08 £51.71 and
63.62+28.76 ug-L7", respectively. The t,,,, of FF and FFA in urine was
21.93+3.42 and 40.26 £26.00h, respectively. The maximum excretion
rate of FF and FFA was 10.56+6.41 and 4.03+0.59 pug-h™’, and was
reached at 25.60+11.70 and 32.20 +9.86 h, respectively.

In a semi-logarithmic plot, the relationship between the fecal
concentration of FF and FFA and time was evaluated (Figure 3).
Table 4 presents the individual and mean pharmacokinetics
parameters of FF and FFA in feces. The maximum excretion rate of FF
and FFA in feces was 0.02£0.01 and 0.01 pg-h™", respectively, and was
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FIGURE 1
Plasma concentration of florfenicol (FF, O) and florfenicol amine (FFA, A) in five donkeys after a single oral dose of 30 mg/kg bodyweight.

TABLE 2 Pharmacokinetic parameters of florfenicol in the plasma of five donkeys after single oral administration of 30 mg/kg bodyweight.

Parameter Donkey BW (kg) Az (1-h™Y)  tyoe () Toa (D) Crnax AUC,_. MRT (h)
(unit) (pg/mL)  (pg-mL-h)
Boris 156 0.23 3.00 0.75 0.14 0.92 6.22
John 172 022 3.12 0.75 0.14 0.98 7.11
Jack 196 0.09 7.99 075 0.14 1.72 12.66
Florfenicol
Robin 170 0.14 5.00 0.58 0.10 1.01 8.15
Donald 172 0.07 10.48 0.58 0.11 1.91 17.72
Mean (SD) 173.20+14.39 0.15 (0.08) 592(325)  0.68(0.09)  0.13(0.02) 1.31 (0.46) 10.37 (4.80)
Boris 156 0.06 11.07 1.50 0.08 0.62 16.96
John 172 0.06 12.22 0.25 0.08 0.41 12.44
Jack 19 0.08 8.64 1.50 0.06 0.53 13.07
Florfenicol amine
Robin 170 0.10 7.03 0.25 0.07 0.34 8.46
Donald 172 0.02 40.80 0.08 0.09 0.48 41.06
Mean (SD) 173.20+14.39 0.06(0.03) | 15.95(14.04) | 0.72(0.72) = 0.08 (0.01) 0.47 (0.11) 18.40 (13.02)

Values are the mean + SD. BW, bodyweight; Az, first order rate constant associated with the terminal portion of the curve; t,,,,, terminal half-life; AUC, area under the curve; T;,,,, time needed
to reach the maximum concentration in plasma; C,,,,, maximum concentration in plasma; MRT, mean residence time.

reached in 33.40 h. The recovery of FF and FFA in feces was 0.52+0.17
and 0.22 +£0.05 pg, respectively. The area under the feces concentration
versus time curve (AURC) of FF and FFA was 0.81+0.36 and
0.34+0.18 ug, respectively. The amount of FF (FFA) excreted through
feces is less compared to urine, and it is seen that FF and FFA are
mainly excreted through urine.

4 Discussion

Few studies have been carried out on the pharmacokinetics of FF
in equine species (23). In the present work, a non-compartmental

Frontiers in Veterinary Science

model best described the time-course of FF in the plasma of donkeys
following oral administration. FF was absorbed rapidly through the
gastrointestinal tract with a C,,,, of 0.13 pg/mL at 0.68h. The C,,,, of
the present study was much lower than that reported in different
animal species. Upon oral administration of FF (22mg/kg BW),
horses had a C,,,, of 13.80mg/mL and T, of 1.13h (24). Pigs were
orally administered FF at 20 mg/kg BW and 30 mg/kg BW, the C,.
and T,,,, was 9.9 pg/mL and 1.50h, 10.84 pg/mL and 1.35h, respectively
(12, 25). The Cy and T, of rabbits was 7.96 ug/mL and 0.90h,
15.14pug/mL and 0.50h, respectively, when oral administration of
20 mg/kg body weight and 30 mg/kg body weight FF (13, 26). Also,
after administration of FE, the C,,,, (ug/mL) and T,,, (h) have been
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FIGURE 2
Semilogarithmic plot of florfenicol (FF, O) and florfenicol amine (FFA, A) urinary concentration vs. time following a single oral dose at 30 mg/kg
bodyweight in donkeys.

TABLE 3 Amount of florfenicol and florfenicol amine recovered in urine after single oral administration to donkeys at 30 mg/kg bodyweight.

Parameter Donkey Az (1-h™Y) ti2k. () Trnax rate (D) Max rate Amount AURC (ng)
(unit) (pg-h™?) recovered (ug)
Boris 0.02 34.59 25.00 7.82 116.66 358.70
John 0.02 3171 25.00 12.03 311.62 454.08
Jack 0.36 1.94 43.00 6.29 87.50 149.54
Florfenicol
Robin 0.02 28.86 49.00 3.04 $7.80 147.82
Donald 0.01 54.16 25.00 5.70 159.94 448.44
Mean (SD) 0.03 (0.01) 21.93 (3.42) 25.60 (11.70) 10.56 (6.41) 123.08 (51.71) 153.93 (43.59)
Boris 0.02 44.84 37.00 3.05 34.43 96.14
John 0.02 32.03 19.00 4.02 110.75 151.46
Jack 0.01 79.44 43.00 4.60 54,61 173.67
Florfenicol amine
Robin 0.02 37.47 37.00 422 51.57 76.16
Donald 0.09 7.52 25.00 428 66.74 142.60
Mean (SD) 0.03 (0.03) 40.26 (26.00) 32.2(9.86) 4.03 (0.59) 63.62 (28.76) 128.01 (40.47)

Values are the mean + SD. Az, first order rate constant associated with the terminal portion of the curve; ¢,,,y,, terminal half-life; AURC, area under the rate curve; T, > time needed to reach
the maximum rate; Max rate, maximum excretion rate; amount-recovered, amount of drug excreted in urine.

reported to be 6.18 and 0.94 in dogs (14), 2.41 and 1.16 for chickens
(27), 30.47 and 0.50 in geese (28). This difference may have resulted
from the formulation type for different species (23) and variation in
the FF dose administered (15 versus 20 versus 22 versus 30 mg/kg
BW) (29).

Azand t,),,, are constants that reflect the rate of drug elimination
from the body, and there is a reciprocal relationship between them.
Oral administration of FF (20mg/kg BW) led to a t,,, (h) of
10.0 in pigs (12), 1.42 in rabbits (13), 1.24 in dogs (14), 2.43 in
geese (28), 21.93 in one group of chickens (17), 9.0 in another
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group of chickens (27). Oral administration of FF (30 mg/kg BW)
led to a t,,,y, (h) of 12.39 in pigs (12), 2.57 in rabbits (26), 1.67 in
chickens (18), 3.76 in broiler turkeys (20), and 2.77 in ducks (21).
In our study, the t,,,\, for FF in the plasma of donkeys was 5.92h,
which differed to the values for the animals mentioned above.
Inter-species variability affects pharmacokinetics parameters, and
it is a major issue in veterinary pharmacology (23). Age, sex, breed,
health status, or gene polymorphisms have also been shown to
influence pharmacokinetics indices in different pharmacokinetic
studies (30).
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Semilogarithmic plot of florfenicol (FF, O) and florfenicol amine (FFA, A) fecal concentration vs. time after a single oral dose of 30 mg/kg bodyweight in
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TABLE 4 Pharmacokinetic parameters calculated from the feces of donkeys administered florfenicol (30 mg/kg bodyweight, p.o.).

tio1e (D) T max rat Max rate Amount-
(pg-h™?) recovered (ug)

Boris 0.017 41.91 25.00 0.012 0.605 0.831

John 0.009 77.76 43.00 0.012 0.606 1.363

Jack 0.011 64.83 43.00 0.011 0.222 0.400
Florfenicol

Robin 0.024 29.17 31.00 0.037 0.521 0.624

Donald 0.011 65.67 25.00 0.012 0.647 0.837

Mean (SD) 0.01 (0.01) 55.87 (19.77) 33.40 (9.10) 0.02 (0.01) 0.52 (0.17) 0.81 (0.36)

Boris 0.083 8.31 49.00 0.010 0.251 0.248

John 0.012 59.00 19.00 0.008 0.227 0.293

Jack 0.004 168.32 43.00 0.008 0.136 0.671
Florfenicol amine

Robin 0.022 30.83 31.00 0.019 0.249 0.263

Donald 0.051 13.52 25.00 0.009 0.228 0.242

Mean (SD) 0.03 (0.03) 56.00 (65.84) 33.40 (12.44) 0.01 (0.00) 0.22 (0.05) 0.34 (0.18)

Values are the mean = SD. Az, first order rate constant associated with the terminal portion of the curve; t,,,y,, terminal half-life; AURC, area under the rate curve; T, > time needed to reach
the maximum rate; Max rate, maximum excretion rate; amount-recovered, amount of drug recovered from feces.

The AUC is an important index to evaluate the degree of drug
absorption and drug exposure. Upon oral administration of FF at
20mg-kg™' BW, the AUC has been reported to be 53.45mg-h-L™" in
Equidae (25), 132.1 pg-h-mL~" in pigs (12), 23.78 pg-h/mL in rabbits
(13), 22.36 mg-h/L in dogs (14), and 37.85mg-h/L in chickens (27).
Upon oral administration of FF at 30mg/kg BW, the AUC was
65.89 pg/mL/h in pigs (12), 49.02 ug/mL/h in rabbits (13), 27.59 mg-h/L
in one type of chicken, 4.15mg-h/L in another type of chicken (18),
77.62 ug-h/mL in broiler turkeys (20), and 84.00 pg-h/mL in ducks
(21). In the present work, when five donkeys were administered FF at
30mg/kg BW, the AUC in plasma was 1.31 pg-mL~"h, which indicated

Frontiers in Veterinary Science

that the degree of drug exposure in the body was very low and very
little FF was absorbed. A possible explanation may be associated with
the differences in BW and animal species-related cytochrome P450
enzymes. One study revealed that an increase in BW had a significant
influence on the variability of pharmacokinetics parameters within the
same species (31). These results of plasma pharmacokinetic parameters
suggest that donkeys appear to have low bioavailability of FF (FFA)
under oral administration, but this
in-depth studies.

requires subsequent

In the current study, the amount of FF excreted amount in urine
was 123.08 ug and the excreted amount of FFA was 63.62 pg. Similarly,
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the amount of FF excreted in feces was 0.52 pg and that of FFA was
0.22 pg. These data indicated that FF was excreted mainly in urine. One
study found that most of a drug dose was excreted in urine as the parent
form, which suggested that major clearance of the drug was in the
kidneys (10), which was also evidenced in our work. When FF was
administered to calves, FF was excreted in urine as the parent form
(10). FF and its metabolite FFA are eliminated primarily by the kidneys
through glomerular filtration. Therefore, some portion of the
administered drug may be affected by first-pass metabolism or may
be excreted by the kidneys without reaching the general systemic
circulation (23, 29). However, FF is metabolized by cytochrome P450
3A in the liver to FFA, and the same process is assumed to occur in the
kidneys (27, 32). Therefore, when using FF (FFA), in addition to
considering the dosage, measures should also be considered to
counteract the possible environmental pollution caused by antibiotic
urinary excretion. The results of this study provide a reference for the
rational use of FF in donkey clinical practice, and selecting the
appropriate dosage based on pharmacokinetics will save economic costs.

5 Conclusion

The present study suggests that after a single oral administration
of FF (30 mg/kg BW), it was rapidly absorbed and slowly eliminated
in male donkeys. Most FF (FFA) was excreted through feces and urine,
and the amount excreted in urine was larger than in feces.
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Exotic companion animals have had an important role in our society since
ancient times. Preserving animal health is necessary to do a responsible use
of veterinary medicines. This study aimed to describe the prescription patterns
of drugs in exotic pets and wildlife animals attending the Veterinary Teaching
Hospital of the University of Leon (HVULE). A retrospective study was carried out
between 2018 and 2022. Birds were the largest group of exotic animals attending
the HVULE. Visits were related to emergency reasons and for musculoskeletal
disorders. One-third of the animals were eventually euthanised. Regarding
pharmacological treatments, the most frequently active ingredients used were
pentobarbital, isoflurane, meloxicam, and within antibiotics, marbofloxacin
(category B in the classification of European Medicines Agency).

KEYWORDS

antibiotic, prescription pattern, exotic animal, veterinary teaching hospital, wildlife
animal

1 Introduction

The adjective exotic is a term with several definitions, all equally valid to define an exotic
animal. However, there are other expressions more commonly used, such as non-traditional
or non-domestic animals (1). The American Veterinary Medical Association (AVMA)
considers exotic companion animals as all species that coexist with humans, both domestic and
non-domestic, representing hundreds of animal species of reptiles, amphibians, birds and
mammals, the Pisces group, and the phylum Arthropoda (2). In Spain, Royal Decree 630/2013,
which regulates the Spanish catalog of invasive exotic species, defines an exotic pet animal as
“an animal of non-native wildlife that is individually dependent on humans, lives with them
and has assumed the habit of captivity” (3).

Although according to the AVMA, dogs and cats are by far the largest companion animal
population in the United States, between 2017 and 2018, the ownership of other types of pets,
such as fish, ferrets, rabbits, hamsters, guinea pigs, turtles, snakes, and lizards, has increased
significantly (4). In Europe, the number of ornamental birds is estimated to be approximately
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50 million, whereas ornamental fish are approximately 300 million,
small mammals 27 million, and reptiles 8 million (5). In Spain,
according to data from 2021, there are more than 29 million pets,
including nearly 8 million fish, 5 million birds, 1.5 million reptiles,
and 1.5 million small mammals (6). However, the recent Law 7/2023
on the Protection of the Rights and Welfare of Animals may change
this trend in this country, as it prohibits “the keeping, breeding, trade,
sale, offer for sale, exchange or donation and import or export as pets
of individuals of species not included in a positive list of pets” (7),
which has not yet established.

This growing demand for exotic animals poses new challenges for
veterinarians, as they are expected to effectively care for, diagnose, and
treat a huge variety of animal species. Specifically, in the case of the
different groups of exotic animals, both companion and wild ones,
their anatomy and physiology may vary enormously, and also the way
in which disorders manifest themselves. This makes the selection and
prescription of medicines for these patients a complex process, as
pharmacokinetic, efficacy, and safety data are often lacking in exotic
animal medicine (8). In many cases, this often leads to the use of drugs
in an extralabel manner (9) and, consequently, to an increased risk of
adverse effects.

In addition, exotic practitioners are aware that the prevalence of
daily emergency events, particularly those resulting in death, is higher
among exotic animals than with other species such as dogs or cats (2).
Among the reasons that may explain this fact is that most exotic
species, as prey animals, tend to mask their diseases. Furthermore, the
interaction time of owners with these animals may not be as long as
with a dog or cat. Moreover, the behavioral patterns indicative of pain
or disease in these animal species are not well known, which may lead
to treatment failure to provide help to the animal when it is
essential (2).

Among global health problems, zoonosis and antimicrobial
resistance best illustrate the One Health concept (10). This approach
is a global strategy that recognizes the interdependence among
human, animal, and environmental health (11, 12), and they should
be considered as a whole (13), as animal health is fundamental to
ensuring public health, food security and supply, the economy, and
preservation of animal species (14). Moreover, these species may be a
major source of zoonoses, especially in young children and
immunocompromised people (15). As for antimicrobial resistance,
several studies have pointed out that antimicrobials are not often used
in companion animals according to European recommendations
(16-21), thus favoring the development of resistance (22, 23).
Recently, increasing attention has been paid to the role of companion
animals as potential reservoirs of resistant and multi-resistant
pathogens for humans (24-27) as we live in close contact with them
(24-26). However, in exotic animal medicine little or no information
is available on antimicrobial resistance. A study carried out in wildlife
rescue centers revealed that birds may be housed for long periods of
time and receive antimicrobial treatments, which could potentially
lead to the acquisition and subsequent colonization by antimicrobial-
resistant bacteria (28).

In veterinary medicine, drugs are available to preserve animal
health provided they are used responsibly (14). Rational use of
medicines is based on using the right drug, at the right dose and at the
right cost, as described by World Health Organization (WHO) (29).
In humans, the assessment of drug utilization patterns with WHO
indicators is increasingly necessary to promote rational use of
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medicines (30, 31). In veterinary practice, these indicators are not still
defined, although antimicrobials are the drugs for which most
progress has been made. In the European Union (EU), Regulation
2019/6 states that within 8years from 28 January 2022, data on
antimicrobial medicinal products should be collected from animals
other than food-producing ones not later than in 2029 (32). More
recently, Spanish regulations have had set a deadline to start the
collection of pet data on 31 January 2025 (RD 666/2023) (33). As for
exotic animals, information is scarce and scattered, often only as
guidelines to manage a certain animal species, disorder, or
pharmacological group (9, 34, 35), or related to common practice of
veterinarians with a certain type of animals (8, 36) but not about the
current consumption of drugs. Therefore, this study aimed to describe
the prescription patterns of medicines in exotic pets and wildlife
animals attending the Veterinary Teaching Hospital of the University
of Leén (HVULE).

2 Materials and methods
2.1 Study site

The HVULE is the Veterinary Teaching Hospital of the Faculty of
Veterinary at the University of Leon (Spain). The hospital is organized
into two separate clinical departments according to the target species:
small animals and large ones, both with their emergency facilities. In
2023, all the teaching staff were qualified veterinarians.

2.2 Study design and data collection

A retrospective study was designed to evaluate the drug
prescription patterns in exotic pets and wildlife patients treated at the
HVULE between 1 January 2018 to 31 December 2022.

Data of all exotic pets and wildlife (birds, mammals, and reptiles,
both wild and kept animals) of the 5-year period were collected
through an inductive method. All data used in this study were
obtained by reviewing the individual medical records stored in
GestorVet (GestorVet, Las Palmas de Gran Canaria, Spain), an
online management software, one of the most widely used in
veterinary clinics and hospitals in Spain. For each animal, the
following data were collected: history number, year of clinical
record, medical check-up, species, weight, anatomical system/organ
involved, if hospitalization occurred and days of hospitalization,
number of treatments and if euthanasia was applied, as well as the
different treatments prescribed in the HVULE, route of
administration, and dosage regimen. All medications were
categorized according to the WHO anatomical-therapeutic-chemical
veterinary (ATCvet) classification system (37). Any combination
medicine (multicomponent products) was considered as a single
medicine. The European Medicines Agency (EMA) Categorization
of antibiotics for use in animals was used to classify antibiotics
(Category A—Avoid; Category B—Restrict; Category C—Caution;
Category D—Prudence) (38). Data were exported to Microsoft
Access (Microsoft Office 2019). Patients whose medical records
lacked essential information, those who died before or during
consultation without having received treatment and those who did
not receive any treatment were excluded.
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The Strengthening the Reporting of Observational Studies in
Epidemiology— Veterinary Extension (STROBE-Vet) Statement was
used to report data (39).

2.3 Calculation of the administered daily
amount

The administered daily amount (in grams) was also calculated for
each given drug administration. For this purpose, the following
formula was used:

Administered Daily Amount (ADA ) = Amount of drug
x Proportion of active ingredient in this drug

2.4 Calculation of the prescription diversity

Prescription diversity (PD) is defined as “the frequency and
variety with which a practice prescribes pharmaceutical classes (PC)
within a determined pharmaceutical family (PF)” (40). It is calculated
as follows, adjusted to a 0-1 scale where 1 represents maximal diversity:

Ynp(np-1)

Prescription Diversity (PD) =1— NP (NP 1)

np is the number of prescriptions of a particular PC within a PE,
and NP is the total number of prescriptions within a PE

2.5 Data management and statistical
analysis

Data analysis was performed with the statistical package IBM
SPSS Statistics 26 (IBM Corporation, Armonk, NY, United States).
Descriptive statistics (frequencies, mean, standard deviation, ranges,
and percentages with 95% confidence intervals) were used to analyse
the study population. Odds ratio (OR) was calculated with their
respective 95% confidence intervals (95% CI). Multivariable forward-
step ordinal logistic regression analysis was conducted to assess the
impact of each predictor on euthanasia and antibiotic prescriptions.
A p-value of <0.05 was always considered as significant.

3 Results

Data were available from a total of 17,483 medical records
registered in GestorVet for the 5-year period studied. Of those, 1,420
(8.1%) were exotic pets and wildlife animals. After applying exclusion
criteria, 503 animals were included in the study, which received 1,081
medical treatments.

Table 1 summarizes the results of some background information
about the animals assessed. Birds were the most frequently treated,
being 247 (57.8%) birds of prey or raptors (order Falconiformes,
Accipitriformes, and Strigiformes) and 180 (42.2%) synanthropic
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TABLE 1 Background information of the exotic pets and wildlife animals
visiting the HVULE (Spain) from 2018 to 2022.

Characteristics Frequency (%) (n =503) ‘ 95% Cl

Year of clinical record

2018 43 (8.5) 0.061-0.110
2019 57 (11.3) 0.086-0.141
2020 131 (26.0) 0.222-0.299
2021 145 (28.8) 0.249-0.328
2022 127 (25.2) 0.215-0.290
Hospital visit

Emergency 400 (79.5) 0.760-0.830
Medical check-up 97 (19.3) 0.158-0.227
Hospital discharge 3(0.6) 0.000-0.013
Surgery 2(0.4) 0.000-0.009
Image diagnosis 1(0.2) 0.000-0.006
Animal class

Birds 427 (84.9) 0.818-0.880
Mammals 71 (14.1) 0.111-0.172
Reptiles 5(1.0) 0.001-0.019

CI, Confidence interval.

birds (order Ciconiiformes, Columbiformes, and Apodiformes). As
for mammals, 32 were rodents (45.1%), 17 lagomorphs (23.9%), 15
mustelids (21.2%), 4 hedgehogs (5.6%), and 3 other animals (4.2%).
Finally, all reptiles were chelonians (5 animals, 1%). Birds were 22
times more likely to have visited the hospital for an emergency than
mammals (OR=22.1; 95% CI: 12.1-40.6). The proportion of cases
evaluated increased progressively over the study period
approximately 195%, despite the COVID-19 pandemic. In addition,
if an animal was admitted for emergency care, it was almost 4 times
more probably to be hospitalized (OR=3.8; 95% CI: 2.3-6.1), and
approximately 2 times more likely to be euthanised (OR=1.9; 95%
CI: 1.2-3.2).

Table 2 shows the clinical characteristics of the animals attending
the hospital. For those who were hospitalized, the length of stay was
4.56 +6.96 days (range 1-71, median 2.0), and the mean administered
treatments were 2.15+ 1.02 (range 1-7, median 2.0). Birds were again
3.4 times more probably to be hospitalized than mammals (OR=3.4;
95% CI: 1.7-5.9) and 8.4 times more likely to be euthanised (OR =8.4;
95% CI: 3.3-21.3). However, all animals undergoing surgery
were mammals.

Table 3 displays the multivariate analysis carried out to identify
those variables associated with euthanasia in exotic animals.
Non-hospitalized, birds, emergency visits, and the existence of
musculoskeletal disorders had a significant impact on euthanasia. In
addition, there was a significant year-on-year increase of 2.1 (CI:
1.1-3.8; p=0.019).

With respect to the treatments followed (n=1,081), 1,069 (98.9%)
were medications included in the ATCvet classification. Table 4 lists
these treatments according to the first level of this classification,
showing that nearly half of them belonged to group QN (Nervous
system). When the fourth level was considered, the most commonly
chemical/therapeutic subgroup was QB05BB (solutions affecting the
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TABLE 2 Clinical characteristics of the exotic pets and wildlife animals
visiting the HVULE (Spain) from 2018 to 2022.

Clinical Frequency (%) 95% ClI
characteristics (n=503)

Anatomical system/organ affected

Musculoskeletal 297 (59.0) 0.547-0.633
Digestive 112 (22.3) 0.186-0.259
Sense organs 22 (4.4) 0.026-0.062
Respiratory 18 (3.6) 0.020-0.052
Nervous 13 (2.6) 0.012-0.040
Genitourinary 8(1.6) 0.005-0.027
Infectious 7(1.4) 0.004-0.024
Cardiovascular 2(0.4) 0.000-0.009
Others* 24 (4.8) 0.029-0.066
Euthanasia

No 332 (66.0) 0.619-0.701
Yes 171 (34.0) 0.299-0.381
Hospitalization

No 247 (49.1) 0.447-0.535
Yes 256 (50.9) 0.465-0.553
Hospitalization days (n=256)

1-3 157 (61.3) 0.270-0.351
4-8 70 (27.3) 0.109-0.169
>9 29 (11.3) 0.037-0.078
Surgery

No 496 (98.6) 0.976-0.996
Yes 7 (1.4) 0.004-0.024
Number of treatments

1 120 (23.9) 0.201-0.276
2 251 (49.9) 0.455-0.543
3 101 (20.1) 0.166-0.236
>4 31 (6.1) 0.041-0.083

CI, Confidence interval. * Others include those animals electrocuted or poisoned.

TABLE 3 Multivariate ordinal logistic regression analysis of factors
relevant to being euthanised.

Variables OR (95% ClI) p-value
Hospital visit (emergency) 4.615 (1.005-21.199) 0.049
Animal class (birds) 6.811 (1.108-41.871) 0.038
System affected (musculoskeletal) 31.72 (4.184-240.4) 0.001
Hospitalization 2510.2 (206.4-30529.9) <0.001
Year 2.078 (1.126-3.838) 0.019

CI, Confidence interval; OR, Odds ratio.

electrolyte balance), which was used in 188 animals, followed by
halogenated hydrocarbons (QN01AB, n=186), oxicams (QMO1AC,
n=173), and barbiturates (QN51AA) for animal euthanasia (n=171).
Specifically for each drug (fifth-level code), pentobarbital was
administered to 187 animals (171 for animal euthanasia and 16 for
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sedation) followed by isoflurane (n=184), meloxicam (n=173), and
electrolyte solutions (n=153). It should be highlighted that 171
animals were euthanised with drugs from group QN (Nervous
system). The HVULE protocol for birds consisted of inhaled isoflurane
(5%) and intracardiac pentobarbital (0.1g/kg). For mammals,
intramuscular dexmedetomidine (0.04mg/kg) or acepromazine
(0.1 mg/kg), intravenous propofol (3mg/kg) and intravenous
pentobarbital (2 mg/kg) were used with the same purpose.

In group QN (Nervous system), subgroup analgesics (QN02) were
also used (n=111;22.3%). In this case, all were opioids (QN02A), with
a PD of 0.67. Parenteral buprenorphine (45.9%) was the main opioid
employed (76.5% in birds and 23.5% in mammals), followed by
tramadol (27.9%), butorphanol (22.5%), and methadone (3.6%).
Butorphanol and methadone were only administered parenterally to
birds and mammals, respectively, whereas tramadol was administered
to both birds (90.3%) and mammals (9.7%) by parenteral (77.4%) or
oral (22.6%) routes.

All prescriptions of the group QM (Musculoskeletal system) were
non-steroidal anti-inflammatory drugs (NSAID), specifically
meloxicam (n=173) and robenacoxib (n=3), with a PD for NSAID
very small (0.03). Meloxicam was more commonly administered
parenterally (79.2%) than orally (20.8%) and more frequently used in
birds (85.5%) than mammals (14.5%). As for robenacoxib, this drug
was administered only in mammals and by the parenteral route.

Group QJO1 Antibacterials for systemic use were used only in
12.5% of treatments, with a PD of 0.58. The most prescribed
therapeutic subgroup was QJOIM Quinolone and quinoxaline
antibacterials (Table 5), with marbofloxacin as the most used
compound, followed by metronidazole.

According to the EMA Categorization of antibiotics for prudent
and responsible use in animals (38), only 1 (0.7%) of the active
ingredients administered were classified as Avoid; 103 (72.0%) as
Restrict; 9 (6.3%) as Caution; and 30 (21.0%) as Prudence. Most
antibiotics (n=90; 62.9%) were administered as parenteral treatments,
followed by oral (n=43; 30.1%) and local treatments (n=10; 7.0%).
The PD for all antibiotics was 0.63. Figure 1 shows the antibiotic
prescriptions according to the EMA categorization and year of study.
Altogether, 2.7 grams of antibacterials for systemic use was
documented for exotic animals over the 5-year period (Table 6), with
clear differences between birds and mammals. The quinolone and
quinoxaline subgroup was the most prescribed one in both
animal classes.

Table 7 summarizes the results of the multivariate analysis,
identifying those variables associated with antibiotic prescription
patterns in exotic animals. The need for hospitalization, being a
mammal, non-emergency visits, and any condition different from
digestive or musculoskeletal disorders had a significant impact on
antibiotic prescription.

Furthermore, when comparing treatments with and without
antibiotics, the likelihood of an antibiotic being administered
parenterally was 1.8 times higher (OR=1.8; 95% CI: 0.9-3.7; p=0.119)
than topically. The same happened for the oral route, which was 5.2
times higher (OR=5.2; 95% CI: 2.4-11.5; p<0.001) to be used than
the topical one. Finally, if only the two main routes of administration
were considered (oral and parenteral), antibiotics were 2.9 times more
likely to be administered by the oral route than parenterally (OR=2.9;
95% CI: 1.9-4.6; p<0.001).
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TABLE 4 Anatomical groups (first-level ATCvet) prescribed among exotic animals.

ATCvet anatomical group Frequency (%) (n =1,069) 95% CI
Group QA Alimentary tract and metabolism 10 (0.9) 0.004-0.015
Group QB Blood and blood-forming organs 196 (18.4) 0.160-0.207
Group QC Cardiovascular system 2(0.2) 0.000-0.004
Group QD Dermatologicals 8(0.7) 0.002-0.013
Group QG Genito urinary system and sex hormones 2(0.2) 0.000-0.004
Group QH Systemic hormonal preparations, excluding sex hormones and insulins 13 (1.2) 0.006-0.019
Group QJ Antiinfectives for systemic use 133 (12.5) 0.105-0.144
Group QM Musculoskeletal system 176 (16.5) 0.142-0.187
Group QN Nervous system 497 (46.5) 0.435-0.495
Group QP Antiparasitic products, insecticides, and repellents 17 (1.6) 0.008-0.023
Group QS Sensory organs 4(0.4) 0.000-0.007
ATC anatomical group
Group S Sensory organs ‘ 11 (1.0) ‘ 0.004-0.016

CI, Confidence interval.

TABLE 5 J01 therapeutic subgroups (third-level group ATCvet) prescribed among exotic animals.
ATCvet therapeutic subgroup JO1 Frequency (%) (n = 133) 95% Cl
Subgroup Q01C Beta-lactam antibacterials, penicillins 3(2.3) 0.000-0.048
Subgroup Q01D Other beta-lactam antibacterials 4(3.0) 0.001-0.059
Subgroup QO1E Sulfonamides and trimethoprim 13 (9.8) 0.047-0.148
Subgroup QO01F Macrolides, lincosamides and streptogramins 3(23) 0.000-0.048
Subgroup Q01M Quinolone and quinoxaline antibacterials 94 (70.7) 0.638-0.791
Subgroup Q01X Other antibacterials 16 (12.0) 0.065-0.176

CI, Confidence interval.

4 Discussion

To our knowledge, this is the first study which describes the
pattern prescription in exotic pets and wildlife animals in a Veterinary
Teaching Hospital over a long period of study. Most of the studies
found in the literature are surveys (36, 41), and others are focussed on
all types of pets (dogs, cats, and exotics) (40, 42).

As shown before, birds were the largest group of exotic animals
attending the hospital over the study period. In Europe, 15.7% of pets
are birds; 9.5%, small mammals; and 3.7%, reptiles. Italy, Turkey, and
Spain have the largest populations of ornamental birds; Russia,
Germany, and France of small mammals and France and Spain of
reptiles (5). In Spanish households, the dog is the preferred pet
(21.9%) followed by the cat (8.2%). However, the presence of other
pets, mainly birds and fish, has increased considerably in the last years
(43). In addition, according to a survey conducted at the University of
Dublin with exotic pet veterinarians, birds occupied the largest
number of their visits (96.4%), followed by small mammals (89.3%)
and reptiles (78.6%) (44). Dogs and cats visited the veterinary at least
once a year (45, 46). In contrast, only 50% of exotic pet owners said
that they have visited a veterinary clinic in 2019 (47).

We have observed that birds went to the hospital for an emergency
much more than small mammals. According to veterinary
professionals, the percentage of emergencies seen daily is much higher
in exotic animals than in dogs and cats (2). Several reasons may
explain these differences. In this sense, these species may mask their

Frontiers in Veterinary Science

illness until it is well advanced, and probably owners do not spend as
much time observing their pets. In addition, they have specific
environmental requirements, and their behavioral patterns of pain or
illness are not still well understood (2).

Related to hospitalization, it should be taken into account that
exotic animals usually visit the veterinarian when pathologies are
much more advanced than in other domestic animals. This may
be related to the lack of experience with these species, the equipment,
or diagnostic tests specifically addressed to other animal species. In
addition, the economic constraints of owners (44) for treatment or the
lack of authorized medicines for these animals should be considered.
In these situations, with very advanced pathological disorders and
unfavorable prognosis, euthanasia must be done to reduce the animal’s
suffering (48). It is important to perform this procedure using
techniques that minimize stress (48). For this purpose, in 2013 the
AVMA published guidelines for the euthanasia of exotic species (48).
Acceptable methods of euthanasia include intravenous administration
if performed without causing fear or distress. They recommend
intramuscular deep sedation or prior anesthesia in these species, as
carried out in the HVULE. Some drugs included in the AVMA
guideline are xylazine, opioid analgesics, dexmedetomidine (used for
small mammals in the HVULE), alfaxalone, or midazolam, among
others (48). Once the animal is unconscious, euthanasia solutions are
administered intravenously (route of administration used in small
mammals in the HVULE), intraosseous, intracardiac, or intrathoracic
(the latter two used in birds in this hospital) (48). Euthanasia rates
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were relatively higher (34.0%) compared to companion animals, such
as dogs (1%), cats (2%), or rabbits (4%) (43), but more similar to
values observed in backyard poultry (29.9%) (49). These authors
related their euthanasia rates to the increased severity of the disorders
in these animals (49).

Regarding pharmacological treatments, the most frequent group
used was QN, with pentobarbital and isoflurane as the most often
prescribed active ingredients, as one-third of the animals assessed in
this study were euthanised. Opioids were also used quite frequently.
Veterinarians prescribe and administer an important amount of
opioid analgesics to treat pain in animals (50). Butorphanol is a
synthetic opioid indicated for the treatment of acute pain in birds and
small mammals (51, 52), recommended in birds as preoperative and
postoperative analgesic medication (51-56), and for mild pain and
short-term analgesia in small mammals (57, 58). As for buprenorphine,
it is commonly administered in veterinary medicine for analgesia and
sedation, although little information is available on its use in exotic
animals. It is not recommended for pain control in reptiles, but used
in birds, whereas in small mammals there is more research providing
evidence of its analgesic and sedative effects (59).

The second most used group was QB (blood and blood-forming
organs), in certain solutions affecting the electrolyte balance, which is
in accordance with the fact that half of our patients were hospitalized
and received fluid therapy. Fluid administration is essential to treat
many medical conditions or provide support therapy to patients.
Regarding routes of administration, subcutaneous fluids are a valid
treatment of choice for hypovolemic avian and reptile patients. In
particular, electrolyte solutions are an option for the majority of exotic
animal fluid treatment needs (60).

Within the QM group, meloxicam was used quite often as a high
number of patients had musculoskeletal disorders. This drug is
commonly prescribed off-label for pain and inflammation in many
exotic and zoo animals, including reptiles and birds (61). Nowadays, it
is the current drug of choice due to its widespread use and low
incidence of reported toxicity in exotic animal practices. In a study in
which this drug was administered to over 700 captive birds (60 different
species) in zoos, no mortality was observed (62). In addition, several
studies reported no significant renal, gastrointestinal, or haemostatic
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adverse events at the doses evaluated (63-66). Vultures are more
sensitive to the renal adverse effects of several NSAIDs, except for
meloxicam (67). The preference for this NSAID is also reflected in the
low PD of our veterinary hospital for the population assessed.

Inappropriate use of antimicrobials is a potential threat to public
health (34). Multidrug-resistant bacteria have been reported in
several exotic animal species, such as methicillin-resistant
staphylococci in rabbits and birds, extended-spectrum fB-lactamase-
producing enterobacteria in turtles and wild birds, or resistant
Escherichia coli in wild birds (28, 68-72). Specifically in the Iberian
Peninsula, Pseudomonas spp. showed the highest levels of resistance
among birds, mammals, and reptiles, and multidrug resistance was
also significant in Enterobacterales (73). In 2015, WHO adopted a
global action plan to address antimicrobial resistance and proposed
to ban the prophylactic use of antimicrobials in healthy animals (74).
To this end, the EU has significantly restricted the prophylactic use
of antimicrobials (32). Moreover, since 2014, the EMA has categorized
antibiotics for veterinary use taking into account the public health
risk of their use in animals due to the potential development of
resistance, as well as the need for their use (38).

For those antibiotics belonging to category B (Restrict), we found
that marbofloxacin was the
HVULE. Fluoroquinolones are frequently used in birds, mainly due

most widely used in the

to their wide safety margin. However, injectable solutions are highly
irritant and may cause tissue necrosis (75). In addition, some studies
have recognized that fluoroquinolones have detrimental effects on
reproduction in scavenging birds (76). In general, these antibiotics
that reduce hatchability and total egg hatch, and cause joint
deformities in chicks, increased embryonic heart rate and biochemical
signs of stress (77). Since the 1980s, the livestock industry has been
using fluoroquinolones as antimicrobials in food-producing animals
(78,79). A 1998-2001 survey of UK veterinarians on dermatological
treatments showed that the most commonly used antibiotics in dogs,
cats, and exotic animals were cefalexin, amoxicillin, and enrofloxacin
(41). In another study carried out in the UK in 2016, fluoroquinolones
were the most usually prescribed antibiotic group (49%) in rabbits and
third-generation cephalosporins (36%) in cats and amoxicillin with
clavulanic acid (29%) in dogs (40). In Germany, amoxicillin with
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TABLE 6 Amount of QJ01 Antibacterials for systemic use; QMO01A Antiinflammatory and antirheumatic products, non-steroids, and QN0O2A Opioids
prescribed in exotic animals.

Mammals amount in Total amounts in

Birds amount in

grams grams grams (%)
QJ01 Antibacterials for systemic use
Subgroup Q01C Beta-lactam antibacterials, penicillins 0.0936 (3.5)
Amoxicillin - 0.0089 0.0089 (0.3)
Amoxicillin and beta-lactamase inhibitor - 0.0029 0.0029 (0.1)
Piperacillin and beta-lactamase inhibitor - - 0.0820 (3.0)*
Subgroup Q01D Other beta-lactam antibacterials 0.1368 (5.0)
Cefovecin - 0.1398 0.1368 (5.0)
Subgroup QO1E Sulfonamides and trimethoprim 0.3505 (12.9)
Trimethoprim - 0.1054 0.1054 (3.9)
Sulfamethoxazole and trimethoprim 0.1980 0.0472 0.2452 (9.0)
Subgroup QO1F Macrolides, lincosamides, and streptogramins 0.0606 (2.2)
Tilmicosin - 0.0145 0.0145 (0.5)
Clindamycin 0.0461 - 0.0461 (1.7)
Subgroup Q01M Quinolone and quinoxaline antibacterials 1.4679 (54.2)
Enrofloxacin - 0.1169 0.1169 (4.3)
Marbofloxacin 1.2361 0.1147 1.3509 (49.8)
Subgroup Q01X Other antibacterials 0.6007 (22.2)
Metronidazole 0.4296 0.1711 0.6007 (22.2)
Total 1.9098 0.7181 2.7100 (100)
QMO1A Antiinflammatory and antirheumatic products, non-steroids
Meloxicam 0.1092 0.0081 0.1173 (96.6)
Celecoxib - 0.0041 0.0041 (3.4)
Total 0.1092 0.0122 0.1214 (100)
QNO02A Opioids
Buprenorphine 0.4298 0.0188 0.4486 (61.5)
Tramadol 0.2535 0.0206 0.2741 (37.5)
Methadone - 0.0052 0.0052 (0.7)
Butorphanol 0.0021 - 0.0021 (0.3)
Total 0.6854 0.0446 0.7300 (100)

* Prescribed to a chelonian.

TABLE 7 Multivariate ordinal logistic regression analysis of factors Furthermore, 92.4% of those antibiotics prescribed for chickens were

relevant to the antibiotic prescription pattern. for systemic administration (oral or injectable) and only 5.2% for

topical administration (49). Another survey among Swiss veterinarians

Variables OR (95% Cl)  p-value
on antibiotics usage in exotic pets showed that fluoroquinolones were
Hospital visit (no emergency) 2190 (1.469-3.261) <0.001 the most commonly prescribed drugs in rabbits (82%), rodents (86%),
Animal class (mammals) 2.075 (1.385-3.109) <0.001 birds (83%), and reptiles (97%) (36).
Organ affected (Others vs. musculoskeletal) | 2.081 (1.379-3.135) <0.001 We have observed that antibiotics from category A (Avoid), which
Organ affected (Others vs. digestive) 2,452 (1462-4.115) 0.001 should be given to companion animals under exceptional circumstances,
were used only once at the HVULE, whereas those belonging to category
Hospitalization 2477 1.642-3.732) <0001 B (Restrict), whose use should be restricted in animals due to their
Year 1.121 (0.969-1.310) 0.121 critical importance in human medicine, were prescribed in the hospital

CI, Confidence interval; OR, Odds ratio. quite frequently. However, antibiotics belonging to category C (Caution),

which should be used only when there are no effective category D

clavulanic acid was the most prescribed drug in dogs (47.89%) and
cats (48.15%) in 2017-18 (42). In contrast, in backyard poultry, the
most prescribed antibiotic was enrofloxacin (40.6%), followed by
tylosin (19.5%) and amoxicillin with clavulanic acid (12.1%).
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(Prudence) antimicrobials, are minimal. Finally, although category D is
the first group of choice, their use is not very high in our study. The
prescription of antimicrobials classified in EMA categories A and B
should be based on antimicrobial susceptibility testing whenever possible
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(38). Some countries, such as the Netherlands (80), Belgium (81), and
Denmark (82), have national legislation that requires susceptibility
testing to verify that no other antibiotics in categories C or D are clinically
effective before an antimicrobial belonging to fluoroquinolones or
third—/fourth-generation cephalosporins can be prescribed, and it is also
the case in Spain (33).

As for the PD of antibiotics, our value was 0.63, which is much
lower than those reported in 2016 for dogs (0.83) and cats (0.75), and
very similar to that determined for rabbits (0.64) in the UK (40). In
2018, the prevalence of PD data increased in Germany for dogs and
cats to 0.93 and 0.88, respectively (42). Our data may reflect that
evidence-based guidelines for the treatment of infections, including
antimicrobial stewardship, are not yet available for exotic animals. In
the absence of appropriate veterinary medicines, common practice is
based on personal experience of successful strategies implemented
by individual veterinarians. As a result, oft-label use of critical
antimicrobials such as fluoroquinolones, aminopenicillins, third-
generation cephalosporins, or macrolides is frequent in exotic pets,
which underscores the need for guidance for prudent antibiotic use.
The positive influence of these recommendations has already been
demonstrated in dogs and cats (34).
include the
and results

this
sample,

limitations  of
of the
be generalisable to other clinics or veterinary hospitals. Although

Potential study

representativeness may not
significant efforts were made to identify animal species,
demographic characteristics, clinical signs, and pharmaceutical
prescriptions using manual and semi-automated methodologies,
unclear or missing descriptions may have been overlooked by the
authors. Additionally, the COVID-19 pandemic occurred during
the period of study and may have had an impact on hospital visits.
However, despite these limitations, our findings may help raise
further discussions on the prudent use of several pharmacological
groups in these types of animals, which are becoming more and
more popular among the population.

This is the first study that describes the actual consumption of
drugs in exotic pets and wild animals at a Veterinary Teaching
Hospital. We have observed that the number of exotic animals
increased over time, and they were mainly birds who went to the
hospital for an emergency related to the QM group, and one-third
were euthanised. As for medicines, almost half belonged to the QN
group, with pentobarbital as the most used drug, followed by
isoflurane and meloxicam. Regarding antibiotics, marbofloxacin
(Category B—Restrict) was the most prescribed one.

Our study provides an insight into the prescription patterns in
exotic animals. The findings of the study provide sufficient data to
veterinary policymakers and education aimed at improving drug use
practices in general and antimicrobial use, in particular in
the profession.
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Moxidectin is a candidate for use
as an in vivo internal standard in
pharmacokinetic studies, as
demonstrated with use in
simultaneous tissue cage and
ultrafiltration fluid collection

Richard Munn'?* and Ted Whittem?3

!Melbourne Veterinary School, Faculty of Science, University of Melbourne, Werribee, VIC, Australia,
2Cognosco, Anexa Veterinary Services, Morrinsville, New Zealand, *College of Public Health, Medical
and Veterinary Sciences, James Cook University, Townsville, QLD, Australia

In vivo ultrafiltration has been used in veterinary pharmacokinetics since the
early 2000's as an improvement on the tissue cage model which enables
sampling of fluids from extra-circulatory compartments. Variability in analyte
recovery from ultrafiltration samples, due to membrane fouling or tissue
inflammation, has been a concern for this technique. Internal standards may
be used to scale or verify the unknown result, such as is common in analytical
extractions and in vivo microdialysis. Eight merino sheep were implanted with
subcutaneous tissue cages and 2 weeks prior to the initiation of the study the
sheep were injected with 0.2 mg/kg moxidectin subcutaneously. On the day
of the study ultrafiltration probes were inserted subcutaneously. At time zero
4mg/kg of carprofen was injected intravenously. Plasma, tissue cage, and
ultrafiltration samples were taken 30 min before and 0.5, 1, 2, 3, 4, 5, 7, 24, 36,
48, 72 h after dosing. Carprofen and moxidectin concentrations were measured
by LC-MS/MS. Pharmacokinetic parameters were estimated using Monolix for
both the carprofen concentrations and the moxidectin corrected carprofen
concentrations. The ultrafiltration probes failed to consistently produce enough
sample volume to analyse. Moxidectin concentrations in the plasma and tissue
cage fluid were stable throughout the 72 h sampling window. Moxidectin proved
to be suitable as an in vivo internal standard for pharmacokinetic research using,
tissue cages, plasma sampling and ultrafiltration probes, but the application of
ultrafiltration techniques requires refinement.

KEYWORDS

ultrafiltration, internal standard, pharmacokinetics, moxidectin, carprofen, sheep

1 Introduction

In vivo ultrafiltration has been used in veterinary pharmacological research since at least
the early 2000’s (1) although adoption of the method has been slow since its early description
for drug distribution studies in 1992 (2). In vivo ultrafiltration is viewed as an improved
model for tissue fluid sampling when compared to tissue cage models (3). An ultrafiltration
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probe, consisting of multiple loops of a membrane that is porous to
molecules less than 30,000Da, is inserted subcutaneously and
connected to a collection vial under negative pressure (vacutainer).
The collection vial is replaced at nominated timepoints to give
multiple samples. The concentration of the analyte is determined and
is regarded to be the average concentration of the sampling period,
usually plotted as the mid-point of the sample period. This
methodology was developed for glucose monitoring by Janle et al.
and reported in 1987 (4).

Temperature, pressure differential, the chosen membrane material
and the surface area of membrane affect the flux of analyte across the
membrane (2). In addition to these factors fouling has been
acknowledged to change the flux across the membrane (5). Imsilp
et al. (6) reported inflammatory responses to intramuscular
implantation of polyacrylonitrile ultrafiltration probes in sheep, the
concern being that inflammation may change the recovery of target
analytes. Bungay et al. (7), developed a model to account for the
inflammation induced by the implantation of microdialysis probes,
which are constructed of the same material as ultrafiltration probes,
in neural tissue. The model predicted that the inflammation would
lead to an underestimation of analyte concentrations. Previous uses of
ultrafiltration probes for pharmacokinetic sampling have not
described methods for incorporating an internal control to
compensate for these changes in analyte recovery.

In contrast to ultrafiltration, microdialysis techniques use a
pumped perfusate that contains a known concentration of a
compound as an internal standard. This compound along with the
target analyte is measured, and the change in the internal standard is
used to calculate the relative recovery of target analyte. Linhares and
Kissinger (8) compared ultrafiltration and microdialysis
simultaneously for pharmacokinetic measurements of theophylline in
a small number (n=3) of rats, the concentrations obtained between
the two techniques differed but the slope and shape of the
concentration time graph was similar.

Ideal internal standards for microdialysis, as for other analytical
techniques such as liquid chromatography, have similar
physicochemical properties to the compound being studied. For
microdialysis, the internal standard should diffuse through the
membrane in a similar way to the compound of interest and
be metabolised by similar pathways in the tissue (9). Some authors
have employed radioisotopes to achieve this (10). As the internal
standard is pumped into the membrane and tissue at a constant rate,
in microdialysis the internal standard must have a short elimination
half-life so that a steady state can be reached quickly.

A systemically administered drug which achieves steady-state
concentration could provide an internal control for ultrafiltration
sampling. At steady state concentrations the internal standard would
be expected to be at a consistent concentration in any given tissue,
thus changes in the concentration particularly decreases would
indicate a potential change in the recovery of the analyte of interest in
the ultrafiltrate. The relative change in the internal standard could
be used to correct for the change in recovery.

Moxidectin is an antiparasitic macrocyclic lactone, commonly
used in veterinary medicine for the treatment of intestinal nematodes
and external parasites such as lice. In addition, it has activity against
(Dirofilaria
pharmacokinetics of moxidectin in sheep have been described (11).

heartworm microfiliria immitis) in dogs. The

Due to its long half-life of ~18 and 19days in sheep and dogs,
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respectively, it can be dosed monthly for heartworm prevention (12)
or provide residual activity against intestinal parasites such as
Haemonchus contortus. Pseudo-steady state plasma concentrations,
relative to short acting drugs, can be achieved after single or infrequent
dosing. These characteristics make it a potential candidate for use an
in vivo internal standard.

Carprofen is a non-steroidal anti-inflammatory drug (NSAID)
widely used in veterinary medicine for the treatment of pain and
inflammation. It has been widely used in pharmacological studies in
multiple species with both tissue cage and ultrafiltration models,
including description of its pharmacokinetics in sheep (3, 13-17).

In our previous work in sheep (16) simultaneous samples were
collected, from five sizes of tissue cages and from blood, following
carprofen dosing. The surface area to volume ratio differed between
the tissue cage sizes and a model was constructed to simultaneously
fit the pharmacokinetics for plasma and all tissue cages. A linear
relationship was used to describe the change in microconstants for
flux between the central compartment and the tissue cages. The
surface area to volume ratio was demonstrated to affect the
pharmacokinetic results in the tissue cages. Ultrafiltration probes have
minimal volume and an extremely large diffusable surface area and
therefore should represent the gold standard for measuring drugs in
tissue fluid as the SA:V is practically infinite.

The aims of this study are two-fold. First, we aim to acquire
simultaneous data from a tissue cage model and ultrafiltration probes,
allowing contrast or comparison and possible validation of the
different experimental models. Second, this study aims to investigate
the viability of using moxidectin as an in vivo internal standard for
tissue fluid (ultrafiltration and/or tissue cage) sampling. Our
hypotheses are, ultrafiltration data will resemble plasma
pharmacokinetics more than tissue cage data does and moxidectin
will provide a pseudo-steady state concentration for the duration of
the experiment and changes in moxidectin concentration will reflect
changes in carprofen recovery.

2 Materials and methods

Animal work was approved by the University of Melbourne
Faculty of Veterinary and Agricultural Sciences Animal Ethics
Committee (UoM 2,015,111).

Eight merino wethers, approximately 18 months old and ranging
from 42-51.5kg, were enrolled. Each wether was determined to
be healthy by veterinary clinical examination and routine
haematological and biochemical testing prior to enrolment. All sheep
were housed in a corrugated iron shed on slatted floors with water
supplied ad libitum. Pellets (Sheep & Cattle Rumevite, Townsville
QLD Australia) and lucerne chaff were provided daily. Ventilation was
provided by passive air movement through doors and windows, and
experiments were conducted between October and November 2020 in
Werribee, Victoria, Australia (18).

Animals were anaesthetised and two tissue cages (6 cm and 10cm
length) were inserted under the skin on one side of the neck three
weeks prior to the experiment, as previously described (16, 18), with
the addition of a local anaesthetic field block being placed around the
surgical site with 0.75% ropivacaine. The side of neck into which tissue
cages were implanted was alternated so that 4 sheep had the left side
implanted and 4 the right side.
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Fourteen days prior to the experiment 0.2 mg/kg of moxidectin
(Cydectin, Virbac, Milperra NSW Australia) was injected
subcutaneously into a hind limb.

On the morning of experiment a cephalic vein was catheterised
with an 18 g IV catheter (Jelco Optiva, Smiths Medical Macquarie Park
NSW) and an injection port was attached. The port and catheter were
secured with tape and flushed with heparinised saline after each
sample. The side of the neck without tissue cages was clipped and
aseptically prepared with iodine scrub. Two blebs of 2% lignocaine
were injected under the skin and a stab incision made through the
bleb. A sterile metal introducer trocar was tunnelled subcutaneously
from the incision ventrally, the ultrafiltration probe was inserted
inside the trocar, the trocar was then removed while maintaining the
probe in place. The probe was secured to the sheep by placing butterfly
tape wings around the exposed tubing and stapling the wings to the
skin with skin staples. The tubing was connected to a double ended
needle mounted on a vacutainer sampling bell. A sample vial with
negative pressure was placed on the end of the needle.

At time zero, 4 mg/kg of carprofen was injected intravenously into
the cephalic vein contralateral to the intravenous catheter. Samples of
blood and tissue cage fluid were obtained at timepoints, —0.5, 0.5, 1,
2,3,4,5,7,24, 36,48, 72 h. The sample vial connected to each of the
ultrafiltration probes was changed at these same timepoints. Samples
of blood were obtained via the cephalic catheter, 1.5mL of blood was
withdrawn and discarded before a 4mL sample was obtained, the
catheter was flushed with heparinised saline. Tissue cage fluid was
obtained by percutaneous puncture of the cage with a 20 ga
hypodermic needle, analgesia was provided by the Coolsense device
(18). All samples were collected into or transferred into sample vials
containing lithium heparin.

Samples were stored at 4°C prior to centrifugation, the plasma
(blood) or sediment free (tissue cage) fluid was decanted into 1.5mL
microcentrifuge tubes and stored at —80°C until analysis (<21 days).
Carprofen and Moxidectin have been shown to be stable in canine and
human plasma, respectively at —80°C (19, 20).

At the end of the in-life phase the sheep were euthanised with
pentobarbitone IV through the cephalic catheter. Tissue from around
the  ultrafiltration
histopathological examination.

probe collected and submitted for

2.1 Analytical method

Samples were subjected to separate carprofen and moxidectin
LCMS analysis. Carprofen analysis was as previously described (16)
with the following refinements; sample preparation was simplified to
100 pL of sample in addition to 400 pL of Meclofenamic Acid Internal
Standard Working Solution being added to Ostro Pass-through plates
(Waters Australia Rydalmere, NSW). Acetonitrile (ACN) was replaced
with 50: 50 methanol: ACN as mobile phase B. Mobile phase A was
MilliQ water without addition of buffer and the injection volume was
reduced to 5 pL. The standard curve was extended to 100 pg/mL. The
assay was partially validated for concentrations between 0.25 and
100 pg/mL. Spiked plasma was analysed at each point of the standard
curve with 6 samples to calculate inter-sample CV. Additionally intra-
assay CV was calculated at 50, 10, 1 and 0.25 pg/mL. All validation was
done in a single day, inter-day variability was not assessed. Inter-assay
variability was 1.9%-4.7% and intra-assay variability was 0.4%-2.3%.
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A moxidectin method was developed and partially validated.
Sample preparation for moxidectin analysis was; 400 pL of sample
was mixed with 1,000 pL of Abamectin Internal Standard Working
Solution (500 ng/mL ACN solvent) in a microcentrifuge tube. This
was centrifuged and decanted. The supernatant was evaporated
until dry in a Speedvac (Environmental Speedvac Savant,
United States) on medium setting. The samples were reconstituted
with 200pL of ACN before transferring to 96-well plates for
analysis. A 20 pL injection was made by the autosampler into a
Shimadzu LCMS/MS system fitted with a C18 column as previously
described (16), the column oven was held at 50°C. The liquid
chromatography program began at 30% organic mobile phase
(Isopropyl Alcohol:ACN, 75:25) rising to 90% organic at 5 min, the
mobile phase was rapidly switched to 95% aqueous (MilliQ water)
before returning to the starting conditions for 2 min. The nebulising
gas, heating gas and drying gas were set to 2, 10 and 10L/m,
respectively. The interface temperature, DL temperature and heating
block were set to 375, 250, and 400°C. Mass spectrometry was
carried out in MRM mode with negative electro spray ionisation.
Abamectin m/z 871.6 — 229.2 and 565.5 with collision energies of
27 and 28eV, respectively. Moxidectin m/z was monitored
638.3 - 602.4, 236.2, and 247.1 with CE 20, 27, 26 eV, respectively.
The assay was partially validated for concentrations between
10ng/mL and 0.25ng/mL. Intra-assay CV was calculated for 10, 5,
2.5, 1, 0.5, 0.25ng/mL. Inter-assay variability was 5.3%-18.5%,
intra-assay variability was 2.1%-5.9%.

Plasma spikes of moxidectin or carprofen were included in each
analytical run as quality control. The results of the samples were
adjusted based on the ratio of the measured concentration and the
known concentration of the spiked plasma.

Since the sample volumes obtained from the ultrafiltration probes
were generally low, the LCMS method was modified for small
volumes; 60 uL of sample was combined with 150 pL of abamectin
ISWS for moxidectin analysis, 100 or 20 L of sample was combined
with 400 or 80pL of MFA ISWS depending on available sample
volume. The rest of the sample preparation followed as above with
volumes adjusted to maintain ratios. In most cases the entire sample
was used thus preventing repeat analysis of samples.

2.2 Statistical methods

Pharmacokinetic analysis was performed in Monolix (2023R1,
SimulationsPlus) using a custom model as previously described (16),
the tissue cage concentrations were driven by the central compartment
with the length of the cage in centimeters used as the regressor value.
The model was run on both raw carprofen concentrations and on the
corrected carprofen concentration. Confidence intervals for the
parameters estimated by Monolix were generated using the Rsmlx
package in R (21).

3 Results

Valid plasma carprofen results were obtained for all timepoints in
all sheep except for sheep 6 at 36h. Plasma moxidectin was not
detectable in sheep 1 at —0.5 and sheep 6 at 72 h. In the tissue cages
carprofen could not be measured in sheep 2 at 5h in the 6 cm cage and
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sheep 4 at 1h in the 10 cm cage. Moxidectin could not be measured in
6 samples from the tissues cages in sheep 6 and 8.

Ultrafiltration yielded 74 samples from which carprofen (n=71),
moxidectin (n=19) or both (n=16) could be quantified. The carprofen
concentrations were generally low with 66 samples having
concentrations below 1 ng/mL.

Moxidectin concentrations in plasma had little variation within
individual sheep over the sampling time period with mean (CV)
plasma moxidectin of 8.55-8.57 (0.05-0.15) ng/mL. Individual cage
within subject mean moxidectin concentration in the tissue cages was
8.25-8.58 ng/mL with CV ranging from 0.03%-14%.

Carprofen concentrations were corrected when a valid concurrent
moxidectin result was available by multiplying the carprofen result by
the mean moxidectin concentration within the respective tissue and
sheep divided by the moxidectin result.

3.1 Pharmacokinetics

Pharmacokinetic estimation was performed on the plasma and
tissue cage data simultaneously, but insufficient valid results were
available from the ultrafiltration probes to perform analysis on these
data. A continuous co-variate was included in the model to describe
the change in flux between the tissue cage and the central compartment
due to the tissue cage size.

The pharmacokinetic parameters estimated for the raw and
corrected carprofen concentrations, and the 95% confidence interval
are shown in Figure 1. Correction of the carprofen concentrations
using moxidectin concentrations did not alter the estimated values of
the pharmacokinetic parameters. The degree of uncertainty for these
values was unaffected as shown by the 95% confidence intervals. The
precise estimates are available in the Supplementary Table S1, but are
not reported, as discussed below.

10.3389/fvets.2024.1332974

3.2 Histopathology

A single ultrafiltration probe was recovered post-mortem in situ
and submitted for histology. Six sections of skin to the level of the
subcutaneous adipose tissue and skeletal muscles were examined. All
sections reveal comparable changes but the changes were more
prominent in sections from the distal part of the string implant.
Located within the deep subcutis and forming a mantle around
cavitated spaces which on occasion contain the cross section of a
basophilic tubing was a moderate, mixed inflammatory infiltrate. This
infiltrate was dominated by macrophages including multinucleated
giant cells, neutrophils and eosinophils along with fewer lymphocytes
and rare plasma cells. Also noted within these inflamed areas were free
erythrocytes as well as accumulations of amorphous to fibrillar
eosinophilic material with the appearance of fibrin and necrosis. There
were marginal accumulations of fibroblasts, and small-calibre vessels
and collagen fibres (granulation tissue). No bacteria were identified on
gram staining. The morphological diagnosis was of Moderate, chronic,
multifocal, pyogranulomatous panniculitis with an intralesional
foreign body (Figure 2).

4 Discussion

Moxidectin concentrations measured in the plasma and tissue
cage fluid showed little variability throughout the sampling period.
This demonstrates that moxidectin is suitable as an in vivo internal
standard for sampling periods of up to 72h in sheep when given
14 days before the planned first sample. The stability of moxidectin in
tissue cage fluid suggests that the removal of sample fluid did not
directly influence the pharmacokinetic values obtained. Moxidectin is
unlikely to be suitable for studies longer than 72 h as the concentrations
would be expected to decrease by >10% with a half-life of 18 days. To

Estimated Pharmacokinetic Parameters
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FIGURE 2
H&E photomicrograph, the cross-section of the ultrafiltration probe
(A) can be seen, surrounded by inflammatory infiltrate (B).

the authors knowledge this is the first use of an internal standard for
the validation of ultrafiltration and/or tissue cages and provides
information for the future use of internal standards in these
sampling methodologies.

The pharmacokinetic values did not differ in clinically or
statistically relevant (22) amounts between the raw carprofen and
carprofen adjusted for moxidectin concentrations. The volume of the
central compartment calculated on this dataset was approximately
50% smaller than our previous calculations, clearance was reduced
(16). This resulted in an estimated half-life of 19.5h compared to
27.2h in the previous dataset. The rate constants k21 for distribution
into the peripheral compartment was larger while k13, and k31
representing flux of carprofen into and out of the tissue cages were
smaller. These differences may be artefactual from the analytical phase
as large corrections were required based on the standard curves
included in the runs. Additionally the present dataset only contains 2
tissue cage sizes as opposed to 5 in our previous work. The
pharmacokinetic parameter estimates in the current study allow
comparisons within this study, but are unlikely to be as externally
valid as in our previous report (16) and therefore are not relied on; the
estimation of pharmacokinetic indices was not an objective of
this study.

There are potential implications of using moxidectin as an in vivo
internal standard when evaluating the pharmacokinetics of other
drugs, such as carprofen. Drug-drug interactions between carprofen
and moxidectin are possible in sheep, with potential for the
pharmacokinetics of one or both drugs to be altered. However, no
reports of interactions could be found in the literature for any species.
These two drugs are likely to be given coincidentally in dogs, with
moxidectin used for heartworm prevention and carprofen a common
anti-inflammatory in general practice. No reports of adverse events or
interactions were found. To fully validate the use of moxidectin as an
in vivo internal standard, cross-over studies with the drug of interest
could be performed to check for interactions in plasma. Similarly, it
would be valuable to evaluate ex vivo and analytical interactions that
might influence derived sample-drug concentration results.

Recovery sample volume of ultrafiltrate from probes was very
poor with only one probe consistently producing sample volumes of
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100pL or more. This necessitated the LCMS methodology to
be adapted to small volumes and prevented re-analysis of samples, as
no additional sample was available. In the current study the probes
were inserted subcutaneously using methodology previously
described on the same day as the sampling period began. In contrast,
some previous publications have inserted the probes 24h or more
ahead of sampling. Our decision to insert probes on Day One was
determined from pragmatic needs, as in both group-housed sheep and
for sheep in individual pens, the neighbouring animals attempted to
chew the probe tubing. Same-day insertion was also intended to
minimise the effect of the inflammatory obstruction of probe
membranes previously described (6). Sample volumes from the probes
did not increase substantially over the 72h sampling period,
suggesting that the timing of insertion did not influence sample
volume recovery.

In contrast to their use by other authors (4) the stab incisions
through which the probes were inserted were not closed in this study.
This may have led to an air gap between the probe and subcutaneous
tissues, which could be maintained by the continued entry of air from
the wound. Future work may benefit from sealing the insertion
wound. Species differences may contribute to the amount of
ultrafiltrate that can obtained. The early work of Janle stated that
subcutaneous probes produced 0.5-1mL of ultrafiltrate per day.
However, Plummer et al. (23) also report low sample volumes
(maximum of 1 mL per 4-12h) from ultrafiltration probes in merino
sheep. Additionally, Plummer et al. report a high failure and
complication rate of UF probes in sheep, similar to our experience in
the current study. Similar experiences have been reported in calves.
Hauschild et al. (24) reported that drug concentrations of
pradofloxacin in ultrafiltrate sample were below the LOD when the
sample volume was low, the authors infer there was insufficient
vacuum to drive the drug molecules across the membrane, this
phenomenon was also observed in our study. Advances in analytical
technology allowing smaller samples to be utilised may overcome
some of these barriers but will not overcome the poor recovery seen
with low flow rates as described by Hauschild and this paper.

In this work 4 mL evacuated tubes were used to apply the vacuum
pressure and collect the sample. This similar to other authors (4, 25),
although flow rates in those papers were low. The use of larger
evacuated tubes, i.e., 10mL would be expected to apply a greater
vacuum pressure and increase the flow rate of the ultrafiltrate.

Cooke et al. (26) overcame some of these difficulties by utilising a
hybrid method, by implanting a bundle of microdialaysis fibres
(n=176) subcutaneously, with both ends accessible. Samples were
obtained by flushing the bundle intermittently thus they were able to
forgo the perfusate pump system of traditional microdialysis and
ensure the sample volume was sufficent for analysis by HPLC. The
equilibration of the fibre bundle to the surrounding environment was
reported to be 5min allowing dense pharmacokinetic sampling to
occur. Despite the apparent success of this technique, no other reports
of its use were found. This technique may warrant further use given
the reported difficulties of ultrafiltration and the limitations of
microdialysis equipment.

The limited reported use of ultrafiltration probes for
pharmacological studies outside laboratory rats gives rise to the
possibility of publication bias, the work by Plummer et al. (23),
Bidgood and Papich (1), Messenger et al. (3) and this paper were part

frontiersin.org


https://doi.org/10.3389/fvets.2024.1332974
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org

Munn and Whittem

of graduate research programs, thus increasing the likelihood of
submission of unfavourable results as publication is often a
prerequisite for speciality (27, 28). Commercially funded work using
ultrafiltration probes that did not produce sufficient volumes for
analysis may not have been submitted or accepted for publication (29).

The histopathological findings on the recovered probe were
consistent with those reported by Imsilp et al. (6) with granulomatous
inflammation without evidence of bacterial infection. This suggests
the probes suffered from biofouling and encapsulation as described by
Wisniewski et al. (30). There appears to be marked species differences
in the reaction to ultrafiltration probes with Underwood reporting
mild inflammation in line with suture material reaction when
ultrafiltration probes were inserted in equine lamella tissue (25).

Given the consistent plasma and tissue cage fluid concentrations
of moxidectin, it would be expected that moxidectin would
be recovered in concentrations of a similar order and variability
from the ultrafiltration probes if they were functioning correctly. The
use of moxidectin as an in vivo internal standard for pharmacokinetic
studies would allow researchers to detect changes in recovery and
correct for them post-hoc. This should lead to more reliable and
robust results.

5 Conclusion

Subcutaneously implanted tissue cages are a more reliable model
for obtaining non-central compartment samples than commercially
available ultrafiltration probes. Unfortunately, tissue cage-derived
samples are less likely to represent true physiological spaces than
samples obtained by ultrafiltration (16).

Currently reported ultrafiltration probe techniques appear to
be unsuitable for pharmacokinetic sampling. In agreement with prior
work, we found that the method will require modification or
refinement if it is to give consistent samples. Effective modifications
and refinements have not been identified.

We were unable to accept or reject our first hypothesis as we could
generate sufficient simulataneous data from the two methodologies
for comparison.

This work showed that moxidectin is useful as an in vivo internal
standard for pharmacokinetic studies. In sheep, a single dose proved
useful for a duration of approximately 3days when injected
subcutaneously 2 weeks prior to the study commencement. Samples
from both tissue cages and ultrafiltration probe studies illustrated this
usefulness. Thus we can partially accept the second hypothesis, we did
not observe changes in moxidectin concentration of sufficient
magnitude to evaluate the second portion of the hypothesis.

Further work to characterize moxidectin as an in vivo internal
standard in ultrafiltrate samples should await discovery of effective
modifications and refinements to ultrafiltration sample techniques
which enable reliable acquisition of samples.
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Introduction: The utilization of faunaand fauna-based byproductsin ethnomedicinal
usages has been a longstanding human activity, practiced across various cultures
worldwide. This study focuses on investigating the utilization of animal-based
traditional medicine by the people of Pakistan, specifically in the Gujranwala area.

Methods: Data collection took place from January to September 2019 through
interviews with local communities. Ethnomedicinal applications of animal
products were analyzed using several indices, including Relative Frequency of
Citation (RFC), Relative Popularity Level (RPL), Folk Use Value (FL), and Relative
Occurrence Percentage (ROP).

Results: The study identified the use of different body parts of 54 species of animals
in treating various diseases and health issues. These include but are not limited
to skin infections, sexual problems, pain management (e.g., in the backbone and
joints), eyesight issues, immunity enhancement, cold, weakness, burns, smallpox,
wounds, poisoning, muscular pain, arthritis, diabetes, fever, epilepsy, allergies,
asthma, herpes, ear pain, paralysis, cough, swelling, cancer, bronchitis, girls’ maturity,
and stomach-related problems. Certain species of fauna were noted by informers
with high “frequency of citation” (FC), ranging from 1 to 77. For instance, the black
cobra was the most frequently cited animal for eyesight issues (FC=77), followed by
the domestic rabbit for burn treatment (FC=67), and the Indus Valley spiny-tailed
ground lizard for sexual problems (FC=66). Passer domesticus and Gallus gallus
were noted to have the highest ROP value of 99.

Discussion: The findings of this study provide valuable preliminary insights for the
conservation of fauna in the Gujranwala region of Punjab, Pakistan. Additionally,
screening these animals for medicinally active compounds could potentially lead
to the development of novel animal-based medications, contributing to both
traditional medicine preservation and modern pharmaceutical advancements.

68 frontiersin.org


https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fvets.2024.1351693%EF%BB%BF&domain=pdf&date_stamp=2024-04-12
https://www.frontiersin.org/articles/10.3389/fvets.2024.1351693/full
https://www.frontiersin.org/articles/10.3389/fvets.2024.1351693/full
https://www.frontiersin.org/articles/10.3389/fvets.2024.1351693/full
mailto:m.majeed@uog.edu.pk
mailto:helansary@ksu.edu.sa
https://doi.org/10.3389/fvets.2024.1351693
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/veterinary-science#editorial-board
https://www.frontiersin.org/journals/veterinary-science#editorial-board
https://doi.org/10.3389/fvets.2024.1351693

Khan et al.

KEYWORDS

10.3389/fvets.2024.1351693

Gujranwala, ethnozoology, ethnomedicine, zootherapy, animals, communities

1 Introduction

Zootherapy is described as the use of animal or animal-derived
products to treat human ailments (1). The utilization of fauna with
therapeutic characteristics is still a popular practice across the world (2).
Zootherapy methods and materials are used in both folk and modern
medicine to treat different kinds of sicknesses (3-7). It has been found
that over 13% of the medications used in traditional Chinese medicine
are derived from fauna. In Ayurvedic medicine, faunal products make
up 15-20% of the medications. More than 111 medications in Tibetan
medicine contain fauna-based components (8-10).

Many communities are rapidly losing ethnomedicinal expertise,
making it increasingly necessary to capture this information before it is
lost (1, 11-17). The utilization of fauna and fauna-based yield in folk
therapy has been under-documented, most likely due to the dominance
of plants in folk medical systems (18, 19). Pakistan has a rich fauna
diversity, including 668 species of birds (20), 195 species of mammals
(21), 24 species of amphibians (22), and 195 species of reptiles (23).

Gujranwala has a diverse range of fauna and biodiversity. This
region, with its plains and different ecosystems, is home to an amazing
variety of wildlife. Dominant avian fauna is documented in
Gujranwala, i.e., Acridothere ginginianus, Acridothere tristis, Apus
affinis, Athene brama, Bubulcus ibis, Cercomela fusca, Columba livia,
Corvus splendens, Egretta garzetta, Hirundo rustica, Hoplopterus
indicus, Milvus migrans migrans, Nectarinia asiatica, and Passer
domesticus (24), while important mammalian fauna of the area is
reported as, i.e., Suncus etruscus, Funnambulus pennantii, Rattus
rattus, Mus musculus, Herpestes javanicus, and Herpestes edwardsi
(25-27), and more than 30 species of freshwater are documented
along Gujranwala (28), and prominent herptiles are Saara hardwickii,
Varanus bengalensis, Duttaphrynus stomaticus, Hemidactylus
Aflaviviridis, Hoplobatrachus tigerinus, Aspideretes gangeticus, Lissemys
punctate, Calotes versicolor, and Eryx johnii (29).

Knowing the conservation and management of biocultural systems
requires ethnozoological study. Traditional usages of fauna species, e.g.,
food (30-37), medicine (32, 38-42), trade (43), etc., can endorse attitude
that aids in the conservation of these animals; however, if they are
practiced in an unsustainable manner or are influenced by economic and
political factors, they may have a negative impact on or even endanger
these animals. Local populations’ usage of animal species in traditional
medicine and for cultural purposes must be evaluated in connection to
other issues such as climate and habitat changes (44, 45). There is a global
need to identify innovative techniques to cope with the current
catastrophe of loss of biodiversity (46), and ethnozoology gives crucial
insights into local community practices, allowing conservation efforts to
successfully collaborate with resource managers to enhance the overall
veracity of biological structures (47, 48). A number of studies have been
conducted to date that has documented the use of animal parts in
traditional medicine in various areas of Pakistan (31, 32, 49-61); however,
ethnomedicinal applications of animals in Gujranwala have never been
described. This research on the medical applications of fauna by the
people of Gujranwala district in Pakistan is part of a larger plan to record
the usage of fauna by local populations across Pakistan (18, 29, 62-64).

Frontiers in Veterinary Science

The research on the ethnopharmacological uses of fauna among the
inhabitants of central Punjab, Pakistan, aims to investigate and describe
traditional understandings and methods of using local animal resources
for medicinal reasons in this area. By conducting an in-depth inquiry into
the fauna-based remedies used by communities of indigenous peoples,
the study hopes to contribute to the preservation of traditional healing
practices, shed light on the possible medicinal qualities of these animals,
and provide insights for the conservation of biodiversity.

2 Materials and methods
2.1 Study site and climate

Gujranwala is the city and capital of Gujranwala Division, Punjab,
Pakistan. It is also known as the “City of Wrestlers” Gujranwala is
Pakistan’s fifth-most populous city. Founded in the eighteenth century,
Gujranwala is a relatively modern town compared to other nearby old
cities in northern Punjab (Figure 1). The people of the area like to eat
meat. The 32°9'24"N
74°11"24"E. Gujranwala has a hot, semi-arid climate. During the

coordinates of Gujranwala are
summer (June to September), the temperature reaches 40 °C. The
coldest months are typically November through February, when
temperatures can dip to an average of 5°C. During the other months,
the average rainfall is approximately 25 mm. There is very little rain
from October to May (Figures 2A,B).

2.2 Data collection

Semi-structured interviews and questionnaires were collected
from 100 respondents (i.e., traditional health practitioners,
farmers, teachers, hunters, and herdsmen). We selected random
respondents from the community who have knowledge about
traditional therapy. Respondents were chosen based on their
ethnomedicinal and ethnocultural recognition of the customary
remedial and societal value of herptiles, fish, animals, and fowl.
Birds were identified using field guides, “The Birds of Pakistan.
Data were statistically analyzed using five indices, including (i) the
“fidelity level” (FL), (ii) the “relative popularity level” (RPL), and
(iii) “rank order priority”

2.3 The Fidelity level

FL was analyzed with the help of a formula as follows (65):

FL (%) =Ny /FCx100.

where “N,” =number of respondents with vital chronic diseases
for certain breeds of animals; FC=frequency of citation for
ethnocultural utilization of specific creatures.
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Study site map.
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FIGURE 2
(A,B) Famous meat (A: quail meat, B: chicken) and landscape of Gujranwala.

2.4 The relative popularity level

RPL was described previously by Friedman et al. (66); creatures
were separated into two gatherings, for example, (i) “famous” and (ii)
“disagreeable” (i) Popular creatures are those species that were
expressed for the greater part of the most extreme recurrence of
reference (FC). (ii) The left-over creatures were recorded as
disagreeable. While for famous (creature species) an even line was

Frontiers in Veterinary Science 70

non-existent specifically, the normal numeral of employments per
creature is free of the recurrence of reference (FC), who perceives the
creatures; along these lines, the normal numeral of employments of
mainstream creature animal varieties does not improve with the
addition to recurrence of reference, who refers to the creature species
for any clinical use. For the mainstream creature species, the RPL was
set at 1. For creature species in disliked gatherings, the overall
notoriety level is under 1.0.
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2.5 Rank order priority

ROP is utilized to group the fauna species (66, 67) and was
examined using the following formula:

ROP =FLxRPL

3 Results and discussion

3.1 Informant selection for ethnozoological
data collection

During the years 2018-2020, ethnozoological information was
gathered; prior to the data collection, a reconnaissance survey was
conducted to ensure accessibility across the study area. Using the
snowball technique, we collected the traditional endemic knowledge
using semi-structured questionnaires followed by group discussions.
The informants selected were mostly from urban (55%). Furthermore,
the selected informants were classified into different professions and age
groups. The maximum number of informants were educated (92.9%).
Upon data collection, men showed ascendency over women due to
cultural and religious limitations. Women are not allowed to talk with
strangers due to religious and social norms, and they are usually
involved in house chores. The complete details can be found in Figure 3.
It is documented that older people have more insights about traditional
knowledge as compared with younger people, and it is also noted that
uneducated and less educated people have more reliance on traditional
knowledge as compared with highly educated people.

3.2 Taxonomy and ethnozoological
inventory

In the ethno-scientific domain, we documented a total of 54
species used in Gujranwala, Pakistan, classified into different
categories, i.e., herptiles (n=7), fish (n=16), mammals (n=13), birds

10.3389/fvets.2024.1351693

(n=15), and invertebrates (n=3). The complete inventory is provided
in Table 1. The maximum usage of the fish species in the region can
be attributed to the presence of the two important rivers (Ravi and
Chenab) inhabiting varieties of fish fauna; also, the locals have a
potential traditional knowledge of fish utilization.

Upon interpreting the results, it was revealed that different body
parts of the documented species were employed against a variety of
diseases. The most frequently used parts were meat (33%), followed
by fat (30%), and brain (16%; Figures 4A-C).

The fat of animals is the second most consumed body part of
animals. The fat of 31 species of animals, i.e., Indian Bullfrog, Indus
Valley spiny-tail ground lizard, Bengal monitor, rock python, black
cobra, Russell’s chain viper, grass carp, common carp, silver carp,
mrigal carp, Reba carp, raho, Orangefin labeo, catla, spotted
snakehead, great snakehead, Nile tilapia, Rita, goonch, Gangetic
mystus, zig-zag eel, wallago catfish, cow, buffalo, small Indian
mongoose, Indian flying fox bat, bear, tawny eagle, and Bonelli’s eagle,
is used to treat wounds in feet, small pox, skin diseases, sexual
problems, pain in joints, pain in body, pain in backbone, fever,
eyesight and eye problems, enhance potential, memory, and immunity,
engulf of poisonous things, cold, cancer, burn, and blindness in the
night (Figures 4A,B).

Similarly, the brain of animal species, i.e., grass carp, common
carp, silver carp, mrigal carp, Reba carp, raho, Orangefin labeo, catla,
spotted snakehead, great snakehead, Nile tilapia, Rita, goonch,
Gangetic mystus, zig-zag eel, and wallago catfish, is used to treat small
pox, sexual problems, pain in joints, pain in the body, eyesight and eye
problems, enhance potential, memory, and immunity, cold, burn, and
blindness at night (Figures 4A,B).

Similarly, the skin of animal species, i.e., the Indus Valley toad and
black cobra catfish, is used to cure skin diseases, sexual problems, and
eyesight, while the blood of camel, desert hare, domestic rabbit, and
spotted little owlet is used to cure pain in muscles, pain in joints,
diabetes, asthma, burns, face paralysis, burn, enhance potential, sexual
problems, and skin diseases. However, the milk of camel, goat, and
sheep is used to treat pain in muscles, pain in joints, diabetes, sexual
problems, cold, fever, burn, and enhance potential (Figures 4A,B).
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Selected informants on the ethnozoological usage of the documented species
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TABLE 1 A detailed analysis of the ethnozoology of Gujranwala, Punjab.

Common name
Scientific name (species

authority)
Punjabi name

Diseases

10.3389/fvets.2024.1351693

Herptiles
1 Indus Valley toad S T Skin diseases 8.0 0.08 2 0.23 25.00 6
Bufo stomaticus (Lutkin, 1862)
Ghariallo daddo
2 Indian Bullfrog F T Sexual problems 13.0 0.13 3 0.37 23.08 8
Hoplobatrachus tigerinus (Daudin, 1802) Pain in backbone 28.0 0.28 6 0.79 21.43 17
Wada daddo Pain in joints 12.0 0.12 4 0.34 3333 11
3 Indus Valley spiny-tail ground lizard F T Pain in joints 4.0 0.04 1 0.11 25.00 3
Uromastyx hardwickii (Strauch, 1863) Pain in backbone 23.0 0.23 8 0.65 34.78 23
Sanda Sexual problems 66.0 0.66 28 1.00 42.42 42
4 Bengal Monitor F T Pain in backbone 2.0 0.02 1 0.06 50.00 3
Varanus bengalensis (Daudin, 1802) Sexual problems 2.0 0.02 1 0.06 50.00 3
Goh
5 Rock python F T Pain in joints 2.0 0.02 1 0.06 50.00 3
Python molurus (Linnaeus, 1758) Sexual problems 11.0 0.11 7 0.31 63.64 20
Azdha sap
6 Black cobra S,F T Sexual problems 19.0 0.19 3 0.54 15.79 8
Naja naja naja (Linnaeus, 1768) Eyesight 77.0 0.77 13 1.00 16.88 17
Kala naag
7 Russell’s chain Viper F T Sexual problems 9.0 0.09 2 0.25 2222 6
Daboia russelii russelii (Shaw and Nodder, Pain in joints 7.0 0.07 2 0.20 28.57 6
1797)
Koriwala
Fishes
8 Grass carp B,M,F T,O0 Eye problems 7.0 0.07 2 0.20 28.57 6
Ctenopharyngodon idella (Valenciennes, Blindness in night 6.0 0.06 2 0.17 33.33 6
1844) Enhance memory 10.0 0.1 2 0.28 20.00 6
Grass carp Sexual problems 19.0 0.19 3 0.54 15.79 8
9 Common carp B,M,F T,O Eye problems 8.0 0.08 2 0.23 25.00 6
Cyprinus carpio (Linnaeus, 1758) Blindness in night 3.0 0.03 2 0.08 66.67 6
Gulfam Enhance memory 13.0 0.13 3 037 23.08 8
Sexual problems 10.0 0.1 2 0.28 20.00 6
Enhance 21.0 0.21 2 0.59 9.52 6
immunity
10 Silver carp B,M, F T,O Eye problems 8.0 0.08 3 0.23 37.50 8
Hypophthalmichthys molitrix (Valenciennes, Blindness in night 3.0 0.03 1 0.08 33.33 3
1844) Enhance memory 23.0 0.23 2 0.65 8.70 6
Silver carp Sexual problems 280 0.28 4 0.79 14.29 11
Enhance 7.0 0.07 1 0.20 14.29 3
immunity
11 Mrigal carp B,M, F T, O Eye problems 5.0 0.05 1 0.14 20.00 3
Cirrhinus mrigala (Hamilton, 1822) Blindness in night 8.0 0.08 1 0.23 12.50 3
Mori Enhance 12.0 0.12 3 0.34 25.00 8
immunity
Cold 10.0 0.1 3 0.28 30.00 8
Sexual problems 7.0 0.07 2 0.20 28.57 6
12 Reba carp B,M,F T,O Eye problems 1.0 0.01 1 0.03 100.00 3
Cirrhinus reba (Hamilton, 1822)
Reba Machhali
Blindness in night 4.0 0.04 1 0.11 25.00 3
(Continued)
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TABLE 1 (Continued)

Common name Diseases
Scientific name (species
authority)
Punjabi name
Enhance memory 5.0 0.05 1 0.14 20.00 3
Sexual problems 3.0 0.03 1 0.08 33.33 3
Enhance immunity 5.0 0.05 1 0.14 20.00 3
13 Raho B,M, F (€] Pain in joints 8.0 0.08 2 0.23 25.00 6
Labeo rohita (Hamilton, 1822) Sexual problems 36.0 0.36 18 1.00 50.00 50
Raho Eyesight 12.0 0.12 4 0.34 33.33 11
Enhance memory 14.0 0.14 3 0.39 21.43 8
Enhance immunity 12.0 0.12 2 0.34 16.67 6
14 Orangefin labeo B,M, F T,O0 Enhance memory 1.0 0.01 1 0.03 100.00 3
Labeo calbasu (Hamilton, 1822) Pain in body 2.0 0.02 1 0.06 50.00 3
Kalbans Sexual problems 12.0 0.12 7 034 58.33 20
Enhance 10.0 0.1 3 0.28 30.00 8
immunity
15 Catla B,M, F (6] Enhance memory 4.0 0.04 2 0.11 50.00 6
Gibelion catla (Hamilton, 1822) Sexual problems 22.0 0.22 3 0.62 13.64 8
Thaila
16 Spotted snakehead B,M, F (6] Enhance memory 5.0 0.05 3 0.14 60.00 8
Channa punctata (Bloch, 1793) Enhance 30.0 0.3 20 0.85 66.67 56
Dola immunity
17 Great snakehead B,M, F (6] Sexual problems 19.0 0.19 11 0.54 57.89 31
Channa marulius (Hamilton, 1822) Enhance potential 12.0 0.12 8 034 66.67 23
Soul
18 Nile tilapia B,M, F T Enhance immunity 25.0 0.25 12 0.70 48.00 34
Oreochromis niloticu (Linnaeus, 1758) Burn 4.0 0.04 2 0.11 50.00 6
Tilapia
19 Rita B,M,F O, T Enhance immunity 13.0 0.13 7 0.37 53.85 20
Rita rita (Hamilton, 1822) Sexual problems 7.0 0.07 4 0.20 57.14 11
Khaga
20 Goonch B,M,F (¢] Enhance immunity 21.0 0.21 9 0.59 42.86 25
Bagarius bagarius (Hamilton, 1822) Sexual problems 25.0 0.25 9 0.70 36.00 25
Foji Khaga
21 Gangetic mystus B,M,F (0] Small pox 2.0 0.02 1 0.06 50.00 3
Mystus cavasius (Hamilton, 1822) Enhance immunity 16.0 0.16 2 045 12.50 6
Tangra Machhali
22 Zig-zag eel B, M, F (¢) Sexual problems 7.0 0.07 2 0.20 28.57 6
Mastacembelus armatus (Lacepéde, 1800) Enhance immunity 16.0 0.16 3 0.45 18.75 8
Baam Machhali
23 Wallago catfish B, M, F (¢} Enhance memory 5.0 0.05 2 0.14 40.00 6
Wallago attu (Bloch & Schneider, 1801) Enhance immunity 11.0 0.11 4 0.31 36.36 11
Mali
Mammals
24 Cow B,M, F o, T Wounds in feet 12.0 0.12 7 0.34 58.33 20
Bos gaurus (C. H. Smith, 1827) Pain in body 21.0 0.21 19 0.59 90.48 54
Gay Engulf of 12.0 0.12 2 0.34 16.67 6
poisonous things
25 Buffalo B,M, F O, T ‘Wounds in feet 12.0 0.12 8 0.34 66.67 23
Bubalus bubalis (Linnaeus, 1758) Pain in body 37.0 0.37 21 1.00 56.76 57
Mujh Engulf of 7.0 0.07 4 0.20 57.14 11
poisonous things

(Continued)
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TABLE 1 (Continued)

Common name
Scientific name (species

authority)
Punjabi name

Diseases
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26 Camel MI, BL, M Oral Pain in muscles 2.0 0.02 1 0.06 50.00 3
Camelus dromedaries (Linnaeus, 1758) Topical Pain in joints 2.0 0.02 1 0.06 50.00 3
Ount Diabetes 37.0 0.37 22 1.00 59.46 59

27 Goat MI Oral Sexual problems 41.0 0.41 22 1.00 53.66 54
Capra aegagrus hircus (Linnaeus, 1758) Cold 2.0 0.02 1 0.06 50.00 3
Bakri Fever 2.0 0.02 1 0.06 50.00 3

28 Northern palm squirrel MH o, T Epilepsy 7.0 0.07 2 0.20 28.57 6
Funnambulus pennanti (Wroughton, 1905) Skin diseases 7.0 0.07 2 0.20 28.57 6
Gulahri Allergy 7.0 0.07 2 0.20 28.57 6

29 Small Indian mongoose F T Sexual problems 6.0 0.06 2 0.17 33.33 6
Herpestes javanicus (Geoffroy Saint-Hilarie, Pain in joints 6.0 0.06 2 0.17 33.33 6
1818) Pain in backbone 6.0 0.06 2 0.17 33.33 6
Neola

30 Humans SA T Herpes 27.0 0.27 5 0.76 18.52 14
Homo sapiens (Linnaeus, 1758) Ear pain 27.0 0.27 3 0.76 11.11 8
Adam Eye problems 27.0 0.27 5 0.76 18.52 14

31 Desert hare M, L, BL o, T Asthma 12.0 0.12 4 0.34 33.33 11
Lepus nigricollis dayanus (F. Cuvier, 1823) Burn 12.0 0.12 4 0.34 33.33 11
Jungli khargush Face paralysis 12.0 0.12 4 0.34 33.33 11

32 Indian Pangolin SC,M T Feet swelling 11.0 0.11 4 0.31 36.36 11
Manis crassicaudata (E.Geoffroy Saint- Sexual problems 2.0 0.02 1 0.06 50.00 3
Hilaire, 1803) Cancer 2.0 0.02 1 0.06 50.00 3
Pangolin, Sipple

33 Domestic rabbit T, BL T Burn 67.0 0.67 34 1.00 50.75 51
Oryctolagus cuniculus (Linnaeus, 1758) Enhance potential 2.0 0.02 1 0.06 50.00 3
Khargush, Saya Face paralysis 2.0 0.02 1 0.06 50.00 3

34 Sheep EMIL M o,T Burn 26.0 0.26 22 0.73 84.62 62
Ovis aries (Linnaeus, 1758) Enhance potential 26.0 0.26 22 0.73 84.62 62
Bairh Pain in joints 26.0 0.26 22 073 84.62 62

35 Indian flying fox bat F T Pain in body 2.0 0.02 1 0.06 50.00 3
Pteropus giganteus (Briinnich, 1782) Pain in joints 2.0 0.02 1 0.06 50.00 3
Chamga-dar Pain in backbone 2.0 0.02 1 0.06 50.00 3

36 Bear F T Sexual problems 3.0 0.03 2 0.08 66.67 6
Ursus thibetanus (Cuvier, 1823) Pain in joints 3.0 0.03 2 0.08 66.67 6
Richh Pain in backbone 3.0 0.03 2 0.08 66.67 6

Birds

37 Common Myna M (@] Cough 9.0 0.09 2 0.25 2222 6
Acridotheres tristis (Linnaeus, 1766) Fever 9.0 0.09 2 0.25 2222 6
Lali

38 Domestic Duck E (¢] Eye problems 9.0 0.09 2 0.25 2222 6
Anas platyrhynchos domesticus (Linnaeus, Cold 9.0 0.09 2 0.25 2222 6
1758)
Batakh

39 Mallard M, E (0] Face paralysis 4.0 0.04 3 0.11 75.00 8
Anas platyrhynchos (Linnaeus, 1758) Cold 4.0 0.04 3 0.11 75.00 8
Nilsir

40 Tawny Eagle F T Skin diseases 3.0 0.03 2 0.08 66.67 6
Aquila rapax (Temminck, 1828) Cancer 3.0 0.03 2 0.08 66.67 6
Chhota baaz

(Continued)
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TABLE 1 (Continued)

Common name
Scientific name (species

authority)
Punjabi name

Diseases
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41 Spotted Little Owlet BL Sexual problems 10.0 0.1 2 0.28 20.00 6
Athene brama Skin diseases 10.0 0.1 2 0.28 20.00 6
(Temminck, 1821)

Ullo

42 Blue Rock Pigeon M, FE Face paralysis 44.0 0.44 22 1.00 50.00 50
Columba livia (F.Gmelin, 1789) Cold 44.0 0.44 22 1.00 50.00 50
Jangli kabotar

43 Common Quail M Enhance memory 10.0 0.1 7 0.28 70.00 20
Coturnix coturnix (Linnaeus, 1758) Sexual problems 10.0 0.1 7 0.28 70.00 20
Batera

44 Black partridge M Bronchitis 19.0 0.19 11 0.54 57.89 31
Francolinus francolinus (Linnaeus, 1766) Enhance potential 19.0 0.19 11 0.54 57.89 31
Kala tittar

45 Domestic Chicken E,M Fever 35.0 0.35 35 0.99 100.00 99
Gallus gallus (Linnaeus, 1758) Cold 35.0 0.35 35 0.99 100.00 99
Murghi

46 Bonnelli’s Eagle F Cancer 3.0 0.03 1 0.08 33.33 3
Hieraaetus fasciatus (Sibley & Monroe, 1990) Skin diseases 3.0 0.03 1 0.08 33.33 3
Baaz

47 House Sparrow M Enhance potential 35.0 0.35 35 0.99 100.00 99
Passer domesticus (Linnaeus, 1758) Face paralysis 35.0 0.35 35 0.99 100.00 99
Chiri

48 Indian Ring Dove M Enhance maturity 5.0 0.05 2 0.14 40.00 6
Streptopelia decaocto (Frivaldszky, 1838) Cold 5.0 0.05 2 0.14 40.00 6
Kogi

49 Oriental turtle Dove M Enhance maturity 5.0 0.05 2 0.14 40.00 6
Streptopelia orientalis (Latham, 1790) Cold 5.0 0.05 2 0.14 40.00 6
Kogi

50 Little Brown Dove M Enhance maturity 5.0 0.05 2 0.14 40.00 6
Streptopelia senegalensis (Linnaeus, 1766) Cold 5.0 0.05 2 0.14 40.00 6
Chhoti kogi

51 Red Turtle Dove M Enhance maturity 5.0 0.05 2 0.14 40.00 6
Streptopelia tranquebarica (Hermann, 1804) Cold 5.0 0.05 2 0.14 40.00 6
Lal kogi

Invertebrates

52 European honey bee HO Stomach 24.0 0.24 11 0.68 45.83 31
Apis mellifera (Linnaeus, 1758) Eye diseases 24.0 0.24 11 0.68 45.83 31
Shahd Makhi Skin diseases 240 0.24 11 0.68 45.83 31

Diabetics 24.0 0.24 11 0.68 45.83 31

53 Earthworm WB Pain in backbone 12.0 0.12 9 0.34 75.00 25
Pheretima hawayana (Rosa, 1891)

Gandoya

54 Common beak WB Antibacterial 41.0 0.41 4 1.00 9.76 10
Libythea lepita (Moore, 1857)

Titli

O, oral; T, topical; S, skin; SA, saliva; SC, scale; M, meat; MI, milk; F, fat; E, egg; WB, whole body; HO, honey; H, hair; FE, feather; B, brain; BL, blood; T, tail; L, liver.

3.3 Ethnomedicinal use of herptile and fish 3.4 Ethnomedicinal use of mammals

In the present study, we found that the local people use the herptiles The present study revealed that 23 diseases were treated by the

and fish for different ailments. Sexual problems were found to be treated ~ documented mammals (Figure 6). The maximum use of the species
by most of the species, followed by “enhanced immunity” (Figure 5). to treat cold is due to the belief that the meat has the potential to
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(C) Ethnopharmacological uses of body parts of animal species in the study area.

(A) Percentage of different body parts of fauna used to treat a variety of diseases in the study area. (B) The body parts are used to treat diseases.
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FIGURE 5
Herptiles and fish species used to cure different kinds of sicknesses in the study area.
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FIGURE 6

Mammalian species used to cure different kinds of sicknesses in the study area.

overcome cough and cold. Also, meat is rich in protein, which in turn
provides body strength.

3.5 Ethnomedicinal use of aves and
invertebrates

In the present study, 15 birds were reported to treat 13 diseases.
The most frequent diseases treated were “cold” followed by
“enhanced maturity” and “face paralysis” (Figure 7). Only three
invertebrate species were documented, i.e., European honey bee,
earthworm, and common beak, to treat different diseases. The
European honey bee was recorded for ascendancy as the said
species treated a maximum number of diseases (stomach, eye
diseases, skin diseases, and diabetics), contrary to the other two
invertebrates (Figure 8).

3.6 Frequency of citation

In the present study, different species were reported by a
different number of informants. The FC ranged between 1 and 77
(Table 1; Figure 9). The highest value of FC (77) was obtained for
Black cobra (for eyesight), followed by domestic rabbit (for burn)
with FC=67, and Indus Valley spiny-tail ground lizard (for sexual
problems; FC = 66). The lowest value of FC = 1 was recorded for the
Orangefin labeo (to enhance memory) and Reba carp (for
eye problems).

Frontiers in Veterinary Science

3.7 The Fidelity level

According to Altaf et al. (18), FL is used for the identification of
the species that are most preferred in a region by the local
inhabitants for curing different diseases. Any species with the
maximum medicinal uses in a region is known to have the highest
fidelity level (54). A complete list of the fidelity levels of the
documented species is provided in Table 1. The highest FL (100;
Figure 10) was registered for Orangefin labeo, Labeo calbus (for
enhanced memory); Reba carp, Cirrhinus reba (for eye problems);
domestic chicken, Gallus (for fever and cold); house sparrow (to
enhance potential and face paralysis); followed by cows (90.48) to
treat pain in the body and Ovis aries (84.62) to treat burns, enhance
potential, and to treat pain in joints. The lowest FL (8.70) was
Hypophthalmichthys enhance

recorded for molitrix  (to

memory).

3.8 The relative popularity level

The relative popularity level (RPL) of the species can be seen in
Table 1. We grouped the species into two categories (popular and
unpopular; Figure 9). Species with RPL 1 are considered to be popular,
and these include species, such as Indus Valley spiny-tail ground
lizard, Uromastyx hardwickii; Black cobra, Naja naja naja; Raho,
Labeo rohita; Buffalo, Bubalus bubalis; Camel, Camelus dromedaries;
Goat, Capra aegagrus hircus; Domestic rabbit, Oryctolagus cuniculus;
Blue Rock Pigeon, Columba livia; and Common beak, Libythea lepita.
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FIGURE 7
Avian species used to cure different kinds of sicknesses in the study area.

FIGURE 8
Invertebrate species used to cure different kinds of sicknesses in the
study area.

3.9 Rank order priority

Rank order priority (ROP) is employed to assign an appropriate
grade to the documented species with different FL values. The

Frontiers in Veterinary Science

calculated ROP values for each species are presented in Table 1. Passer
domesticus and Gallus gallus were the species with the highest ROP
(99), followed by Ovis aries (62), Camelus dromedaries (59), Bubalus
bubalis (57), Channa punctata (56), Labeo rohita (50), and Uromastyx
hardwickii (42; Table 1; Figure 7).

4 Discussion

Meat contains nitrogenous and non-nitrogenous substances,
water, lipids, sodium, magnesium, glycogen, lactic acid, potassium,
iron, calcium, phosphorus, and chlorine (68, 69). Meat composition
varies owing to the effects of many environmental elements and
internal characteristics such as animal species, diet, muscle, breed, and
sex (70). Poultry, cattle, sheep, goat, fish, and pork are the most
common meat sources globally. However, in a few nations, particularly
in arid and semi-arid regions, camel meat is renowned as the primary
source of animal protein that equals, and in some cases exceeds, the
commercial importance of other meats (31, 71-74). Bones include up
to 95% elastic protein, collagen fibers, and inorganic minerals such as
calcium and phosphate, which help to prevent bone fracture.
Ethnozoologists discovered that various species of animals, including
the Indian gagata, horse, goat, fruit bat, deer, crow, crab-eating
macaque, common carp, cinereous vulture, and alpine musk deer,
were used to treat a variety of ailments, including wound healing,
digestion, heart strength, ear ache, lumbago, skin, chest pain, and
urine problems (18, 29, 55, 75-84).
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A comparison of FL and RPL values.
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Nanoparticles can operate as carriers for fish oil ingredients (85),
preserving them from degradation in the gastrointestinal system and
allowing for regulated release at particular locations throughout the
body. Several forms of nanoparticles, including liposomes (86),
nanoemulsions (87), and polymeric nanoparticles (88), have been
investigated for encapsulating fish oil or its active components, such as
(89) and docosahexaenoic acid (90).

Docosahexaenoic acid has received a lot of interest in the field of

eicosapentaenoic  acid
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nanomedicine because of its potential health advantages and therapeutic
qualities. These fatty acids play important roles in a variety of
physiological processes, including cancer (91), inflammation (92), and
diabetic problems (93). Omega-3 fatty acids in vertebrate fats have been
shown to reduce inflammation. Ethnobiologists discovered that lipids are
utilized to treat neurological disorders, atherosclerosis, thrombosis, and
the effects of aging (32, 94-96). The previous published data showed that
fats of various animals species, i.e., wild boar (Sus scrofa), turtle
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(Aspideretes sp.), streaked prochilod (Prochilodus platensis), sheep (Ovis
sp.), mongoose (Herpestes sp.), bat (Pteropus sp.), lizard (Hemidactylus
sp.), Irrawaddy, dolphin (Orcaella brevirostris), Indus Valley spiny-tail
ground lizard (Saara hardwickii), Indian rock python (Python molurus),
Indian flap-shelled turtle (Lissemys punctata andersoni), Indian bullfrog
(Hoplobatrachus tigerinus), horse (Equus sp.), Himalayan Serow
(Capricornis thar), hen (Gallus sp.), jackal (Canis sp.), hare (Lepus sp.),
green pond frog (Euphlyctis Hexadactylus), goat (Capra aegagrus hircus),
deer (Cervidae), cow (Bos sp.), common leopard gecko (Eublepharis
macularius), cat (Felis sp.), buffalo (Bubalus bubalis) and Asiatic black
bear (Ursus sp.), are used to cure different ailments such as wounds and
injuries, toothache (97), wound skin burn and crack, pain in back (26,
98), sexual stimulant (18, 26, 29, 82, 97, 99, 100), rheumatism (26, 82),
pain in muscles (82, 83), menstruation problem (84), asthma (26, 82, 83),
impotency (18, 29), head pain (98), erysipelas (83), ear disease, wounds
(84, 97), cancer (29), asthma, wart (26, 97), arthritis (26), anemia, fever,
paralysis (26, 83), allergy, wound, skin disease (26, 76, 83), allergy,
typhoid, ear infection (82, 101), and pain in joints (100).

Milk is one of the most important and oldest foods. Mammalian
species’ milk consists of lactose, ash, fats, proteins, solids, and water
(102-111). Milk of different mammalian species, i.e., Panthera tigris,
Ovis aries, Muntiacus muntjak, Homo sapiens, Equus caballus, Equus
asinus, Equus africanus, Capra hircus, Capra aegagrus, Camelus
dromedaries, Bubalus bubalis, and Bos taurus, is used to cure different
sicknesses, i.e., enhance immunity, wound, whooping cough, skin
burn, sexual power, red eyes, pain, muscular pain, jaundice,
invigorative, hiccup, hepatitis, headache, gastritis, eye, diabetes, cough,
cold, catarrh, and arthritis (7, 18, 26, 82, 84, 112-126).

The egg is a good source of protein and nutrients for people and
a source of chemicals and elements such as “phosphorus,” “selenium,”
“amino acid,” “iron, vitamins A, B6, B12,” and “folic acid” Asthma,
high blood pressure, breast cancer, bronchitis, burns, CNS, cold,
diabetes, eye diseases, fever, hemorrhoids, indigestion, jaundice,
mental disorders, night blindness, nourishment, sinusitis, sprains,
tooth, weak eye side, weakness, and weight loss are all treated with
eggs (18, 26, 37, 114, 115, 119-121, 124, 127-138). The egg has
components that provide the best environment for an embryo’s
development and growth. Except for vitamin C, it is a major source of
important nutrients for humans. Eggs are an incredibly tasty and
healthy item that can be utilized in a variety of ways (37).

Feather is utilized as a biomaterial since it is inexpensive and
environmentally beneficial. Feathers are made up of “a-helix” and
“B-sheet” Bird feathers are utilized for decoration and as toys. Feathers
of various species are used in traditional medicine, e.g., Phalacrocorax
brasilianus, Nothura boraquira, Meleagris gallopayo, Coryus splendens,
Corythaeola cristata, Coragyps atratus, Columba livia, and Ceryle
rudis, to treat alcoholism, asthma, cough, cough, flu, headache, and
typhoid (49, 82, 112, 113, 119, 121, 124, 133, 139-142). Feathers are
used for a variety of purposes, such as antibacterial activity
modification, biosorbents, cell viability enhancement, cosmetic
micro- and nanoparticles, and wound dressing in industry. Graphene
Oxide is utilized as a bio-composites, bio-fertilizer, biomaterial,
feeding supplement, bioplastic, electrode material, fire-resistant
substance, leather processing, paper formation, protein for ruminants,
regenerated fibers, textile fibers, thermoplastic films, tissue
reformation, and wound healing (49, 143-164).

Honey is composed of amino acids (165, 166), minerals (167),
organic acids, phenolic compounds (168), solid particles (169),
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sugars (170), vitamins (171), water, proteins, disaccharides (172-
174), and volatile compounds (175). Honey is utilized as a therapy
in folk medicine to heal acidity, obesity, allergy, Alzheimer’s disease,
asthma, atherosclerosis, burn, cancer, cold, cough, diabetes mellitus,
diarrhea, expectorant, eye infection, gastritis, hypertension,
influenza, migraine, skin, snake-bite, spleen, throat pain, tonsils,
toothache, and urinary system (7, 18, 30, 81, 82, 84, 98, 115-117,
119, 120, 123, 124, 126, 137, 176-183). Honey is also used in
nanomedicine to heal diverse sicknesses and behaves as oxidative
stress, heart, blood pressure, anti-proliferative, antioxidant, anti-
inflammatory, anti-fungal endophthalmitis, anti-diabetic, anti-
cataract, antibiotic, antibacterial, and anti-apoptosis (184-199).
Many fauna species have been shown to be quite adaptable in their
applications. The maximum relative significance levels may indicate
that animals are easily accessible and affordable (200-202).

5 Conclusion

The folklore animal-based medicinal concept of Gujranwala
communities indicates that people have a strong link with ecology.
The ethnopharmacological benefits of the fauna in Gujranwala
were documented for the first time. In addition, 54 fauna species
are employed to treat various human ailments. Different body
parts of animals (viz. skin, fat, brain, meat, milk, blood, hair,
saliva, flesh, liver, scale, tail, egg, feather, honey, and whole body)
are used to treat various diseases such as skin infection, sexual
problems, pain in the backbone, joint pain, eyesight, night
blindness, enhance immunity and memory, cold, weakness, body
pain, burn, smallpox, wounds in feet, engulf of poisonous things,
pain in muscles, arthritis, diabetes, fever, epilepsy, allergy, asthma,
burn, herpes, ear pain, paralysis, cough, swelling, cancer,
bronchitis, girls maturity, stomach, and antibacterial infections.
The present results provide data that may be constructive for the
conservation of fauna in the district of Gujranwala, Punjab,
Pakistan. Screening of bioactive materials and “in vivo” and/or “in
vitro” studies of the zoological activities of the species with the
highest FC, FL, RPL, and ROP, may be significant for wild animal-
based novel medications. Due to financial constraints, the local
population lives in isolated, hilly villages that are far from urban
areas, primarily involved in agricultural labor, home-based
businesses, and livestock rearing. The locals heavily rely on
medicinal flora to meet their basic medical needs. While nearby
regions such as Malakand, Dir Lower, Chitral, and Swat have been
thoroughly investigated for their medicinal plants, this study
focuses specifically on Dir Upper. This investigation supported
the theory that the local indigenous knowledge would differ
significantly from its surroundings. Notably, 80% of people in
developing nations rely on herbal health remedies. The primary
healthcare needs are met in large part by local healers. Medicinal
plants with significant UV protection were found to protect the
studied area’s biodiversity. Unfortunately, anthropogenic practices,
such as overharvesting, overpopulation, and grazing, endanger
regional biodiversity. To stop the impending extinction of
medicinal plants in the study area, initiatives for cultivating these
species must be implemented immediately. This strategy will
lessen the risks brought on by human activity and maintain the
availability of vital plant resources for future generations.
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Dongping Zeng'?*
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The economic impact of necrotizing enteritis (NE) resulting from Clostridium
perfringens infection has been significant within the broiler industry. This study
primarily investigated the antibacterial efficacy of hexahydrocolupulone against C.
perfringens, and its pharmacokinetics within the ileal contents of broiler chickens.
Additionally, a dosing regimen was developed based on the pharmacokinetic/
pharmacodynamic (PK/PD) model specific to broiler chickens. Results of the study
indicated that the minimum inhibitory concentration (MIC) of hexahydrocolupulone
against C. perfringens ranged from 2mg/L to 16mg/L in MH broth. However, in
ileal content, the MIC ranged from 8mg/L to 64mg/L. The mutation prevention
concentration (MPC) in the culture medium was found to be 128mg/L. After
oral administration of hexahydrocolupulone at a single dosage of 10-40mg/kg
bodyweight, the peak concentration (C,.), maximum concentration time (T,,,), and
area under the concentration-time curve (AUC) in ileal content of broiler chickens
were 29142-3519.50ug/g, 1-15h, and 478.99-312141ugh/g, respectively. By
integrating the in vivo PK and ex vivo PD data, the AUC, ,4,/MIC values required
for achieving bacteriostatic, bactericidal, and bacterial eradication effects were
determined to be 36.79, 52.67, and 62.71h, respectively. A dosage regimen of
32.9mg/kg at 24h intervals for a duration of 3days would yield therapeutic efficacy
in broiler chickens against C. perfringens, provided that the MIC below 4mg/L.

KEYWORDS

hexahydrocolupulone, Clostridium perfringens, pharmacokinetic/pharmacodynamic
(PK/PD), broiler, ex vivo

1 Introduction

The incidence of Clostridium perfringens-induced necrotic enteritis (NE) in the broiler
industry, as well as other subclinical diseases associated with the bacteria, has increased (1, 2).
Due to the significant costs associated with disease in broiler production (3), the annual cost
of NE to the global poultry industry is estimated to be approximately $6 billion, including
production losses and the cost of management measures (4). Antibiotic growth promoters
(AGPs) can sustain intestinal well-being and modify the composition of resident
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microorganisms, consequently enhancing production efficiency and
ameliorating intestinal health in broiler chickens (5). In recent years,
numerous countries worldwide, including the European Union and
the United States, have ceased the utilization of antibiotics as growth
promoters in poultry feed due to the escalating resistance of
C. perfringens to these medications (6, 7). When high concentrations
of antibiotics were used, their residues can be found in the blood, the
other tissues of the poultry and feces (8). The drug excreted in the
feces of treated animals, and can contaminate the feed of other
untreated animals (9). Vegetables may also be contaminated from
feces especially in countries in where feces are generally used as a
fertilizer (10). This presents a significant risk to public health,
underscoring the urgency to find herbal or natural products to
replace antibiotics.

As research progresses, certain natural antimicrobial agents
utilized in food preservation have demonstrated exceptional efficacy
in suppressing microbial proliferation (11). Some of the active
ingredients extracted from the plant are considered safe and reliable
(12). Hop (Humulus lupulus L.) is a dioecious vine belonging to the
genus Humulus of the Cannabis family and widely cultivated around
the world (13). Hop-derived bitter acids and their oxidation products
not only give the unique bitter taste and aroma of beer but also exert
a wide range of biological effects, including antibacterial (14), anti-
inflammation (15), antifibrogenesis (16), and they have been
considered as chemopreventive agents. -acid, a member of bitter
acids (17), contains a blend of lupulone homologs such as lupulone,
colupulone, and adlupulone (13). Although B-acids have antimicrobial
effects, they are unstable and are easily oxidized (18). However, as
hydrogenated derivatives of f-acids, hexahydro-p-acids (HBA) are
mixtures of  analogues such as  hexahydrolupulone,
hexahydrocolupulone, and hexahydroadlupulone (19). The stability,
antibacterial and antioxidant activity of HBA are better than those of
B-acids (19, 20). HBA can inhibit the expression of proteins related to
DNA replication, transcription, translation, and proteins related to
ribosome synthesis of Listeria monocytogenes, resulting in a decrease
in protein content in cells, thereby hindering normal life activities and
physiological metabolism (21). Based on the Federal Regulations of
Food and Drug Administration (FDA), hops and their extracts are
widely acknowledged as safe (22). The structural formula of
hexahydrocolupulone is shown in Figure 1.

OH O

FIGURE 1
Hexahydrocolupulone structural formula.
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The objective of this study was to investigate the pharmacokinetic
(PK) and pharmacodynamic (PD) properties hexahydrocolupulone
in the ileal content. The inhibitory I, model was employed to
compute the PK/PD indices necessary for varying levels of
antibacterial efficacy. Moreover, the dosage regimen of
hexahydrocolupulone in broiler chickens facilitated the determination

of an efficacious dose for NE.

2 Materials and methods

2.1 Chemicals

Hexahydrocolupulone (98.6%) was provided by Guangzhou
Insighter Biotechnology (Guangzhou, China). Mueller-Hinton (MH)
broth and MH agar were obtained from Qingdao Hope
Bio-Technology Co., Ltd (Qingdao, China). Tryptone-sulfite—
cycloserine (TSC) agar was obtained from Guangdong Huankai
Microbial Technology (Guangdong, China).

2.2 Bacteria

A total of 26 isolates of C. perfringens were employed in this study,
comprising one standard strain (ATCC 13124) procured from the
Chinese Veterinary Culture Collection Center and 25 strains derived
from broiler chickens in Guangdong Province from 2021 to 2023. All
strains were stored at —80°C until use. Before each experiment, these
bacteria cultures were subcultured on TSC agar and incubated at 37°C
for 18-24h.

2.3 Animals

This study utilized two-week-old Sanhuang broiler chickens with
a weight of 50+5g, which were in a healthy condition. Prior to
conducting the experiments, the broiler chickens underwent a 7 days
acclimation period. Throughout the study, the broiler chickens were
provided with unrestricted access to antibiotic-free food and water.
Food, but not water, was withheld for 12h before dosing and until 4h
after drug administration. All procedures conducted in this study were
approved by the Institutional Animal Care and Use Committee of
South China Agricultural University, with the assigned approval
number of 2022A016.

2.4 Determination of MIC, MBC, and MPC

The sensitivity of hexahydrocolupulone selected in MH broth was
evaluated using the microdilution method recommended by CLSI
(23). Following a 24 h incubation period, the MIC was established as
the lowest concentration of hexahydrocolupulone that effectively
hindered observable bacterial growth. Additionally, the ileal contents
were assessed for MIC through the microdilution technique. To
determine the minimal bactericidal concentration (MBC), 100 pL
suspension from the MIC determination wells was consecutively
diluted 10 fold in broth. The colony-forming unit of each dilution was
counted by spreading 20 pL onto TSC agar plates after 24 h incubation
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at 37°C in anaerobic condition. The MBC was determined as the
concentration at which a 99.9% reduction in the bacterial counts was
achieved. The agar method was employed to determine the MPC of
hexahydrocolupulone (24). The C. perfringens strains with a
concentration of 10" CFU/mL were inoculated to agar plates that
contained varying concentrations of hexahydrocolupulone (1 MIC, 2
MIC, 4 MIC, 8 MIC, 16 MIC, and 32 MIC). These plates were then
incubated at 37°C for 72 h. The MPC was defined as the concentration
of hexahydrocolupulone that did not facilitate the growth of bacteria
on the agar plates.

2.5 In vitro and ex vivo time-killing curves

Different concentrations of hexahydrocolupulone (1/4 MIC, 1/2
MIC, 1 MIC, 2 MIC, and 4 MIC) were prepared in MH broth. Test
tubes were inoculated with 10° CFU/mL C. perfringens and incubated
at 37°C. Bacterial counts (CFU/mL) were determined at 0, 1, 2, 4, 8,
12, and 24 h of incubation. Specifically, 100 pL of culture was collected
at each time point and serially diluted. Colony counts were performed
the following morning with a limit of detection (LOD) of 50 CFU/
mL. All experiments were conducted in triplicate.

The ileal contents were collected at different intervals after oral
administration of 20 mg/kg hexahydrocolupulone in a PK test for
high-speed centrifugation and sterile filter treatment. Subsequently,
an ex vivo time-kill curve was established. Viable bacteria were
enumerated at specific time points (0, 1, 2, 4, 8, 12, and 24h) by
incubating tubes containing the bacterial culture and intestinal
contents at 37°C. The LOD for viable bacteria was set at 50 CFU/mL.

2.6 Pharmacokinetic of
hexahydrocolupulone in broiler chickens
ileum content

Following a period of 7 days of acclimatization, the 144 chickens
were subjected to random allocation into three distinct groups, each
comprising 48 chickens. The administered doses were 10, 20, and
40mg/kg. Subsequently, at specific time intervals after the oral
administration of hexahydrocolupulone (0.083, 0.25, 0.5, 0.75, 1, 1.5,
2,4, 6,8, 12, and 24 h), four broiler chickens were euthanized in each
group to collect ileum contents.

The ileum content was accurately weighed to 0.2+ 0.02 g and then
added with 600pL of 1% formic acid methanol. The mixture was
vortexed for 1 min and centrifuged at 13,000 rpm for 10 min. About
200 pL of supernatant was added with 400 uL of 1% formic acid
methanol. The mixture was vortexed for 1min at 13,000rpm,
centrifuged for 10 min, passed through a 0.22 um filter membrane, and
analyzed by high-performance liquid chromatography (HPLC).

The determination of hexahydrocolupulone concentrations in
intestinal contents by using HPLC and UV detectors involved the
following conditions: UV detection at 341 nm, a column temperature
of 30°C, a mobile phase consisting of water with 0.05% phosphoric
acid and methanol, and a sample size of 20 pL injected into the HPLC
system (Shimazu LC-20A) with a flow rate of 1 mL/min. Separation
was achieved using an A R D-Cg (250 mm x 4.6 mm, 5pm) column.
The calibration range for this analysis was 0.25-20 pg/g. The precision
levels for intraday and interday measurements ranged from 1.54 to
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6.74% and from 4.82 to 7.43%, respectively. The LOD and limit of
quantification (LOQ) were determined to be 0.10 and 0.25pg/g,
respectively. A non-compartmental analysis of hexahydrocolupulone
concentrations in the intestinal content was conducted using Phoenix
WinNonlin® 8.4 (Certara, L.P, Princeton, NJ, United States).

2.7 Analysis of the PK/PD relationship

The ex vivo PK/PD relationships of hexahydrocolupulone in the
intestine were simulated using the I,,,, model in WinNonlin® 8.4
(Certara, L.P,, Princeton, NJ, United States) with the following
equation (25):

]max X
ICs0 + X

E=Eq-

In this study, E, denotes the difference in bacterial count expressed
as log,(CFU/mL in control samples. I, is the maximum inhibition of
antimicrobial growth, determined by the alteration in log,CFU/mL
subsequent to hexahydrocolupulone treatment. X represents the
predictive variable, specifically the ratio of area under the
concentration-time curve from 0h to 24 h to MIC (AUC_,4#/MIC).
IC,, denotes the X value that elicits 50% of the maximum
antibacterial effect.

The potential optimal dosage can be calculated using the following
equation (26, 27):

(AUC/MIC)-MIC-Cl
fu-F

Dose =

where dose (per day) is at a steady state; CL is the clearance per day;
AUC/MIC is the targeted endpoint for optimal efficacy in hours; MIC
is the target pathogen; F is the bioavailability factor, and fu is the free
fraction of the drug.

3 Results

3.1 MIC, MBC, and MPC of
hexahydrocolupulone against
C. perfringens

A range of 2-16mg/L was observed in the MIC of
hexahydrocolupulone against 26 strains of C. perfringens. The
percentages of each MIC (2, 4, 8, and 16 mg/L) were 26.92, 42.31,
26.92, and 3.85%, respectively. The distribution of MICs is depicted in
Figure 2. In MH broth, the MIC and MBC of hexahydrocolupulone
against C. perfringens ATCC13124 were 4 and 16 mg/L, respectively;
however, in ileal content, these concentrations were sixteen times
higher at 16 and 64mg/L, respectively. The MPC in the culture
medium was found to be 128 mg/L, which was 32 times the MIC. The
MIC of hexahydrocolupulone against C. perfringens ATCC13124 in
the ileum content was determined to be 16 pg/mL, as shown in
Table 1.
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FIGURE 2
MIC distributions of hexahydrocolupulone against 26 C. perfringens.

TABLE 1 Antibacterial activity of hexahydrocolupulone against
C. perfringens ATCC 13124.

MIC (mg/L) MBC (mg/L) MPC (mg/L)
Artificial
4 16 128
medium
Ileal content 16 64 - ‘

TABLE 2 Attenuative effect of matrix on in vitro susceptibility of
hexahydrocolupulone against C. perfringens (n = 26).

Test matrix? MIC (Mean + SD, mg/L)

Ileal content 26.46 + 16.27
MH 4.75 +2.63
Ileal content/MH® 5.57

*MIC represent geometric means (SD) using 26 C. perfringens isolates.
*Comparison of C. perfringens serum/test medium (MH)/ratio differences: p <0.01.

TABLE 3 Pharmacokinetic parameters of hexahydrocolupulone in ileal
content following single gavage in healthy broiler chickens (n=4, mean+SD).

Dose Ileal content

Molkd) 7 W Com AUCu Tz (h)
(no/q) (ngh/g)

10 1.38 291.42 478.99 0.97

20 1.50 440.88 779.48 1.57

40 1 3519.50 312141 345

T time of maximum observed concentration; C,,,,, maximum concentration; AUC,,, the
area under the concentration-time curve from Oh to the last sample time point; T}, half-life.

The calculated MIC of hexahydrocolupulone for C. perfringens
ATCC13124 in the ileum content (16 mg/L) was found to be four
times higher than that in MH broth (4mg/L), indicating a strong
reinforcing effect of MH broth. To further validate the effects of MH
broth, we determined the MICs of hexahydrocolupulone in MH broth
and ileum content against 26 selected C. perfringens isolates.
Interestingly, a significant difference in the geometric mean MIC
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FIGURE 3
In vitro time-kill curve of hexahydrocolupulone against
C. perfringens ATCC13124 (A) and GDZ21C61W (B).

values was observed between MH broth and ileal content, resulting in
an ileal content/MH ratio of 5.57 for MICs (p<0.01; Table 2).

3.2 In vitro and ex vivo antimicrobial
activity

The time-kill curves of hexahydrocolupulone against
C. perfringens ATCC13124 and GDZ21C61W in MH broth are
depicted in Figure 3. The curves revealed that hexahydrocolupulone
exhibited a concentration-dependent bactericidal effect. Notably, a
sustained inhibitory impact on bacterial growth was observed when
C. perfringens was exposed to hexahydrocolupulone concentrations
exceeding 8 mg/L.

The ex vivo time-kill curves were used to assess the effects of
hexahydrocolupulone on samples collected at various time points. The
ex vivo time-kill curves of hexahydrocolupulone against C. perfringens
ATCC13124, GDZ21C61W, and GDZ21C222W are presented in
Figure 4. The results indicated that hexahydrocolupulone exhibited a
concentration-dependent effect in ex vivo, which was consistent with
the observed time-kill curves in vitro. Notably, a significant reduction
in bacterial count was observed in the high-concentration group (at
0.75-2h), with no detectable bacteria at 24 h.

3.3 Pharmacokinetics analysis

The concentration-time curve of intestinal contents in broiler
chickens after a single oral gavage at a dose of 10, 20, and 40 mg/kg
was shown in Figure 5. Table 3 presents the PK parameters of
hexahydrocolupulone in intestinal content. The T, in 10mg/kg,
20mg/kg, and 40 mg/kg were 1.38, 1.50, and 1h, respectively. The C,
were 291.42+90.01, 440.88+181.09, and 3519.50+752.01pg/g,
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TABLE 4 PK/PD parameter of ex vivo data after oral administration
hexahydrocolupulone in broiler chickens.

Parameter Unit PK/PD fitting
parameters

E, (log,(CFU/mL) 2.10

Tnax (log,,CFU/mL) 6.97

I1Cso h 43.54

AUC_4,/MIC for h 36.79

bacteriostatic action

AUC 4,/MIC for b 52.67

bactericidal action

AUC, 4/MIC for h 62.71

bacterial elimination

E,, difference in number of bacteria counts (log,, CFU/mL) in a drug-free sample between 0
and 24h; I,,,,, difference in greatest amount of antibacterial reduction (log,, CFU/mL); ICs, is
the AUC,_,,,/MIC value producing 50% of the maximal antibacterial effect.

respectively. And the AUC,, were 478.99 +149.92, 779.48 +£210.59,
and 3121.41+895.08 pgh/g, respectively.

3.4 PK/PD analysis

In ileum content, the I, model effectively elucidated the

correlation  between the antimicrobial effectiveness of
hexahydrocolupulone and the PK/PD parameter represented by the
AUC, ,4/MIC ratio in the ileum. The correlation between the efficacy
of hexahydrocolupulone against C. perfringens and each of the PK/PD
indices is depicted in Figure 6. Table 4 shows the AUC, ,,,/MIC ratios
required to achieve various efficacy targets. The AUC, ,4,/MIC values
for bacteriostatic activity, bactericidal action, and virtual eradication

in the ileum were 36.79, 52.67, and 62.71h, respectively.

4 Discussion

Given the increasing apprehension among consumers regarding
the presence of antibiotic residues in poultry products and the
emergence of antibiotic-resistant strains, substitutes for antibiotics are
necessary (28, 29). Previous studies have confirmed that the active
ingredients, derived or separated from hops, exhibit a substantial
inhibitory effect on various pathogenic microorganisms [Escherichia
coli, S. aureus, Listeria monocytogenes (21), and C. perfringens (14),
and they are considered safe and reliable (12)]. The antibacterial
activity of hexahydrocolupulone was evaluated using the broth
microdilution method to determine the MICs of hexahydrocolupulone
against 26 strains of C. perfringens. The MIC range of
hexahydrocolupulone against clinical C. perfringens strains was found
to be 2-32mg/L, with more than half of the strains exhibiting MICs
in the range of 2-4 pg/mL. This result indicated the strong sensitivity
of C. perfringens to hexahydrocolupulone. This study also investigated
the effect of different ex vivo and in vitro conditions, such as MH broth
and ileal content, on bacterial growth and determination of MIC. The
MIC of hexahydrocolupulone against C. perfringens ATCC13124 was
found to be 4mg/L in MH broth and 32 mg/L in the ileum. To assess
the effectiveness of hexahydrocolupulone against a broad range of
C. perfringens isolates, we determined MICs in MH broth and ileum
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FIGURE 4
Ex vitro time-Kkill curve of hexahydrocolupulone against C. perfringens
ATCC13124 (A), GDZ21C61W (B), and GDZ21C222W (C).

for 26 selected isolates. The geometric means of the MICs differed
significantly between MH broth and ileal content, with an ileal
content/MH ratio of 5.57 for MICs. This result suggested that the ileal
content has a substantial attenuative effect on the efficacy of
hexahydrocolupulone. The utilization of the PK/PD index, specifically
the AUC,_,4+/MIC ratio, is highly suitable when the MIC is based on
the ileal content.

On the basis of the PK findings of hexahydrocolupulone, the
absorption and distribution of hexahydrocolupulone in broiler
intestine were found rapid after oral administration, as evidenced by
peak concentrations attained within 1.5h; this pattern was similar to
that observed with non-oral absorption medications like cyadox (30).
Thus, the utilization of hexahydrocolupulone as a potential therapeutic
agent against C. perfringens is justified, given that this bacterium
predominantly targets the intestinal tract of humans and animals.
AUC,,y and C,,,, ranged from 478.88ugh/g to 3,121.41 pgh/g and
from 291.42 pg/g to 3,519.50 pg/g, respectively. This study aimed to
investigate the PK data of hexahydrocolupulone in the ileum of
healthy broiler chickens for PK/PD studies. Following intragastric
administration, the concentrations of hexahydrocolupulone in the
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FIGURE 5
The time-concentration profile of hexahydrocolupulone in intestinal
contents of broiler chickens following a single oral administration of
10, 20, and 40 mg/kg (n = 4).

broiler chickens’ ileum exhibited a rapid decrease due to chyme
transport, which was consistent with the PK properties observed in
other orally administered non-absorbable drugs.

The approach to drug development has evolved from an empirical
methodology to a modeling and simulation-based methodology,
wherein the interplay between PK and PD governs the correlation
between dosage and response (31). In this study, a strong correlation
(R?>0.98) was observed between the PK/PD index of AUC,_,,,/MIC
and antibacterial activity in the ex vivo model. The AUC,,,;,/MIC
targets necessary to achieve bacteriostatic, bactericidal, and virtual
eradication effects were determined to be 36.79, 52.67, and 62.71h,
respectively. To calculate the dosage, we multiplied the MIC
distribution in MH broth by a scaling factor of 5.57 to account for the
differences between MH and ileal content, and the CI/F in ileal content
was measured to be 28.01+£9.06 mL/kgh. The use of fu was not
necessary for the utilization of PD data generated in the small intestine
(32). The recommended therapeutic dosage of hexahydrocolupulone
for the treatment of C. perfringens with an MIC of <4mg/L was
32.9mg/kg, to be administered every 24 h.

Some compounds of hops have potential to be used as feed
additives to broiler chickens. Some references in the literature indicate
that some compounds of hops can replace antimicrobial performance
enhancers in the diets of broiler chickens (33). Nevertheless, hop
supplementation at the highest concentration influenced the
performance of broiler chickens (34). The potency of hop as an
antimicrobial agent has also been shown in poultry. The results have
demonstrated that hop $3-acid lupulone supplementation to drinking
water decreased caecal C. perfringens counts in challenged chickens in
both jejunal and caecal sampling sites across all lupulone dosages
tested (14). On the other hand, no significant changes were noted in
the overall microbiota of the caecum or the midgut when lupulone
was added to the water (35). Therefore, it is significant to investigate
the PK and PD properties hexahydrocolupulone in broiler chickens.

In this study, we successfully demonstrated the efficacy of
hexahydrocolupulone against C. perfringens through in vitro and ex
vivo experiments. Additionally, we determined the AUC,,,,/MIC
targets of hexahydrocolupulone in simulated broiler intestines.
Although HBA exhibit lipophilicity, rendering them insoluble in
water, which hinders homogenous dispersion (36), Lu et al. (36)
successfully prepared the inclusion complex of HBA/M-B-CD so that
the water solubility of HBA was enhanced by CD inclusion. These
findings strongly suggested that hexahydrocolupulone holds
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significant promise as a novel therapeutic agent for the treatment of
C. perfringens infection in broiler chickens.
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Metabolomic analysis of
swainsonine poisoning in renal
tubular epithelial cells

Shuhang Zhang, Yingqgingqing Zhang, Hai Yin, Yiling Liu,
Lihui Tang, Yanli Zhu, Pinzhi Sun, Kexin Wu, Baoyu Zhao and
Hao Lu*

College of Veterinary Medicine, Northwest AGF University, Yangling, Shaanxi, China

Locoweed is a poisonous plant widely present in grasslands around the world.
Swainsonine (SW), an indole alkaloid that, is the main toxic component of
the locoweed. To understand the mechanism of SW-induced toxicity and to
delineate the metabolic profile of locoweed poisoning we performed the LC—
MS/MS untargeted metabolomic study to analyze metabolites in SW-treated
renal tubular epithelial cells (0.8 mg/mL, 12h) and in order to identify the SW-
induced metabolomic changes. The analysis identified 2,563 metabolites in
positive ion mode and 1,990 metabolites in negative ion mode. Our results
showed that the metabolites were mainly benzenoids, lipids and lipid-like
molecules, nucleosides, nucleotides, and analogs, organic acids, and derivatives.
The differential metabolites were primarily enriched in pathways involving bile
secretion, primary bile acid biosynthesis, riboflavin metabolism, ferroptosis,
drug metabolism-cytochrome P450, and primidine metabolism. We have
screened out substances such as swainsonine, 3alpha,7alpha-Dihydroxy-5beta-
cholestanate, 2-Hydroxyiminostilbene, and glycochenodeoxycholate, which
may have the potential to serve as biomarkers for swainsonine poisoning. This
study provides insights into the types of metabolomic alteration in renal tubular
epithelial cells induced by swainsonine.

KEYWORDS

swainsonine, metabonomics, rat renal tubular epithelial cells, bile secretion,
cytochrome P450

1 Introduction

Locoweed, a plant species with a global distribution (1), has been documented in various
countries including the United States (2), Brazil (3), Argentina (4), Australia (5), and China
(6). The earliest instances of poisonous plant poisoning diseases in the western region of the
country were documented in the United States in 1873 (7). In China, the distribution of
locoweed is mainly concentrated in Qinghai, Xinjiang, Tibet, Gansu, and other regions (8).
Swainsonine (SW) is an indolizidine alkaloid, which is the main toxic component of locoweed
(9-11). SW-induced toxicity is primarily characterized by the inhibition of a-mannosidase
activity and the induction of widespread cellular vacuolar degeneration (12, 13). Previous
studies have unequivocally demonstrated that SW can inflict damage on multiple organs,
encompassing the cerebrum, cerebellum, liver, kidneys, pancreas, and thyroid gland (1).
Notably, renal injury is observed at relatively lower dosages or at earlier time points (4, 14).
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Metabolites are important characteristics of an organism’s phenotype,
understanding the metabolomics provides important insights for the
biological processes and their underlying mechanisms. Metabolomics is
the systematic quantification and analysis of all small molecules (15)
present in biological samples such as cells, tissues, or biological fluids. It
involves the qualitative and quantitative characterization of these
substances and their comprehensive analysis. Metabolomics has the
ability to directly capture the molecular phenotype of a species (16) as well
as the functional state of an individual (17-19). Through this analysis,
metabolites of biological significance and statistically significant
differences can be identified thus facilitating disease diagnosis and
metabolite analysis. Metabolomics technology has been extensively
employed in the identification of biomarkers for disease diagnosis and
screening. Studies have utilized this technology to screen for specific
metabolite associated with depression (20), neurodegenerative diseases
(21), venous thromboembolism (22), osteoporosis (23), and diabetes
mellitus (24). Currently, the metabolomics research surrounding
locoweed and SW remains scant, with the bulk of studies focusing on
elucidating the intricate relationship between the secondary metabolites
of endophytic fungi and the biosynthesis of SW. Unfortunately, research
papers exploring the intoxication mechanisms of SW are highly limited,
with only a solitary study identified. In this study, the author cleverly
harnessed targeted metabolomics and high-throughput sequencing
techniques to reveal that SW has the capacity to profoundly alter bile acid
metabolism and disrupt the delicate balance of intestinal microbiota in
mice, ultimately triggering inflammatory reactions in the liver (25).
Nevertheless, our understanding of the kidney toxicity and associated
metabolites triggered by SW remains tenuous, necessitating further
investigation in this vital area.

Currently, the prevention and control of livestock poisoning
primarily rely on the implementation of preventive measures, as there
is currently no specific antidote drug available for affected animals. As
the early stage of locoweed poisoning is reversible, timely intervention
can help mitigate the symptoms of locoweed poisoning by feeding
non-toxic pasture grasses. Therefore, timely identification of the
metabolic changes due to the locoweed poisoning is important for
effective intervention. At present, studies on SW primarily focuses on
its biosynthesis and toxicity mechanisms, with limited reports on the
metabolic pathways it participates in after entering cells. Previous
research has indicated that locoweed poisoning primarily affects the
kidney, causing severe damage to this organ and the renal epithelial
cells, especially the proximal tubular epithelial cells, are the most
significantly affected (4, 14). In this study, rat primary renal tubular
epithelial cells were utilized as an experimental model to investigate
the metabolomic perturbation following locoweed poisoning.
Untargeted metabolomics technology was employed to analyze the
metabolic profile of SW-induced alteration in renal tubular cells in
order to aid the diagnosis of locoweed poisoning. The identification
of these metabolomic changes is important for the early detection and
prevention of locoweed poisoning in livestock.

2 Materials and methods
2.1 Ethical approval

All procedures were conducted in accordance with the Code of Ethics
and approved by the Laboratory Animal Management and Ethics
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Committee of Northwest A&F University, Project number: XN2023-
1007. All efforts were made to minimize the suffering of animals.

2.2 Chemical reagents and instrumentation

Swainsonine (provided by the Laboratory of Animal Toxicology
Team, Northwest A&F University, purity >98%), methanol (Merck,
Germany), acetonitron (Merck, Germany), L-2-chlorophenylalanine
(Aladin, China), formic acid (TCI, Japan), ultra-high performance
liquid phase (Waters, United States), High resolution mass
spectrometry (Waters, United States), chromatographic column
(Waters, Unites States), and Cell incubator (Thermo, United States).

2.3 Cell culture and treatment

Primary rat renal tubular epithelial cells were obtained by tissue
block culture, the detailed operational steps are as follows.

Euthanize the rats by decapitation, and aseptically extract the
kidneys. Delicately remove the capsule and separate the cortical
portion. Cut the cortical tissue into 1 mm? tissue blocks. Thoroughly
rinse the tissue blocks with PBS buffer until the supernatant becomes
clear and free of turbidity. Centrifuge the tissue blocks at 1,000 rpm
for 3min. Add 0.1% type IV collagenase to the tissue blocks and
incubate the mixture at 37°C for 1 h to disperse the tissue. To terminate
the enzymatic digestion, add an equal volume of culture medium to
the mixture. Pass the content of the centrifuge tube through a
100-mesh screen to collect the filtered solution. Repeat the filtration
process using a 400-mesh screen and collect the upper layer material,
which represents the renal tubule segments. Resuspend the renal
tubule segments in an appropriate amount of culture medium.
Transfer the resuspended renal tubule segments to culture dishes and
incubate them in a cell culture incubator. Replace the culture medium
every 48 h to maintain the optimal growth conditions.

When the cells were fused to 80%, SW is dissolved in the culture
medium to achieve a concentration of 0.8 mg/mL. Subsequently, the
SW-containing culture medium is filtered through a 0.22 pum filter
membrane to ensure sterility. The sterilized medium is then applied to
the cells and incubated for 12h.

The cell culture medium used in our study was Dulbecco’s
Modified Eagle Medium (Gibco, America, 12800-017), supplemented
with 15% Fetal Bovine Serum Standard (Newzerum, New Zealand,
FBS-S500) for cultivation, without the addition of any other substances.

2.4 Metabolites extraction

with label
(Vmethanol:Vacetonitrile=1:1, internal standard concentration

The extraction solution internal
20mg/L) was prepared, and the extraction solution was added three
times (300, 300, and 400 pL), and the cell samples were completely
transferred into the EP tube, and vortex mixed for 30s. Add steel
beads, process for 10min on a 45Hz grinder, sonicate for 10 min
(ice-water bath); leave at —20°C for 1 h; centrifuge at 12,000 rpm for
15 min at 4°C, and extract the supernatant (500 uL); dry the extract in
a vacuum concentrator; after drying, add 160 pL of the extract solution

(V water:V acetonitrile=1:1) to reconstitute the extract solution;
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vortex for 30s, and sonicate for 10 min in an ice-water bath. The
extract was centrifuged at 12,000 rpm for 15 min at 4°C. 120 pL of the
supernatant was taken into the injection bottle, and 10uL of each
sample was mixed to form quality control samples (QC) for the assay.

2.5 LC-MS/MS analysis

The liquid-mass spectrometry system for metabolomics analysis
consisted of an Acquity I-Class PLUS (Waters, United States) ultra-high
performance liquid chromatography (UHPLC) tandem with a Waters
Xevo G2-XS QTOF (Waters, United States) high-resolution mass
spectrometer. The column used was Acquity UPLC HSS T3 column
(1.8pm, 2.1 mmx 100mm) (Waters, United States). The mobile phase of
positive ion mode (POS) and negative ion mode (26) were the same:
mobile phase A: 0.1% formic acid aqueous solution; mobile compositions
B: 0.1% formic acid acetonitrile, and the injection volume was 1pL. The
elution gradients were: 98% mobile phase A, 2% mobile phase B,
0-0.25min; 2% mobile phase A, 98% mobile phase B, 10-13 min; 98%
mobile phase A, 2% mobile phase B, 13.1-15min; and the flow rate was
400 pL/min. The high-resolution mass spectrometer (Xevo G2-XS QTOE,
Waters, United States) is capable of primary and secondary mass
spectrometry data acquisition in MSe mode under the control of
acquisition software (MassLynx V4.2, Waters, United States). Dual-
channel data acquisition for both low and high crash energy is performed
in each data acquisition cycle. The low collision energy was 2V, the high
collision energy interval was 10-40V, and the scanning frequency was
0.2s. The parameters of the ESI ion source were as follows: capillary
voltage: 2,500V (positive ion mode) or —2,000V (negative ion mode);
cone-well voltage: 30V; temperature of the ion source: 100°C; temperature
of the desolvent gas was 500°C; flow rate of the blowback gas was 50 L/h;
flow rate of the desolvent gas was 800L/h; and mass-to-nucleus ratio
(m/z) acquisition range was 50-1,200. Flow rate: 800 L/h; mass-to-core
ratio (m/z) acquisition range 50-1,200.

2.6 Characterization and quantification of
metabolites

The raw data collected by MassLynx V4.2 were processed by
Progenesis QI software for peak extraction and peak alignment, and
then identified based on the Progenesis QI software online METLIN
database, Human Metabolome Database (HMDB), and Biomark’s self-
built library, and the theoretical fragments were also identified, and
the deviation of mass number of parent ions is 100 ppm, and that of
fragments is 50 ppm or less. The deviation of the parent ion mass
number is 100ppm and the deviation of the fragment ion mass
number is 50 ppm or less (27).

2.7 Classification and functional annotation
of metabolomes

The metabolites were annotated using the HMDB database’ to
obtain superclass and class information; the pathways in which the

1 https://hmdb.ca/
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identified metabolites were found were annotated using the Kyoto
Encyclopedia of Genes and Genomes (KEGG) database” to annotate
the pathways in which the identified metabolites were found.

2.8 Data processing and analysis

Principal component analysis, which downscales the dimension
of high-throughput metabolic data and categorizes them by the
similarity of their principal components, is an unsupervised
classification mode that responds to the overall distribution of samples
among groups and the magnitude of differences between samples
within groups. The supervised discriminant analysis statistical method
of partial least squares regression orthogonal projections to latent
structures-discriminant analysis (OPLS-DA) was used to visualize
within-group differences by filtering out orthogonal variables
unrelated to categorical variables. To check the reliability of the
OPLS-DA model, a permutation test is required. The groupings of the
samples were randomly disrupted and the OPLS-DA modeling was
performed and the evaluation parameters coefficient of determination
for Y (R*Y) and predictability for Y (Q*Y) were obtained according to
the new groupings. Variable importance in projection (VIP) reflects
both the loading weight of each metabolite in the model and the
variability of the response explained by that metabolite, and can
be used for ANOVA. In order to analyze the metabolic patterns of
metabolites under different experimental conditions, all the
metabolites with differences between the obtained comparison pairs
were clustered into classes with the same or similar metabolic patterns
for hierarchical clustering analysis.

3 Results
3.1 Quality control of survey data

The base peak intensity (BPI) charts monitor the strongest peaks
in each chromatogram. The strongest peak intensity at each point in
the analysis is shown (Figure 1). The BPI from the QC sample has a
good overlap of peak retention time and peak area, indicating good
instrument stability. The positive ion mode 17,312 peaks were
identified and 2,563 metabolites were annotated, of which 94.25% had
relative standard deviation (RSD)>0.7; in the negative ion mode
7,825 peaks were identified and 1,990 metabolites were annotated, of
which 86.81% had RSD >0.7 (Table 1). If the RSD is greater than 60%,
it is an indication that the sample is reliable and can be used for
follow-up testing.

3.2 Principal component analysis

By performing principal component analysis (PCA) on the
samples, we can preliminarily understand the overall metabolic
differences between the samples of each group and the degree of
variation between the samples within the group. After PCA analysis
of the total samples, the results (Figure 2) showed that the two groups

2 http://www.genome.jp/kegg/
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FIGURE 1
Base peak intensity (BPI) overlapping diagram of QC samples (A: positive ion mode; B: negative ion mode).

TABLE 1 List of quality control indicators.

Mode Number_of_  Number_of_ QC_RSD_
peaks metabolites percent
(>0.7)
pos 17,312 2,563 94.25%
neg 7,825 1,990 86.81% ‘

of samples were divided into two different groups, and each sample
was within the ellipse of the 95% confidence interval, indicating that
the samples in the group had good repeatability. The two ellipses were
independent of each other and there was no overlapping area,
indicating that there was a large difference between the two groups

of samples.
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3.3 Orthogonal partial least squares
discriminant analysis

Orthogonal partial least squares discriminant analysis (OPLS-
DA) is a supervised analysis that can better screen for differential
metabolites by excluding influences that are not relevant to the
study. OPLS-DA analysis was performed on the control and SW
treatment groups and the results are shown in Figure 3. Under the
two modes, the samples of the two groups were clearly grouped,
indicating that the metabolites of the two groups were
significantly different.

To check the reliability of the OPLS-DA model, a replacement
test is required. This means that the grouping of the samples is
randomly scrambled, and the OPLS-DA is modeled according to
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Orthogonal projections to latent structures—discriminant analysis (OPLS-DA) score chart (A: positive ion mode; B: negative ion mode). The blue point A
in the image is the control group and the red point B is the SW treatment group. The x-axis (t1) represents the prediction component (the between-
group variance component), the y-axis (t2) represents the orthogonal component (the within-group variance component), and the cross y-axis
percentage represents the component’s proportion of the total variance. The model parameters are listed below, including R?X, R?Y, Q?Y, root mean
square error (RMSEE), pre (humber of predicted components), and ort (number of orthogonal components).

the scrambled grouping and its R*Y and Q’Y are calculated. After ~ the model is excellent. The intercept of the QY fitting regression
many iterations, the results of multiple modeling are plotted on  line is negative, indicating that the model does not overfit; the
a scatterplot, as shown in Figure 4, where Q*Y > 0.9 indicates that  slope of the QY fitting regression line is positive, indicating that

Frontiers in Veterinary Science o8 frontiersin.org


https://doi.org/10.3389/fvets.2024.1387853
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org

Zhang et al.

the model is meaningful, and the blue point is mostly above the
red point, indicating that the independence of the modeling
training set and test set is good. In the negative ion mode, the
blue point overlaps the red point. This shows that the
independence of the negative ion mode is not as good as that of
the positive ion mode.

3.4 Metabolite classification and functional
annotation

Metabolites in positive and negative ion mode are combined
and annotated in HMDB as shown in Figure 5. The metabolites
mainly include benzenoids, lipids and lipid-like molecules,
nucleosides, nucleotides and analogs, organic acids and
derivatives, organic nitrogen compounds, organic oxygen
compounds, organoheterocyclic compounds, phenylpropanoids
and polyketides, eterocyclic compounds, and pids and lipid-
like molecules.

The KEGG database is a major public database related to
metabolic pathways, which can be used for metabolic analysis in
vivo. KEGG database is used to annotate all identified metabolites.
Figure 6 shows the most annotated information (top 20 displayed)
of Knock Out (KO) pathway level 2. The main metabolic pathways
affected include amino acid metabolism, cancer: overview, digestive
system, lipid metabolism, membrane transport, metabolism of
cofactors and vitamins, overview, digestive system, lipid
metabolism, membrane transport, metabolism of cofactors and
vitamins, metabolism of other amino acids, metabolism of
terpenoids and polyketides, nervous system, metabolism of other
amino acids, metabolism of terpenoids and polyketides, nervous
system, Nucleotide metabolism, and Xenobiotics biodegradation
and metabolism.

10.3389/fvets.2024.1387853

3.5 Differential metabolite analysis

Based on the results of OPLS-DA, the VIP of the OPLS-DA model
can be obtained by multivariate analysis, and the metabolites of
different varieties or tissues can be initially screened out. The screening
criteria are ® FC>1; @ VIP>1; and ® p<0.05.

By combining metabolites in positive and negative ion mode, a
total of 2,170 differential metabolites were identified, of which 1,342
were upregulated and 828 were downregulated. Details of the
differential metabolites are shown in Supplementary Table 1.

3.5.1 Difference multiple analysis

The Fold Changes were compared after qualitative and quantitative
analysis of the detected metabolites Table 2 shows the results of
upregulated and downregulated log,FC of the top 20 metabolites in
the test group compared with the control group after log conversion
treatment for differential metabolite multiple. Among them, the top 5
metabolites with the highest upregative difference multiple were
Ttricosanoylglycine, 1-Tricosanol, Sambacolignoside, Kanzonol T, and
Nemonoxacin, respectively. The top 5 metabolites with the largest
down-variance

were 2-(Ethylamino)-4,5-dihydroxybenzamide,

Cinobufotalin, ~ Undecylprodigiosin, =~ Hypochoeroside A,

and Muzanzagenin.

3.5.2 Volcanic map of differential metabolites

The volcano plot can directly show the overall distribution of the
difference in metabolite content in the two groups, and the statistical
significance of the difference in metabolite content. As shown in
Figure 7, blue dots represent downregulated differentially expressed
metabolites, red dots represent upregulated differentially expressed
metabolites, and gray dots represent metabolites with insignificant
differences. After sorting by p value, the first five metabolite names
identified are shown in the Figure 7.
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3.5.3 Differential metabolite cluster analysis

Cluster Analysis is a common multivariate statistical analysis
method, the quantification of metabolites is expressed by color, the
redder the color, the higher its content in a sample, and conversely, the
greener the color, the lower the content, which is usually simple and
intuitive to observe the overall characteristics of the data. Hierarchical
cluster analysis was performed on the differential metabolites, and the
results were shown in Figure 8. As can be seen from the figure, the
color difference of the selected metabolites in the group is small,
indicating that the content is similar, and the color difference between
different treatment groups is large and the change is obvious,
indicating that these different metabolites can clearly distinguish the
control group and the SW group.

3.6 Enrichment analysis of differential
metabolite metabolic pathways

The cluster profiler was used to analyze the annotation results
of the selected differential metabolites in KEGG by means of

Frontiers in Veterinary Science

hypergeometric test, and the differential metabolite enrichment
diagram was drawn (only the top 20 results were displayed). The
results were shown in Figure 9, where the size of the points
represented the number of enriched differential metabolites. The
color of the dots represents p value, and the redder the color, the
more significant the enrichment. The top 6 channels enriched to
Bile secretion, Primary bile acid biosynthesis, Riboflavin
metabolism, Ferroptosis, Drug metabolism-cytochrome P450, and
pyrimidine metabolism. The five pathways with the most significant
differences are Primary bile acid biosynthesis, Ferroptosis,
Riboflavin
isoleucine degradation.

metabolism and Valine, leucine, and

3.7 Screening for specific metabolites
associated with the SW toxicity

Based on metabolic specificity and the size of VIP value and
log-fold change (LFC) of the difference multiple was taken into
account. Among them, we have identified five metabolites associated
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FIGURE 6
Kyoto Encyclopedia of Genes and Genomes (KEGG) database classification summary. The entries under the same box in the image represent the level
classification notes of the KEGG pathway, corresponding to KO pathway Level 1 and KO pathway Level 2. The length of the column indicates the
number of metabolites annotated by the pathway.

with SW toxicity which were shown in Table 3 and diagnostic accuracy
was evaluated by the area under the curve.

4 Discussion

This study utilized untargeted metabolomics to analyze the
differential metabolites in renal tubular epithelial cells treated
with SW compared to the control group. A total of 2,170
significantly different metabolites were screened, most of which
were not annotated due to limited related research. The annotated
differential metabolites were mainly enriched in the following
pathways: Bile secretion, Primary bile acid biosynthesis,
Riboflavin
cytochrome P450, and Primidine metabolism. Among these

metabolism, Ferroptosis, Drug metabolism-
differential metabolites, SW is the most distinctive one. However,
due to its short half-life of only 20h (9, 12), it may not
be detectable, thus requiring corroboration with other indicators.
Therefore, combining VIP values and Log,FC, we have screened
out substances such as 3alpha,7alpha-Dihydroxy-5beta-cholestanate,
2-Hydroxyiminostilbene, and glycochenodeoxycholate as potential

diagnostic values for SW poisoning.

Frontiers in Veterinary Science

Bile secretion and Primary bile acid biosynthesis were the
pathways with the highest number of differentially expressed
metabolites. Among them, glycochenodeoxycholate, a component of
primary bile acids and a raw material for bile acid synthesis,
30,70, 1200, 26-tetrahydroxy-5p-cholestane,
cholestene-3-one, intermediates in the bile acid synthesis pathway

and  7a-Hydroxy-
(28), were significantly elevated. Previous results genomic study
showed consistent enrichment in bile metabolism and drug
metabolism-cytochrome P450 when rat renal tubular epithelial cells
were exposed to the same conditions as in this study. Additionally, Fu
et al. (25) demonstrated that SW induced liver inflammation by
altering bile acid metabolism and intestinal microbiota in mice. Thus,
these results suggest that exposure to SW may significantly alter the
bile acid metabolism whether these changes is associated with the
SW-induced cellular damage remain to be investigated.

Cytochrome P450 is one of the most common enzyme families
involved in metabolism of the xenobiotics, playing a crucial role in the
metabolism of drugs, toxins, and endogenous substrates (29). It plays a
crucial role in the clearance of compounds such as drugs, toxins, and
endogenous substrates. Our results have found significant increases in
2-Hydroxyiminostilbene, carbamazepine iminoquinone, carbamazepine-
O-quinone, morphine-6-glucuronide, and 6-Methylmercaptopurine.
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TABLE 2 Results of differential metabolite multiple analysis.
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Formula Retention log,FC Regulated
time (min)

neg_6622 Tricosanoylglycine C,sH NO; 456.37 7.88 37.11 Up
pos_7083 1-Tricosanol C,;H, 0 379.33 3.28 36.80 Up
neg_1289 Sambacolignoside Cy;3H;,0,, 921.29 0.70 36.29 Up
pos_1086 Kanzonol T C,sH,60; 915.31 0.70 35.38 Up
pos_12100 Nemonoxacin C,H,:N;0, 354.18 4.14 35.34 Up
pos_11933 2-Benzylidene-1-heptanol C,H,0 222.19 4.08 35.22 Up
pos_11705 Lotaustralin C,,H;,)NO4 279.15 4.02 35.19 Up
pos_13943 FMNH2 Cy;H,3N,O0P 481.11 5.43 35.07 Up
neg_1292 Probenecid Glucuronide CoH,,NO,,S 981.29 0.70 35.06 Up
pos_14727 (Z)-7-Hexadecen-1,16-olide C6H,50, 527.41 6.94 35.01 Up
neg_1212 (13Z,16Z)-Docosadienoyl-CoA Cy;H7N,0,,P5S 1120.39 0.70 34.86 Up
pos_14363 Herculin C,sH,)NO 234.22 6.30 34.58 Up
pos_13944 Coriandrin C3H,004 483.11 543 34.37 Up
pos_14513 N2-Galacturonyl-L-lysine C,H,;,N,O4 340.17 6.67 34.19 Up
pos_17309 Pyridinoline C,sH,sN,Og 451.18 9.52 34.13 Up
pos_13603 3-Heptylpyridine C,H, N 195.19 5.06 34.10 Up
pos_13914 4-Amino-3-hydroxybutanoylcarnitine C, H,N,0; 280.18 5.37 34.03 Up
pos_13931 Pantoyllactone glucoside C,H,,04 331.08 5.41 33.75 Up

2-Amino-5-formylamino-6-(5-phospho-
pos_11369 Dribosylamino)pyrimidin-A(3H)-one C1oH16N:O,P 399.11 3.93 33.68 Up

(1-(2-(Methylsulfonamido)ethyl)
neg_1285 piperidin-4-yl)methyl 5-fluoro-2- CoH,FN;0,S 899.31 0.70 33.60 Up

methoxy-1H-indole-3-carboxylate

Linalool oxide D 3-(apiosyl-(1->6)-
neg_ 4335 glucoside) C,H30,, 463.22 3.27 —29.65 Down
neg 1374 Ile-Val-Val CsH; N30, 364.20 0.75 -29.76 Down
neg_3616 Rotundifoline C,,H;xN,05 421.17 2.63 -29.96 Down
neg_1905 Labetalol CoH,4N,05 349.15 1.91 -30.15 Down
neg 4644 Bursin C;H,5N,04 37417 3.52 -30.19 Down
neg 1726 2-Isopropyl-5-methoxypyrazine CsH;,N,O 349.19 1.14 -30.21 Down
neg 5099 Periplocin CsHs6O013 741.37 3.97 —30.51 Down
neg_1744 Histidyltryptophan C;HoN;O; 340.14 1.20 —30.55 Down
neg_4478 LysoPE (20:4(5Z,8Z,11Z,147)/0:0) C,;H,,NO,P 536.25 3.38 —30.62 Down

CDP-DG [a-21:0/20:4(5Z,82Z,11Z,14Z)-
neg 5581 OH (20)] Cs3HoN;06P, 1108.56 4.85 —30.65 Down
neg 1177 2'-C-Methylcytidine C,oH;5sN305 513.21 0.68 —31.05 Down
neg_4257 N-Docosahexaenoyl Aspartic acid Cy6H;3;NO; 442.27 3.20 -31.07 Down
neg 4772 Asp Phe Val Glu C,;H3,N, O, 507.21 3.63 -31.25 Down
neg 21 Solithromycin Cy3HesFN(O, 889.46 0.47 -31.37 Down
neg_5587 Dioncophylline A C,,H,,NO, 799.40 4.89 —31.38 Down
neg_3144 Muzanzagenin Cy;H;505 477.25 2.06 —31.50 Down
neg 3128 Hypochoeroside A C,H;,00 449.18 2.02 —32.02 Down
neg_3713 Undecylprodigiosin C,H3:N;0 428.25 2.73 -32.17 Down
neg_3530 Cinobufotalin C,H3,0, 493.21 2.52 —32.48 Down
neg_1823 2-(Ethylamino)-4,5-dihydroxybenzamide CoH,,N,0; 437.17 1.64 —32.48 Down
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Volcano map of differential metabolites. In the volcano map, each point represents a metabolite. The x-axis represents the fold change of different
substances in the comparison group (log, transformed), and the y-axis represents the p value (log;, transformed). The size of the scatter point indicates
the VIP value of the OPLS-DA model. Larger scatter points correspond to higher VIP values, indicating more reliable selection of differentiated

These metabolites are associated with the metabolism of Carbamazepine,
morphine, and capecitabine, and they rely on P450 enzymes for catalysis
(30), suggesting that cells may activate drug metabolism-cytochrome
P450 to facilitate the clearance of drugs after exposure to SW. The
particular cytochrome P450 induced by the SW however need to
be further investigated.

Ferroptosis is a new type of cell death discovered in recent years.
Many studies have shown that ferroptosis is related to kidney damage
(31-33). A notable elevation in glycochenodeoxycholate (GCDA)
levels has been observed in patients suffering from chronic kidney
Wang et al. (34) demonstrated that that
glycochenodeoxycholate GCDA has the capacity to activate the

disease.

expression of hepcidin, profoundly influencing the iron homeostasis
within the body. Disruption of this iron balance can lead to an
excessive accumulation of iron ions, particularly Fe**, which can
subsequently trigger ferroptosis (34). Nevertheless, the intricate
relationship between GCDA and ferroptosis remains to be thoroughly
elucidated and validated.

There are several documented research on related toxicants. For
example, another indole alkaloid, vincristine, its impact on plasma
metabolites in human children was mainly enriched in the pathways

Frontiers in Veterinary Science

of purine metabolism, arginine biosynthesis, sphingolipid metabolism,
glutathione metabolism, glycerophospholipid metabolism, and lysine
degradation (35) This differs significantly from the metabolic
pathways affected by SW;, possibly due to differences in species and
tissues of the samples. Rao et al. (36) found that exposure to Matrine
in mice resulted in significant changes in metabolites such as cholic
acid, taurocholic acid, L-tyrosine, flavin mononucleotide (FMN),
UDP-glucuronate, urea, sulfate, and inosine monophosphate, where
riboflavin metabolism, purine metabolism, and ascorbate and aldarate
metabolism were the most significant pathways. In our results, we also
observed significant changes in FMN and UDP, which are involved in
riboflavin and pyrimidine metabolism, respectively, suggesting the
potential importance of these pathways in the metabolism of
alkaloid toxins.

Riboflavin is a component of vitamin B complex and plays an
important role in maintaining body health. Flavin
mononucleotide (FMN), a coenzyme of riboflavin, is involved in
reactions, including drug, lipid and heterogeneous metabolism,
energy metabolism, and cellular processes such as protein folding
and cell signaling (37, 38). Cytochrome P450 is one of the most

common enzyme families involved in drug metabolism, most
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FIGURE 8
Differential metabolism clustering heat map. Group A served as the control group, while Group B was treated with SW. On the x-axis, each sample is
represented, and the y-axis represents the quantitative value of metabolites standardized by Z-score after hierarchical clustering.

P450 enzymes use NAD(P)H as a coenzyme, which undergoes
dehydrogenation to form NAD(P) and release electrons. The
electron is then transferred to FMN, converting it to FMNH+2
(39). These results suggested that SW might induce cell death by
inducing ferroptosis, riboflavin metabolism, and drug
metabolism-cytochrome P450.

Untargeted metabolomic study can provide the broadest
coverage of metabolites and help undiscovered specific metabolites
associated with SW toxicity, giving us an objective and
comprehensive understanding of the link between the body’s
metabolism and external stimuli. It has been shown to be useful in
studying the complex diseases. For example, metabolomics has now
become a good exploration tool in psychiatry (40, 41). In veterinary
medicine, these characteristic metabolic changes related to livestock
plant poisoning have great practical application. Clinical symptoms
in livestock often have certain specificity but only show when
poisoning is severe enough, while these specific changes in the

metabolites can help diagnosis of earlier and faster (7), so as to
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respond more quickly taking corresponding measures to minimize
losses. Our study shows that after SW treatment, based on metabolic
specificity and the VIP values and Log,FC of differential metabolites,
we have identified five metabolites which may be used for diagnosis
for SW poisoning.

In summary, the findings of this study reveal that the primary
metabolites encompass benzenoids, lipids and lipid-like molecules,
nucleosides, nucleotides, and analogs, along with organic acids and
derivatives. Notably, the differential metabolites are predominantly
enriched in specific pathways such as bile secretion, primary bile acid
biosynthesis, riboflavin metabolism, ferroptosis, drug metabolism-
cytochrome P450, and primidine metabolism. Upon screening for
potential biomarkers of SW poisoning, it has been observed that each
metabolite exhibits an area under the ROC curve (AUC) value were
1, indicating a significant distinction between the control group and
the SW group. Consequently, these metabolites are viable candidates
for potential biomarkers of SW poisoning. However, the diagnostic
values of these metabolites for SW poisoning need to be further
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FIGURE 9

Kyoto Encyclopedia of Genes and Genomes enrichment map of differential metabolites. The X-axis represents the ratio of the number of differentially
expressed metabolites in the corresponding pathway to the total number of metabolites detected and annotated by the pathway. The Y-axis
corresponds to the pathway names. The color depth of the dots represents the log p value, with a deeper shade of red indicating a more significant
enrichment. The size of the dots indicates the number of enriched differentiated metabolites.
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TABLE 3 Differential metabolites associated with renal tubular epithelial cells treated by SW.

Number #I1D Name VIP p-value log,FC Regulated AUC

1 pos_789 Swainsonine 1.4512 0.0000044 5.6368 UP 1
3alpha,7alpha-Dihydroxy-

2 pos_17585 1.4468 0.0000013 3.2384 UP 1
5beta-cholestanate

3 pos_1797 2-Hydroxyiminostilbene 1.4176 0.0000458 4.8365 UPp 1

4 pos_14725 Glycochenodeoxycholate 1.3034 0.0015693 3.4498 UP 1

validated in a variety of livestock and to rule out the potential effects
of species, feeding environment, grazing practices, and other factors
including the coexisting diseases.

Certainly, this study has certain limitations as it was conducted
solely as an in vitro experiment, unable to fully simulate the in
vivo environment. In the future, in vivo experiments could
be conducted on the target animal, sheep, with various time
gradients set to more precisely screen for early biomarkers of SW
poisoning, thereby improving the detection and prevention of
locoweed poisoning.
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Blebbistatin as a novel antiviral
agent targeting equid herpesvirus
type 8

Liangliang Li', Xiu Cui', Yue Yu', Qi Sun, Wenjing Li, Yubao Li,
Shuwen Li, Li Chen, Muhammad Zahoor Khan*, Changfa Wang*
and Tongtong Wang*

College of Agronomy, Liaocheng University, Liaocheng, China

Introduction: Equid herpesvirus type 8 (EqQHV-8) poses a significant threat to
equine health, leading to miscarriages and respiratory diseases in horses and
donkeys, and results in substantial economic losses in the donkey industry.
Currently, there are no effective drugs or vaccines available for EQHV-8 infection
control.

Methods: In this study, we investigated the in vitro and in vivo antiviral efficacy
of Blebbistatin, a myosin Il ATPase inhibitor, against EqHV-8.

Results: Our results demonstrated that Blebbistatin significantly inhibited EqHV-
8 infection in Rabbit kidney (RK-13) and Madin-Darby Bovine Kidney (MDBK)
cells in a concentration-dependent manner. Notably, Blebbistatin was found
to disrupt EqHV-8 infection at the entry stage by modulating myosin Il ATPase
activity. Moreover, in vivo experiments revealed that Blebbistatin effectively
reduced EqHV-8 replication and mitigated lung pathology in a mouse model.

Conclusion: Collectively, these findings suggest that Blebbistatin holds
considerable potential as an antiviral agent for the control of EqHV-8 infection,
presenting a novel approach to addressing this veterinary challenge.

KEYWORDS

EqHV-8, blebbistatin, myosin Il ATPase inhibitor, antiviral activity, animal model

1 Introduction

Equid herpesvirus type 8 (EqHV-8), also known as Asinine Herpesvirus 3 (AHV-3), is a
pathogen that causes severe respiratory disease and miscarriages in equines, posing a persistent
threat to horse and donkey farming worldwide (1, 2). The EQHV-8 belongs to the Alpha
Herpesviridae family, It is characterized as a double-stranded DNA virus with a genome length
of approximately 150 kilobases and comprising 76 open reading frames (3). In recent years,
EqHV-8 has shown a significant increase in prevalence, particularly in large-scale donkey
farms in China. For instance, Wang et al. conducted a study indicating an EqQHV-8 infection
rate of approximately 38.7% (457/1180) in donkey farms in Shandong province, China (4).
Additionally, cases of abortion and neurological diseases in donkeys induced by EQHV-8
infections have been documented (5, 6), highlighting the potential threat to the donkey
industry. While the molecular mechanisms underlying EQHV-8 infections have been well
documented in previous studies (7-10), it is crucial to note the limited availability of effective
drugs for combating EQHV-8 infections (9, 10).
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Blebbistatin, known for its inhibitory properties on myosin II
ATPase activity, has gained significant attention and utility in
biochemical, cell biological, and physiological research (11, 12).
Recent studies have also explored its antiviral properties against
various viruses. Notably, Antoine et al. demonstrated Blebbistatin’s
ability to significantly reduce the entry of Herpes Simplex Virus
Type-1 (HSV-1) into human corneal epithelial (HCE) cells by
interfering with myosin light chain kinase (13). In a study by Gao
et al. (14), Blebbistatin exhibited inhibitory effects on Porcine
reproductive and respiratory syndrome virus (PRRSV) infection.
This inhibitory effect was observed in multiple contexts, including in
vitro experiments using MARC-145 cells and PAM cells, as well as in
swine (14). Moreover, Li et al. highlighted Blebbistatin’s potential to
mitigate PRRSV infection in other susceptible cell lines, such as
PK-15P1¢ HEK-293TCP!%, and BHK-21°"'®* (15). Additionally,
Blebbistatin has demonstrated the capacity to suppress the replication
of Murine Gammaherpesvirus 68 (MHV-68) both in vitro and in vivo
(16). Despite the growing body of evidence regarding Blebbistatin’s
antiviral  properties, its effectiveness against EqHV-8
remains unexplored.

In this study, we aimed to investigate the anti-EqHV-8 activity of
Blebbistatin and elucidate its underlying mechanism. Our results
demonstrate that Blebbistatin significantly reduces EQHV-8 replication
in Rabbit kidney (RK-13) and Madin-Darby Bovine Kidney (MDBK)
cells. Furthermore, Blebbistatin exerts its inhibitory effects at the
adsorption and internalization stages of EQHV-8. Notably, Blebbistatin
also displayed efficacy in decreasing EQHV-8 replication in lung tissue
within a mouse model. In summary, our research highlights

Blebbistatin as a promising candidate for controlling EQHV-8 infections.

2 Materials and methods
2.1 Cells, EHV-8 strain and reagents

The RK-13 and MDBK cells were cultured in Modified Eagle’s
medium (MEM, Gibco, United States) supplemented with 10% fetal
bovine serum (FBS, Gibco, United States) and 1% penicillin-
streptomycin (Servicebio, Wuhan, China) at 37°C and 5% CO,. The
EHV-8 SDLC66 strain (GenBank: MW816102.1), SD2020113
(GenBank: MW822570.1), and donkey/Shandong/10/2021 (GenBank:
OL856098.1) were propagated in RK-13 cells. Additionally,
Blebbistatin was obtained from Shandong Sikejie Biotechnology Co.,
LTD (Jinan, China) and dissolved in dimethyl sulfoxide (DMSO)
(Solarbio, Beijing, China).

2.2 Cell viability detection

The cytotoxicity of Blebbistatin was detected using the Cell
Counting Kit-8 (CCK-8) assay (Beyotime, Nanjing, China) as
previously described (17). Briefly, RK-13 or MDBK cells were
seeded into a 96-well plate at a density of 1 x 1074 cells per well
and incu-bated with Blebbistatin at various concentrations (0, 2.5,
5,10, 20, 40, and 80 pM) for 24 h. Subsequently, the CCK-8 reagent
was added to each well according to the manufacturer’s
instructions (10 pL/well) and incubated at 37°C for 2h. The
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viability of the cells was determined by measuring the absorbance
at 450nm and analyzed us-ing the formula “cell survival rate
(%)=[OD (sample) - OD (blank)/OD -OD
(blank)] x 100%.”

(control)

2.3 DNA/RNA extraction and gPCR analysis

The DNA supernatant virus from different samples was extracted
using the DNA Viral Genome Extraction Kit (Solarbio, Beijing,
China). Absolute quantification PCR (qPCR) assay was performed to
detect the supernatant DNA copies of EQHV-8 with recombinant
plasmids pMD18-T-gD and ORF72-F and ORF72-R primers, as
previously established method (10), and calculated by normalization
to the standard curve.

The isolation of total RNA from cellular samples was accomplished
employing TRIzol reagent (Sparkjade, Jian, China), following
established procedures (10). Subsequently, the RNA was reversed to
complementary DNA (cDNA) by All-in-One First Strand cDNA
Synthesis Kit (GENENODE, Wuhan, China). The ensuing reactions
were conducted on a Step One Plus real-time PCR system, wherein
the SYBR™ Green PCR Master Mix (Genstar, Beijing, China) was
employed in conjunction with specific primers designed to target the
gD gene of EqQHV-8. For the purpose of normalizing the gene
expression data, mRNA expression levels of Glyceraldehyde-3-
Phosphate Dehydrogenase (GAPDH) were utilized as an internal
reference, in accordance with well-established practices (14). The
quantification of the target gene expression was carried out employing
the 224 method, a widely accepted methodology previously
described in the literature (14). The primer sequences are listed in
Supplementary Table S1.

2.4 Western blot assay

The western blot assay was conducted in accordance with established
protocols (18). In brief, cellular samples were collected at designated
time intervals and subsequently lysed using NP40 lysis buffer. The lysates
were mixed with 5xprotein loading buffer and separated via 12%
SDS-PAGE gels. Following gel separation, the proteins were transferred
onto polyvinylidene difluoride (PVDF) membranes. These membranes
were subjected to blocking with 5% nonfat dry milk for a duration of 1 h.
Subsequently, they were incubated with primary antibodies, specifically
mouse anti-EqQHV-8 gD, or mouse anti-a-Tubulin antibodies, and
washed using PBST. Following the primary antibody incubation, the
membranes were treated with a secondary antibody, the HRP-conjugated
goat anti-mouse antibody. Ultimately, the visualization and imaging of
specific protein bands were accomplished utilizing the ChemiDoc MP
Imaging System (BioRad, California, United States).

2.5 Virus titration

The quantification of viral progeny production was executed
through a titration procedure as previously documented (6). In brief,
RK-13 cells were cultured in 96-well plates at a density of 1x10/4
cells per well and allowed to incubate overnight. The viral
supernatant was serially diluted by a factor of 10, with each dilution
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replicated eight times and added at a volume of 100 pL per well.
These cells were then incubated at 37°C for a duration of 3-5 days,
during which the cytopathic effect (CPE) was observed daily. The
50% cell culture infectious dose (TCIDs,) was subsequently
calculated employing the Reed—-Muench method.

The virus titers in lung samples of EQHV-8-infected mice were
detected using RK-13 cells. Briefly, all mice from 3 groups were
sacrificed at 7 dpi, and their lungs were collected. The lung tissues (0.1 g)
were mixed with PBS (1 mL), further crushed, homogenized, frozen and
thawed 3 times. The supernatant was obtained from lung tissues by
centrifugation, and filtered to remove bacteria using 0.22 pm syringe
filter. Finally, the virus titer was determined in RK-13 cells as above.

2.6 Antiviral activity analysis

RK-13 and MDBK cells were seeded in 12-well plates and
pre-treated with various concentrations of Blebbistatin (0, 2.5, 5, 10,
and 20 pM) for 1h. Subsequently, they were infected with EqHV-8
SDLC66 at a multiplicity of infection (MOI) of 0.1 for 1h. Following
infection, the cells were cultured in 3% FBS MEM containing
Blebbistatin at the indicated concentrations. Cells were collected at
24-h post infection (hpi) to assess EQHV-8 replication via western blot
analysis. Additionally, the cellular supernatants were also harvested
for the detection of progeny virus titer using TCIDs,.

2.7 Indirect immunofluorescence assay

To assess the antiviral efficacy against various EQHV-8 strains, an
IFA was employed. In brief, RK-13 cells were pretreated with
Blebbistatin at concentrations of 0, 5, 10, and 20 pM for a duration of
1 h. Subsequently, these cells were infected with EQHV-8 strains,
including SDLC66, SD2020113, or Donkey/Shandong/10/2021, each
at0.1 MOI for 1 h. Following infection, the cells were washed with PBS
and then incubated in Modified Eagle Medium (MEM) containing 3%
fetal bovine serum (FBS) and the indicated dosage of Blebbistatin. At
36 hpi, these cells were fixed with paraformaldehyde, permeabilized
with Triton X-100, and subjected to washing with PBS. These cells
were subsequently treated with mouse anti-EqHV-8-positive serum
(produced in-house) and incubated with a secondary Rhodamine-
conjugated goat anti-mouse IgG antibody. Finally, the cells were
counterstained with 4’,6-diamidino-2-phenylindole (DAPI) and
visualized using a DMi8 microsystems (Leica, Germany).

2.8 Analysis of temporal dynamics in
EqHV-8 life cycle perturbation by
Blebbistatin

To elucidate the specific phase of the EQHV-8 life cycle affected by
Blebbistatin, RK-13 cells were cultured in 12-well plates under varying
treatment conditions. These included distinct stages of exposure to
EqHV-8 (MOI=0.1) and 20 pM Blebbistatin, such as pre-treatment,
co-treatment, post-treatment, and exposure throughout all stages.
Subsequent to these treatments, the cells were harvested for the
assessment of viral replication, utilizing quantitative PCR (qPCR) and
western blot analyses at 24 hpi.
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2.9 Assays for virus adsorption and
internalization

In the virus adsorption assay, RK-13 cells, pre-seeded in 12-well
plates, were treated with either 20 pM Blebbistatin or DMSO for 1h at
37°C. Following treatment, the cells were cooled on ice and exposed
to EQHV-8 SDLC66 (MOI=1) for 1 h. Then, cells were washed thrice
with pre-chilled PBS to remove non-adherent virions. The mRNA
expression levels of bound EqHV-8 particles were quantified
via qPCR.

For the virus internalization assay, RK-13 cells in 12-well plates
were pre-treated with 20 uM Blebbistatin or DMSO at 37°C for 1h,
followed by incubation with EQHV-8 SDLC66 (MOI=1) at4°C for 1 h
to facilitate virus binding. Unbound viruses were removed with chilled
PBS, and the cells were incubated in 3% FBS MEM containing either
Blebbistatin or DMSO at 37°C for 1h to initiate internalization. Post-
internalization, non-internalized viruses were eliminated using citrate
buffer (pH 3.0), and the mRNA levels of EQHV-8 gD expression were
detected by gPCR.

2.10 In vivo anti-EqHV-8 efficacy assay

Fifteen SPF (Specific Pathogen-Free) male BALB/c mice, aged
6 weeks, were procured from Pengyue (Jinan, Shandong Province,
China), and were assigned randomly into three distinct experimental
groups (n=>5/group). The first group, termed the ‘mock group;
received intranasal administration of MEM in a volume of 50 pL
(including 0.1% Dimethyl Sulfoxide, DMSO). The second group,
designated as the ‘EqQHV-8 group, underwent a pre-inoculation
process in which they received intranasal administration of a
solution consisting of 0.1% DMSO in MEM (50 pL). Subsequently,
they were subjected to EQHV-8 inoculation at a viral concentration
of 1x10A5 PFU (Plaque-Forming Units) per mouse. The third
group, denoted as the ‘Blebbistatin+EqHV-8 group. These mice were
pre-inoculated intranasally with Blebbistatin at a dosage of 30 pM/
kg in MEM (50 pL) at three specific time points: 1 day pre-infection,
1-day post-infection (dpi), and 3 dpi. Following this, they were
subjected to EQHV-8 inoculation at the same viral concentration of
1x 1075 PFU per mouse. All inoculations were performed under
profound anesthesia induced using Zoletil 50(Virbac in Nice,
France). Throughout the duration of the study, the mice were
provided with ad libitum access to food and water, and were
individually housed to prevent potential cross-contamination.
Clinical symptoms were meticulously monitored throughout the
experimental period. On the 8th dpi, humane euthanasia was
conducted via cervical dislocation, and lung tissues were harvested
for subsequent histopathological analysis and evaluation of viral
replication efficiency.

2.11 Histopathological evaluation

The protective effect of Blebbistatin against lung damage induced
by EqQHV-8 was evaluated through hematoxylin and eosin (H&E)
staining methodology, as outlined in previous study (7). Lung tissues
were meticulously preserved by immersing them in a 10% formalin
solution. Following fixation, the tissues were embedded in paraffin
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wax, and subsequently, thin sections measuring 4 pm in thickness
were meticulously prepared. These sections were then carefully
mounted onto glass slides and subjected to the H&E staining
procedure. The stained tissues were subsequently examined using
light microscopy.

2.12 Statistical analysis

Data were processed and analyzed using GraphPad Prism 8.0 (San
Diego, CA, United States). Differences between groups were assessed
using the unpaired Student’s t-test. Statistical significance was denoted
as follows: *, p<0.05; **, p<0.01; ***, p<0.001.

3 Results

3.1 Assessment of Blebbistatin's impact on
cellular viability

The chemical structure of Blebbistatin is represented in
Figure 1A. To assess the potential cytotoxic effects attributed to
Blebbistatin, we conducted experiments involving RK-13 and MDBK
cells. These cells were exposed to different concentrations of
Blebbistatin, and subsequently, the CCK-8 reagent was introduced.
Our findings revealed that the concentrations of Blebbistatin up to
20 pM exhibited no discernible impact on cell viability (p>0.05) in
either MDBK or RK-13 cell lines, as depicted in Figure 1B.

3.2 Inhibition of EQHV-8 infection by
Blebbistatin in susceptible cells

To assess the potential anti-EqQHV-8 effect of Blebbistatin, the
RK-13 and MDBK cells were subjected to pretreatment with

10.3389/fvets.2024.1390304

Blebbistatin at different concentrations for 1h. Following this
pre-incubation period, these cells were exposed to EQHV-8 SDLC66
(0.1 MOI) for 1h. Subsequently, these cells and cellular supernatants
were meticulously collected to facilitate the evaluation of EQHV-8
replication through western blot and TCIDs, analysis. Our findings
revealed that Blebbistatin exerts a profound inhibitory influence on
gD expression level and progeny virus titer in RK-13 cells, as
elucidated in Figures 2A,B. Remarkably, Parallel observations were
noted in MDBK cells (Figures 2C,D).

3.3 Antiviral activity of Blebbistatin against
diverse EqHV-8 strains

In order to ascertain whether Blebbistatin exhibits antiviral
properties against various strains of EqQHV-8, a comprehensive
investigation was conducted. RK-13 cells were pre-treated with
Blebbistatin at 20uM for 2h, followed by their exposure to three
distinct EqQHV-8 strains, namely EqHV-8 SDLC66, EqHV-8
SD2020113, and EqHV-8 donkey/2021, each at 0.1 MOI for 1h.
Subsequently, the culture medium was replaced with 3% FBS MEM
containing Blebbistatin, and these cells were fixed at 36 hpi to assess
EqHV-8 replication via IFA. Meanwhile, those cellular supernatants
were also collected to detect progeny virus titers by TCIDs,. Our results
showed that Blebbistatin significantly reduces the infection efficiency
of diverse EQHV-8 strains in RK-13 cells in a dose-dependent manner,
as represented in Figure 3. These data indicated that Blebbistatin exerts
abroad spectrum of inhibitory effects against different EQHV-8 strains.

3.4 Blebbistatin attenuates EqHV-8
infection during early stages

To gain a deeper insight into the specific stage of the EQHV-8 life
cycle that is perturbed by Blebbistatin, we performed a one-time course
analysis experiment in RK-13 cells. As depicted in Figure 4A, our

OH

CH;

FIGURE 1

The chemical structure and cytotoxicity of Blebbistatin. (A) The chemical structure of Blebbistatin. (B) The cytotoxicity of Blebbistatin at different
concentrations was determined in RK-13 and MDBK cells by CCK-8 kit and was expressed as relative cell viability by comparing with the viable cells in
the absence of Blebbistatin (set up as 100%). These data shown are representatives from three independent experiments. *p < 0.05; **p <0.01, ns: no

significant.
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p<0.001, ns: no significant

Blebbistatin inhibited EqHV-8 replication in susceptible cell. RK-13 (A,B) or MDBK (C,D) cells were pretreated with Blebbistatin at different
concentrations (0, 2.5, 5, 10, and 20 pM) for 1h, then infected with EqHV-8 SDLC66 (0.1 MOI) for 1h at 37°C, then these cells were collected to detect
gD expression by western blot at 24 hpi. Meanwhile, those cellular supernatants were harvested to assess virus titer using TCIDs, Data were presented
as the means of normalized data + standard deviations (error bars) based on at least three independent experiments. * p<0.05; ** p<0.01; ***
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experiment was divided into four groups: R1, which represents the
Blebbistatin pretreated group (Pre); R2, signifying the Blebbistatin and
EqHV-8 co-treated group (Co); R3, representing the Blebbistatin post-
treated group (Post); and R4, denoting the Blebbistatin treated group
(All-stage). These cellular samples were harvested at 24 hpi to assess the
gD expression. Our data demonstrate a significant reduction in gD
protein expression in both R1 (Pre) and R2 (Co) groups when compared
to the R3 (Post) group, as visually depicted in Figure 4B. This substantial
decrease in gD expression suggests that Blebbistatin exerts an anti-
EqHV-8 activity at an early stage of the viral life cycle. Furthermore,
we examined the progeny virus production at 24 hpi by TCIDs, assay. Our
data reveals that a clear dose-dependent reduction in the copy number of
EqHV-8 in both R1 (Pre) and R2 (Co) groups, as illustrated in
Figure 4C. However, there were no visible changes observed in the R3
(Post) group.

3.5 Blebbistatin substantially reduces
EqHV-8 entry into RK-13 cells

To investigate the impact of Blebbistatin treatment on the EQHV-8
binding and internalization processes within RK-13 cells,
we conducted both virus adhesion and internalization assays. Our
experimental findings yielded noteworthy results. At the adsorption
stage, it was observed that RK-13 cells subjected to Blebbistatin
treatment exhibited a notable reduction in gD expression in
comparison to the group treated with DMSO (Figure 5A). This
observation implies that Blebbistatin treatment significantly affects
EqHV-8 infection during the initial adsorption phase. Similarly,

Frontiers in Veterinary Science

during the internalization stage of EqHV-8 in RK-13 cells,
we encountered analogous outcomes. The gD expression was notably
decreased in RK-13 cells treated with Blebbistatin as compared to
those treated with DMSO (Figure 5B). This provides further evidence
that Blebbistatin exerts its influence on EqQHV-8 infection not only at
the adsorption stage but also during the internalization process.

3.6 Blebbistatin inhibits EQHV-8 infection in
vivo

To assess the potential antiviral properties of Blebbistatin in vivo,
we conducted an experiment involving BALB/C mice (Figure 6A).
Our primary objective was to evaluate the extent of EqHV-8
replication within the lungs of these mice at 8 dpi. This assessment was
achieved by titrating lung samples from different groups of mice on
RK-13 cells, with the resulting data providing valuable insights into
the antiviral effects of Blebbistatin. Our findings revealed a distinct
contrast in viral replication between the groups. Specifically, the mean
viral titers in the EQHV-8 group were notably elevated, measuring at
1.8 x 10° TCIDsy, in contrast to the Blebbistatin+EqHV-8 group, where
viral titers were substantially reduced, measuring at 1.1 x 10> TCIDs,,
as depicted in Figure 6B. These results underscore the significant
inhibitory effect of Blebbistatin on EQHV-8 replication within the
lungs of the mouse model. Moreover, histopathological examination
of lung tissue specimens from the EqQHV-8 group unveiled severe
alveolar wall thickening, resulting in the compression and collapse of
alveolar cavities, accompanied by a marked infiltration of
inflammatory cells. In contrast, the lungs of BALB/C mice treated with
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FIGURE 3
Blebbistatin show antiviral activity against other EQHV-8 strains. RK-13 cells were pretreated with Blebbistatin at different concentrations (0, 5, 10, or
20 uM) or DMSO for 1h at 37°C, respectively, infected with EqHV-8 SDLC66, SD2020113, or Donkey/Shandong/10/2021 at 0.1MOI for 1h in the
presence of Blebbistatin at indicated concentrations. These cells were fixed with paraformaldehyde and stained using mouse anti-EHV-8 positive
serum to detect EHV-8 proteins at 36 hpi (red), and the nucleocapsid was counterstained with DAPI (blue). Images were captured using Leica
microsystems (DMi8, Germany). Scale bar, 100 pm. The mock-infected cells were served as negative control. Additionally, the progeny viral titer in
cellular supernatants was analyzed by TCIDs,. Data were presented as the means of normalized data + standard deviations (error bars) based on at least
three independent experiments. *p <0.05; **p < 0.01; ***p < 0.001

Blebbistatin exhibited only minimal to mild alveolar wall thickening
and inflammatory cell infiltration ( ). These histological
observations further reinforce the notion that Blebbistatin exerts a
substantial mitigating effect on EQHV-8-induced lung pathology in
the mouse model. In addition, our findings strongly suggest that
Blebbistatin could be considered a potential and promising antiviral
drug candidate against EQHV-8 infection.

In recent years, EQHV-8, a virus that affects donkeys in China, has
caused significant economic losses in the donkey industry. Several
cases of EQHV-8 infections in donkeys have led to issues like abortion,
respiratory diseases, and viral encephalitis. Unfortunately, there are
limited effective drugs against EQHV-8 infection. Our research has
found that Blebbistatin can inhibit EQHV-8 in susceptible cells and
under controlled in vitro conditions. This inhibition is due to
Blebbistatin’s ability to modulate myosin IT ATPase activity.

Blebbistatin is a compound known for inhibiting ATPase in myosin
11, affecting processes like micropinocytosis and cellular blebbing (19-21).
Recent studies show its potential in fighting viral infections. Recent
research has unveiled Blebbistatin’s ability to suppress various viral
infections. For instance, Veettil et al. demonstrated that Blebbistatin
significantly reduces KSHV internalization into human dermal
microvascular endothelial (HMVEC-d) cells (22). Similar antiviral effects
have been reported against HSV-1, PRRSV, and MHV-68 in previous

studies (13, 14, 16). In our experiments, Blebbistatin markedly decreased

Frontiers in

EqHV-8 infection in RK-13 and MDBK cells with dose-dependent
properties ( ). Additionally, our investigation delved into the
intricate antiviral mechanisms underlying the action of Blebbistatin. Our
findings revealed that Blebbistatin exerts its inhibitory influence on
EqHV-8 replication during the early entry stage, as elucidated in

Furthermore, our findings substantiate that Blebbistatin hampers EQHV-8
replication during the adsorption and internalization stages ( )-
Importantly, in vivo experiments confirmed the protective effect of
Blebbistatin (30 pM/kg) against EQHV-8 in a mouse model, where it
reduced viral replication and mitigated lung damage ( ).

The involvement of myosins, a family of motor proteins with
common features including ATP hydrolysis (ATPase enzymatic
activity), kinetic energy transduction potential, and actin binding, is
noteworthy in the context of viral infections (23). Previous studies
have shown that nonmuscle myosin heavy chain IITA (NMHC-IIA)
plays a crucial role in mediating HSV-1 entry, with Blebbistatin
significantly reducing HSV-1 infection by inhibiting myosin II
ATPase activity (24). Similar observations were made for PRRSV,
where NMHC-IIA facilitates viral entry, and Blebbistatin notably
reduces PRRSV replication via affecting myosin IT ATPase activity
(14, 15). In the current study, Blebbistatin significantly attenuated
EqHV-8 replication in RK-13, MDBK cells, and in a mouse model
( ). Further research into the intricate mechanisms of
Blebbistatin’s action and its interaction with non-muscle myosin
heavy chain IIA is imperative for a comprehensive understanding of
its antiviral properties. Understanding the role of myosin II and
related host factors in EQHV-8 pathogenesis could pave the way for
novel therapeutic strategies against EQHV-8 infection. Furthermore,
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FIGURE 4

Blebbistatin inhibits EQHV-8 infection mainly at initial stage. Time-of-addition schematic (A). The RK-13 cells were infected with EqHV-8 SDLC66
(MOI = 0.1) and treated with Blebbistatin at different time points, including before infection (Pre-treatment), during infection (Co-treatment), after
infection (Post-treatment), and All-stage treatment. The RK-13 cells were treated with Blebbistatin (20 pM) as Pre-treatment, Co-treatment, Post-
treatment and All-stage treatment for 24 hpi, and infected with EqQHV-8 SDLC66 (MOI = 0.1), the cells were collected to detect gD expression for
western blot (B), meanwhile, the cell supernatants were also harvested to progeny virus generation by gPCR (C). a-Tubulin acts as loading control, the
data represent as mean + SD. from three independent experiments, **p <0.01; ***p <0.001, ns: no significant.
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FIGURE 5

Blebbistatin suppress EqHV-8 replication at adsorption and internalization stage. The RK-13 cells were incubated with a mixture of Blebbistatin (20 pM)
or DMSO and EqHV-8 (1 MOI) for 1h at 4°C, and washed by PBS and incubated with 3% FBS MEM at 37°C for 24 h before the gD expression was tested
using gPCR (A). RK-13 cells were pretreated with Blebbistatin (20 pM) for 1h and then incubated with EqQHV-8 (MOI = 1) at 4°C for 1 h. The cells were
washed with PBS and incubated with Blebbistatin (20 pM) or DMSO for another 1 h at 37°C, then washed by citrate buffer. The gD expression was
detected using gPCR at 24 hpi. (B) **p < 0.01; ***p < 0.001; ns: not significant.

future studies using primary equine cells or in vivo models are
warranted to validate the findings. While the current study utilized an
in vivo mouse model to assess the anti-EqHV-8 activity of

Blebbistatin’s, it is important to note that mice may not fully elucidate
the pathogenesis and immune response observed in horses and
donkeys infected with EQHV-8. Therefore, additional research using
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FIGURE 6
Blebbistatin inhibits EqHV-8 replication in vivo (A) The pattern diagram of the animal experiments. (B) The titration of EqHV-8 in lung from different
group. RK-13 cells were used to titrate in lung from EqHV-8 infected or Blebbistatin treated EqHV-8 infected mice using the Reed—Muench method.
The results are presented as the mean + SD (error bars). *p < 0.05. (C) Representative images of hematoxylin and eosin (H&E) in the lungs derived from
mice in indicated groups. Bar, 100 pm.

equine-specific models is necessary to confirm the drug’s efficacy and
safety. Altogether, our study not only reinforces the antiviral potential
of Blebbistatin against EQHV-8 but also highlights the need for
continued research into the mechanistic aspects of its action by
utilizing equine-specific models.

5 Conclusion

In conclusion, our study provides compelling evidence of
Blebbistatin’s significant inhibitory effect on EQHV-8 replication,
demonstrated in both in vitro and in vivo experimental models. While
our results highlight Blebbistatin’s potential as a novel antiviral agent
against EQHV-8, further research using equine-specific models is
warranted to validate its efficacy and safety in horses and donkeys.
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Functional infrared thermography
Imaging can be used to assess the
effectiveness of Maxicam Gel® in
pre-emptively treating transient
synovitis and lameness in horses

Julia Ribeiro Garcia de Carvalho?!, Debora Del Puppo?,
Thayssa de Oliveira Littiere!, Nathali Adrielli Agassi de Sales?,
Ana Carolina Yamamoto Silva?, Gesiane Ribeiro?,
Ferdinando Nielsen de Almeida? Bruna Gomes Alves?,

Igor Renan Honorato Gatto?, Gabriel Vieira Ramos* and
Guilherme de Camargo Ferraz®*
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Morphology and Physiology, School of Agricultural and Veterinary Sciences, Sdo Paulo State
University, FCAV/UNESP, Sdo Paulo, Brazil, 2Research and Development Department, Ourofino Animal
Health Company, Sdo Paulo, Brazil, *Veterinary and Animal Research Centre (CECAV), Faculty of
Veterinary Medicine, Lusodfona University - Lisbon University Centre, Lisbon, Portugal, *Equine Sports
Medicine Laboratory, Department of Veterinary Medicine and Surgery, School of Agricultural and
Veterinary Sciences, Sdo Paulo State University, FCAV/UNESP, Sdo Paulo, Brazil

Introduction: Diagnosing and treating lameness in horses is essential to
improving their welfare. In equine orthopedic practice, infrared thermography
(IRT) can indirectly detect soreness. Non-steroidal anti-inflammatory drugs can
treat painful and inflammatory processes in horses. Using IRT, the efficacy of
meloxicam (Maxicam Gel®) was evaluated in pre-treating transient synovitis in
horses induced by a middle carpal joint injection of lipopolysaccharides (LPS)
from E. coli 055:B5 at a dose of 10 endotoxin units.

Methods: In a cross-over design, six healthy horses were randomly assigned to
receive either 0.6 mg/kg of oral Maxicam Gel® (MAXVO) or a mock administration
(control group, C) following a two-week washout period. IRT of the middle
carpal joint, visual lameness assessment and joint circumference were recorded
over time. Clinical and hematological evaluations were performed. Synovial
fluid aspirates were analyzed for total nucleated cell count, total protein,
and prostaglandin E,. A mixed effects analysis of variance was performed for
repeated measures over time, followed by Tukey's test. A multinomial logistic
regression was conducted to determine whether there is a relationship between
a thermography temperature change and the lameness score.

Results: There were no changes in joint circumference. The MAXVO group
showed a lower rectal temperature 4 h after synovitis induction. The C group
presented an increase in neutrophils and a decrease in total hemoglobin and
hematocrit 8 h after induction. No changes were observed in the synovial fluid
between groups. The horses that received meloxicam did not show clinically
significant lameness at any time, while the C group showed an increase in
lameness 2, 4, and 8 h after synovitis induction.

Discussion: IRT indicated that the skin surface temperature of the middle carpal
joint was lower in horses who received meloxicam, suggesting a reduction in
the inflammatory process induced by LPS. It was observed that the maximum
temperature peaks in the dorsopalmar and lateropalmar positions can be utilized
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to predict the severity of lameness, particularly when the temperature rises above
34°C. Horses pre-treated with meloxicam showed either reduced or no indication
of mild to moderate pain and presented a lowehr thermographic temperature,
which indicates the effectiveness of Maxicam Gel® as an anti-inflammatory.

KEYWORDS

analgesic, lameness, lipopolysaccharide, meloxicam, nonsteroidal anti-inflammatory
drug, soreness, cyclooxygenase, osteoarthritis

1 Introduction

Diagnosing and treating lameness in horses is crucial for ensuring
their welfare in the equine field practice. One helpful approach to
diagnosis is thermal imaging, which estimates the pathophysiological
response to a noxious stimulus through heat production (1). To
manage inflammatory and painful conditions in horses, non-steroidal
anti-inflammatory drugs (NSAIDs) are commonly administered to
treat musculoskeletal diseases (2). These drugs are potent inhibitors
of cyclooxygenase enzymes (COXs), which are responsible for
converting arachidonic acid into eicosanoids such as prostaglandins,
leukotrienes, and thromboxanes. These chemical mediators play an
essential role in the inflammation cascade, including increased
vascular permeability and heat. Blocking the production of these
mediators causes an anti-inflammatory and analgesic effect (3, 4).

COX-1 is constitutively expressed in almost all body tissues, acting
in routine and physiological functions, including gastrointestinal
homeostasis, through cytoprotection of the gastric epithelium, and
maintenance of renal blood perfusion. COX-2 is an enzyme
up-regulated by cytokines that show increased activity during
pro-inflammatory states. Unlike COX-1, COX-2 has relatively low
activity under physiological conditions (3, 5, 6). In recent decades,
drugs with greater selectivity for COX-2 have been developed, such as
meloxicam, an NSAID belonging to the enolic acid class. The main
advantage of COX-2 selective NSAIDs is the reduction in adverse effects
associated with the gastrointestinal tract, such as gastric ulcerations and
colitis (6). In rats, ulcerogenicity in the stomach is weak compared to
anti-inflammatory potency, resulting in a high therapeutic index (7).

Meloxicam effectively relieves postoperative pain in human
patients undergoing several types of surgeries, such as knee
osteoarthritis surgery. For instance, a trail showed that two oral doses
preemptively administered of meloxicam improved postoperative pain
control in patients receiving arthroscopic knee surgery (8). According
to these authors, meloxicam’s potential as a preemptive analgesic in
postoperative pain control is preliminary but promising. In equine
medicine, more information on the preemptive use of meloxicam that
can be applied clinically needs to be present in the literature.

Abbreviations: IRT, Infrared thermography; MAXVO, Group treated with meloxicam;
C, Control group; LPS, Lipopolysaccharides; NSAID, Non-steroidal anti-
inflammatory drug; COX, Cyclooxygenase enzyme; ML, Mediolateral; LM,
Lateromedial; DP, Dorsopalmar; PD, Palmarodorsal; TP, Total protein; TNCC, Total
nucleated cell count; PGE,, Prostaglandin E,; EU, Endotoxin units; HR, Heart rate;
RR, Respiratory rate; RT, Rectal temperature; EDTA, Ethylenediaminetetraacetic

acid; CL, Contralateral limb.
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Some studies have shown that meloxicam is effective in treating
lameness in horses caused by synovitis induced by intra-articular
administration of lipopolysaccharides (LPS), principally model of
inflammatory pain. These studies have used various methods and
biomarkers to test the clinical effectiveness of meloxicam. The
administration of meloxicam has been found to reduce clinical
lameness scores (5, 9-11), mitigate the asymmetry of head movement
(5), and suppress inflammatory markers such as total protein (TP),
total nucleated cell count (TNCC), and prostaglandin E, (PGE,) in
synovial fluid (11, 12). Thus, there is scientific evidence to suggest that
meloxicam can reduce musculoskeletal pain of inflammatory origin
in horses.

Another technique that demonstrates potential for detecting
NSAIDs" effectiveness is infrared thermography (IRT), a
noninvasive, radiation free, practical, fast, and low-cost method.
Evaluation of the surface temperature can be used as a diagnostic
tool to accurately estimate the thermal, metabolic, and vascular
conditions of the equine body. Changes in local perfusion, such as
vasodilation, can cause alterations in the body surface temperature.
Increases in vascularization and blood supply to tissues are the basis
for thermography diagnosis. Temperature is a crucial physical
property that can directly reflect joint inflammation. Thus, IRT can
be used to map classic inflammatory clinical signs such as heat,
which indicates changes in skin surface temperature caused by
vascular or inflammatory alterations (1, 13-15).

Heat is one of the key signs of inflammation, as the increased
blood supply caused by inflammation leads to an increase in local
temperature (16). IRT has been used in various studies involving
horses, such as detection of jugular venipuncture for anti-doping
control in equestrian events (17), monitoring of musculoskeletal
adaptation to training (18), evaluation of the welfare in athlete horses
(19), monitoring the effects of training (20, 21), assessment of
thermoregulation during exercise (22), validation for the use of eye
temperature as an indicator of well-being (23), detection of pregnancy
in mares (24), evaluation of the oral administration of meloxicam or
flunixin meglumine in an inflammatory response induced by the
administration of systemic LPS (25), evaluation of thermoregulation
using two methods of post-exercise cooling (26), evaluation of
biocompatibility of polymers (27, 28), among others.

IRT has been used in humans to screen soft tissue and measure
joint skin temperature to diagnose conditions such as rheumatoid
arthritis, osteoarthritis, and ankle sprains (15, 29-31). In bovines, IRT
was used to compare the effectiveness of oral meloxicam and
intravenous flunixin meglumine in controlling lameness-associated
pain in lactating dairy cattle (32). This technique was also used to
evaluate dogs with hip osteoarthritis (33).

frontiersin.org


https://doi.org/10.3389/fvets.2024.1399815
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org

Carvalho et al.

More research is still needed on the use of IRT to indirectly assess
pain and inflammation in domestic animals (1). However, IRT is a
currently available method to detect soreness in horses (34). When it
comes to using IRT to prove the effectiveness of NSAIDs, there is a
relative scarcity of studies in horses. Some studies have used IRT to
assess the vascular component of the inflammatory response and
examine the effects of anti-inflammatory drugs on experimentally
induced acute inflammation (35, 36). Recent studies have induced
systemic inflammation by administering LPS intravenously and used
IRT to evaluate the effectiveness of NSAIDs by analyzing the
temperature of the hoof wall of horses (25, 37). Furthermore, IRT has
been shown to be effective in detecting intrasynovial injections in
horses (38).

The purpose of this study was to investigate the effectiveness of
non-steroidal anti-inflammatory drugs (NSAIDs) using IRT as a
non-invasive diagnostic method. The authors report on the use of IRT
to quantify the degree of inflammation in horses with experimentally
induced transient synovitis with LPS. These horses had previously
received meloxicam, an older COX-2 selective inhibitor.

2 Materials and methods

2.1 Ethics statement

The study adhered to the Ethical Principles in Animal
Experimentation as established by the National Council for Control
in Animal Experimentation (CONCEA). The protocol underwent
review and approval by the Ethics Committee on the Use of Animals—
CEUA—UNESP, Jaboticabal, Brazil (Protocol No. 2887/2021).

2.2 Horses

Six crossbreed horses, three males and three females, were used
for the experiment. They weighed an average of 395+ 35kg and aged
between 12 and 20 years. These horses belong to the didactic herd of
the Equine Exercise Physiology and Pharmacology Laboratory
(LAFEQ), Department of Animal Morphology and Physiology, School
of Agricultural and Veterinarian Sciences, Sao Paulo State University
(FCAV/UNESP), Jaboticabal, Sao Paulo, Brazil. They were kept in a
paddock and fed with 0.05% of body weight in concentrate once a day,
along with hay, hay silage, mineral salt, and water ad libitum. Before
the experiment began, the horses underwent a complete physical
examination to ensure their health status. Haematological and
biochemical tests were also conducted. The horses were previously
treated with anthelmintics and vaccinated against rabies, tetanus
toxoid, eastern and western equine encephalomyelitis, and equine
influenza types Al and A2.

2.3 Experimental groups

Based on a former study (11), the study’s sample size was six
horses, all housed under the same condition. The horses were
distributed into two groups: the control group (C, n=6) and the group
treated with meloxicam (MAXVO, n=6). The meloxicam was
formulated and manufactured by Ourofino Animal Health Company
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for commercial use in Brazil, and the study was designed to meet
Brazilian regulations. The study was conducted in a controlled cross-
over design in a paired, blinded, randomised experiment, with a
two-week washout between phases. The MAXVO group was given
meloxicam orally at a dose of 0.6 mg/kg of body mass, once per day
for 3days, at 48h (D-2), 24h (D-1), and 1h (0) before synovitis
induction, according to a previously adapted protocol (11). If the
horses still showed lameness, an additional dose was given 24 h after
synovitis induction. The horses in the control group received a saline
solution orally at the exact times as the MAXVO group to simulate the
same conditions as the meloxicam administration. As mentioned, the
study was conducted blindly, and the researchers responsible for
evaluations were not aware of which group each horse belonged to.
Only one researcher (JC) was responsible for administering treatments
to the horses.

2.4 Preparation of LPS

Standardization of laboratory procedures for preparing the LPS
solution is crucial. A previously established LPS model, described in
Standardbred, was followed (11). The solution of E. coli 055:B5 (12880,
Sigma Aldrich, lot 059N4031V) was prepared using sterile materials,
and all stages of solution preparation were carried out in a laminar
flow, under refrigeration. From the stock solution, which had a
concentration of 5mg/mL of LPS in RPMI 1640 Medium (Gibco™,
Thermo Fisher), a new dilution was prepared by adding 1 pL of the
stock solution to 5mL of RPMI. This intermediate solution had a
concentration of 3,000 EU/mL and was stored in an appropriate flask.
The working solution was obtained by diluting 90pL of the
intermediate solution in 27 mL of sterile PBS, resulting in a desired
concentration of 10 EU/mL. The working solution was stored in
microtubes containing 1.5mL each, and the material was thawed for
a maximum of 1h before intra-articular injection to induce the
inflammatory process. The stock and intermediate solutions were
vortexed for 10 min at a speed of 1,500 rpm before dilution to ensure
a homogeneous solution (11). Before intra-articular administration,
the working solution was vortexed again for 2 min at 1,500 rpm.

2.5 Induction of the inflammatory process

The horses underwent a procedure that induced a temporary
inflammatory process by applying E. coli 055:B5 LPS to their middle
carpal joint. A random drawing determined which joint (left or right)
would receive the 1 mL solution containing 10 endotoxin units (EU)
of LPS. To ensure the safety of the procedure, the horses were sedated
with detomidine (0.01 mg/kg i.v.) and then given yohimbine (0.12 mg/
kg i.v.) to reverse the sedation after the procedure was completed.

The initiation of inflammation was designated as the baseline time
point (0). Before the arthrocentesis procedure, the application site was
cleaned with chlorhexidine degermant and 70% alcohol to ensure
antisepsis. A 30 x 8 needle and a 1 mL syringe were used to collect the
synovial fluid. After that, the entire LPS solution was injected into
both groups. Following the induction of transitory synovitis, the
horses were kept in individual paddocks with an area of approximately
75.9m’ These paddocks were surrounded by a wooden fence and
smooth wire protected with plastic insulation and had a roof to protect
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against precipitation and intense sunlight. This type of management
ensured the maintenance of regular habits of the equine species, such
as grazing, moving, and socializing.

2.6 Assessment methods

2.6.1 Clinical and hematological evaluation

Throughout the experiment the horses were being closely monitored
by veterinarians to detect any signs of systemic clinical issues that might
arise due to the administration of LPS. The horses were evaluated
clinically by a physical examination, and blood samples were collected
for hematological analysis (complete blood count). Heart rate (HR),
respiratory rate (RR), rectal temperature (RT), degree of hydration, the
color of the apparent mucous membranes (1=pink, 2=light pink,
3=reddish, 4=white, 5=yellowish, 6=Dbluish), behavior (0=normal,
1 =apathetic; 2=restless), and appetite (0=normal, 1=hyporexia;
2=anorexia) were all measured. The horses were evaluated at several
time points: five days (D-5), two days (D-2), one day (D-1), and
immediately before the induction of the inflammatory process, and 0, 2,
4,6, 8, 12,24, and 48 h after synovitis induction with LPS. Blood samples
were collected by venipuncture of the jugular vein in negative pressure
tubes containing ethylenediaminetetraacetic acid (EDTA). The samples
were kept in isothermal boxes with recyclable ice and transported to the
laboratory. A hematological analyzer (ABX Micros 60, Horiba) was
used. Blood collection was performed at the following time points: 0, 8,
24, and 48h after the induction of the inflammatory process.

2.6.2 Synovial fluid

Synovial fluid was obtained via aseptic arthrocentesis of the
middle carpal joint. The animals were chemically restrained using
detomidine (0.01 mg/kg i.v.) and the application site was made aseptic
using chlorhexidine degermant and 70% alcohol. Synovial fluid was
collected using a 30 x 8 needle. Samples were divided into 0.5mL
pediatric tubes containing EDTA and plain microtubes and were
immediately stored at 4°C. Samples in EDTA tubes were analyzed,
whereas plain tubes were processed within 1h after collection.
Synovial fluid was collected at 0, 8, 24, and 48 h after induction of the
inflammatory process. The animals were chemically reverted from
sedation using yohimbine (0.12mg/kg i.v.). Aliquots of synovial fluid
collected in tubes with EDTA were used to perform TNCC and TP
assays. The plain tubes were centrifuged at 2,000G for 20min at
4°C. The supernatant was then collected and distributed into 500 pL
aliquots, placed in microtubes without anticoagulant, and stored at
—80°C until the moment of quantification of PGE,. The quantification
of PGE, was performed using the Prostaglandin E, EIA Kit
(Elabscience, Texas, United States) through ELISA. The intra-assay
coeflicient of variation for PGE, was 1.2%.

2.6.3 Joint circumference

To assess inflammation and oedema, joint circumference was
measured using a measuring tape placed immediately distal to the
accessory carpus. The measurements were taken at the following time
points: 0, 2, 4, 6, 8, 12, 24, and 48 h after the inflammation was induced.

2.6.4 Lameness

During the study, the horses were evaluated to detect movement
asymmetries for their degree of lameness. Visual examination was
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done by inspecting the horses while they trotted in a straight line over
a hard surface for approximately 40 meters. The evaluation was
conducted by an experienced clinician (GCF) unaware of the
experimental groups. The clinician assigned scores to the horses based
on the following criteria: 0 for absence of visible lameness, (1) for
discrete asymmetry that was occasionally inconsistent, (2) for visible
lameness that was rarely inconsistent, (3) for visible lameness always,
and (4) for complete inability to bear weight (39). The evaluations
were performed at 0, 2, 4, 8, 24, and 48h after the induction of the
inflammatory process.

2.6.5 Infrared thermography

Functional IRT imaging is a useful diagnostic tool in veterinary
medicine for examining inflammation. The proper use of
thermography requires a controlled environment and adherence to
imaging protocol to eliminate errors. Thermographic examinations
were conducted on the joint that received LPS and the opposite joint,
which was used as a negative control. Four images were taken for each
limb of the carpal anatomic region: mediolateral (ML), lateromedial
(LM), dorsopalmar (DP), and palmarodorsal (PD) views (Figure 1).
The horses were led into a closed, airy environment that was free from
drafts and direct sunlight (14). Before taking the images, the carpal
anatomic region on both limbs was gently cleaned with dry gauze, and
the area was not touched again after cleaning. These procedures were
carried out to allow the horse to acclimate to the ambient
environmental factors. The temperature and humidity of the
environment were controlled to standardize the thermal
measurements. The horses were not sedated during the evaluations. It
is worth noting that before the examinations, the cutaneous area of the
carpal joint was clipped at least 24 h before induction of synovitis to
minimize errors caused by reflection or refraction.

An infrared thermographic camera from Flir® Systems (model
i50, Wilsonville, Oregon, United States) was used for the assessment.
Based on the technical specifications provided by the manufacturer,
the camera’s sensitivity value is less than 0.1°C, with an emissivity of
0.98, temperature range from —20 to 350°C, image frequency of 9Hz,
resolution of 140 x 140 pixels, and an accuracy of +2%. The
thermographic camera was placed perpendicular to the assessment
site at a 0.4 m distance to capture infrared thermographic images. All
thermographic images were taken by the same examiner (TOL).
Image analysis was performed using FLIR Tools software from FLIR
Systems Inc. (Wilsonville, OR, United States). An area was marked on
the thermographic image across the entire carpal region. It should
be noted that the middle carpal joint, where the LPS was injected,
communicates with the small carpometacarpal joint situated between
the third and fourth carpal bones (40). The software calculated the
delimited area’s minimum, maximum, and average thermographic
temperatures. The assessments were carried out at 0, 2, 4, 6, 8, 12, 24,
and 48h after the induction of the inflammatory process.

2.7 Statistical design and analysis

The data was analyzed using SigmaPlot software (v.12.5) and
tested for normality using the Shapiro-Wilk test. The experimental
design was a factorial design with three paired replications in a split-
split-plot scheme. Each split-plot was a treatment (C and MAXVO)
and each split-split-plot was an examination time point (eight-time
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points for thermographic examination). In the next phase of the
experiment, a cross-over design was applied, where the three horses
that received Maxicam Gel® in the first phase became controls in the
second phase and vice versa, resulting in a total of six animals per
experimental group. The model Yj/— 14,1 g, +tk+(ap), +e, WS used,
in which Y}, is observation at the meloxicam factor level I; y is the
overall mean common to all observations; a is the effect of treatment
(meloxicam); /3 is the effect of time point (in hours); and the aff = effect
of the interaction between treatment i and time k. A mixed model was
applied with the horse as a random effect and time point, treatment,
and their interaction as categorical fixed effects. The treatment effect
was also tested at different times separately, according to the time
points of each variable for the studied variables after synovitis
induction. A mixed effects analysis of variance was performed for
repeated measures over time, and means were compared using Tukey’s
test. For the degree of lameness, the Wilcoxon non-parametric test
was used for the intergroup comparison. For the intragroup
comparisons, the Kruskal-Wallis one-way analysis of variance on
ranks was used, and the means were compared using the Tukey test.
A multinomial logistic regression (MLR) classification algorithm was
conducted with R Programming Language (version 2024.04.0 + 735
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“Chocolate Cosmos” release for windows) using multinon function
[“nnet” package (version 7.3-19)]. To evaluate the predictive potential
of thermography variables, such as minimum peak, maximum peak,
and average peak thermographic temperatures, and anatomic regions
ML, LM, DP, and PD, the MLR was employed. The goal was to
accurately classify and predict the lameness score based on these
variables. This model was used given the classification of lameness into
five scores (0 to 4, considered the outcome variables) and the ability
of the MLR to evaluate outcome variables with more than two
categories. Before applying the MLR, the independence of irrelevant
alternatives (ITA), the independence of errors (IE) and the absence of
multicollinearity were checked. The first two premises were evaluated
through visual inspection of the data, ensuring two similar categories
in the outcome variable (for ITA assumption) and the absence of
clusters within the experimental group used (for IE assumption). The
assessment of multicollinearity was evaluated using the variance
inflation factor (VIF) using vif function [“car” package (version
3.1-2)] with a threshold of 5. Variables that presented VIF >5 had a
high correlation with the other variables included in the model and
were removed from the analysis. To create the graphs, the functions
ggplot [“ggplot2” package (version 3.4.4)], ggeffect [“ggeffects”

frontiersin.org


https://doi.org/10.3389/fvets.2024.1399815
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org

Carvalho et al.

package (version 1.5.2)] and ggarrange [“ggpubr” package (version
0.6.0)] were used. A Monte Carlo simulation was performed to create
hundred temperature samples using the normal distribution. The
means and standard deviation of each treatment and time point were
taken from the original data. The simulation was also adjusted for +2%
accuracy. We applied a paired t-test to compare the generated data
points to better understand the dispersion of the temperature data.
Overall significance was set at 5% (p <0.05).

3 Results
3.1 Clinical and hematological evaluation

Clinical and hematological variables were measured to detect
possible signs of systemic sepsis caused by the intra-articular
administration of LPS. The C group showed a higher RT 4h after
synovitis induction. Upon intragroup comparison, it was observed
that in both groups the RR initially increased and then returned to its
initial values. Additionally, an increase in RT was noted, especially
between 4 and 12 h after synovitis induction, for both groups (Table 1).
It is worth noting that most of the average values of RR and RT
remained within the reference range for the equine species (41).
Furthermore, there were no changes observed in the degree of
hydration, colouration of the apparent mucous membranes, behaviour,
or appetite of the animals. Table 2 shows no changes in erythrocytes,
leukocytes, and lymphocytes. Group C exhibited a decrease in
hemoglobin and hematocrit 8h after induction. Neutrophilia was
observed only at the eight-hour mark for group C.

3.2 Synovial fluid

No significant differences in the synovial fluid variables were
displayed between groups (Table 3). A rise in TNCC was observed 8h
post-injection in both groups but returned to baseline concentrations

10.3389/fvets.2024.1399815

after 48 h. Similarly, TP concentrations were elevated in both trials 8
and 24h after the induction of transient synovitis but decreased after
48 h. Over time, PGE, concentrations increased 24 and 48 h in C, and
48h in MAXVO after the induction of transient synovitis compared
to baseline.

3.3 Joint circumference

During the evaluation period, joint circumference was measured
to indirectly assess joint swelling, which is indicated by effusion and
periarticular edema. No statistically significant differences in joint
circumference were observed within or between groups (Figure 2).

3.4 Lameness

Table 4 presents the median lameness scores 0, 2, 4, 8, 24, and 48h
after synovitis induction. A difference was observed for group C at 2,
4, and 8h after synovitis induction, with the peak of lameness at 4h.
The median clinical lameness score was 3 (with a range of 3-3) in the
C group, while it was 1 (with a range of 0-2) in the MAXVO group.
The group that received meloxicam showed a reduction in lameness
at all time intervals (2, 4, 8, 24, and 48h) after synovitis induction
(Supplementary Figure S1). As stated in the material and methods
under item 2.3, if the horses continued to show signs of lameness, they
would receive an additional dose of treatment 24h after the LPS
injection. Only one horse from the MAXVO group and three horses
from the control (placebo) group received this additional dose.

3.5 Infrared thermography

IRT was used to indirectly detect inflammation by measuring heat
radiation. In this study, it was found that horses who received
meloxicam had lower average, maximum, and minimum cutaneous

TABLE 1 Means + standard deviation values of heart rate (HR), respiratory rate (RR), and rectal temperature (RT) values of horses submitted to
experimental induction of transient synovitis for both trials (C and MAXVO).

Assessment times HR (bpm) RT (°C)
(days/hours)

D-5 46+9 42+6 18 +8® 15+ 5% 37.1+0.5° 37.0 £ 0.3
D-2 49+ 11 39+7 18+ 6% 18 + 8 37.0 £ 0.4° 37.0 £ 0.4%
D-1 49+8 48 +17 19 + 4% 17 £7% 37.0 £ 0.6° 36.7 + 0.5%
0 44+10 53+ 16 15+9® 14+ 6 37.2+04% 37.3+ 0.3
2 45+8 51+ 14 16 + 7% 21+11° 37.4 +0.2% 37.3+0.3%
4 46+6 48+ 11 20+ 10° 19+ 7% 38.0 + 0.4« 37.5 +0.3%%
6 49 +17 44+12 19+7° 15+ 7% 37.6 + 0.7% 37.6 £ 0.2
8 46 + 13 48+ 13 15+ 7% 11+4° 37.9+0.3% 37.5+0.2%
12 42+6 43+10 12 +£4% 13 £ 5% 37.8 +0.4% 37.8+0.3¢
24 43+9 40+4 12 +6% 14+ 6% 37.1+0.3° 37.0+£0.2%
48 365 43112 10 £2° 13+ 7 37.0£0.3 37.3 £0.4%¢

C, control group; MAXVO received meloxicam (Maxicam Gel®), administered orally at 0.6 mg/kg daily 3 days before LPS injection. Synovitis induction by injection of the middle carpal joint
with 10 EU LPS occurred at 0 h. Lowercase letters indicate intragroup differences over time. *Indicates difference between experimental groups.
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TABLE 2 Means + standard deviation values of erythrocytes, hemoglobin, hematocrit, leukocytes, segmented neutrophils, and lymphocytes of horses
submitted to experimental induction of transient synovitis for both trials (C and MAXVO).

Variable Assessment times (hours)
8 24
Erythrocytes (x10°/uL) C 6.83£0.23 6.70 £ 1.39 6.52 +0.59 6.42+0.52
MAXVO 6.67 £ 0.59 6.230.66 6.42£0.57 6.43 £ 0.69
Hemoglobin (g/dL) C 11.72 +0.52° 10.38 + 0.85 11.1 £0.73% 11.22 +0.80°
MAXVO 11.28 +0.83 10.85 + 1.05 11.13£0.75 11.15 + 0.69
Hematocrit (%) C 34.83 £1.72° 31.50 £ 2.43° 33.50 £ 2.35% 32.67 £2.73%
MAXVO 34.17 £2.32 32.33 +£2.50 33.50 +£2.07 33.33+2.07
Leukocytes (iL) o] 12,550 % 3,352 13,483 2,221 11,050 + 2,268 10,700 + 908
MAXVO 10,600 + 2,261 12,133 £2,734 10,267 + 2,998 10,367 + 3,092
Segmented neutrophils ¢ 7,599 + 1,640° 9,782 +1,632° 7,084 + 1,602 6,467 % 725°
(hl) MAXVO 6,050 % 1,021 7,871 £ 2,008 6,524 £ 2,185 6,215+ 1,970
Lymphocytes (uL) ¢ 4,069 + 1,805 2,937 £934 3,159 + 590 3,293 + 493
MAXVO 3,592 + 1,343 3,110 + 587 3,023 +748 3,265 + 1,242

C, control group; MAXVO received meloxicam (Maxicam Gel®), administered orally at 0.6 mg/kg daily 3 days before LPS injection. Synovitis induction by injection of the middle carpal joint

with 10 EU LPS occurred at 0 h. Lowercase letters indicate intragroup differences over time.

TABLE 3 Means + standard deviation of synovial fluid total nucleated cell count (TNCC), total protein (TP), and prostaglandin E, (PGE,) of horses
submitted to experimental induction of transient synovitis for both trials (C and MAXVO).

Assessment times TNCC (x103/mm?3) TP (mg/dL) PGE; (pg/mL)
Leniied c MAXVO MAXVO C MAXVO
0 0.21+0.15¢ 0.25+0.16° 1.27 +0.38 1.18 +0.422 179 + 116° 136 + 25°
8 96.7 + 58.69° 113.07 + 77.66" 478 +0.78¢ 522+ 1.07° 281 + 296 188 + 71
24 30.13 +21.27¢ 13.25 + 13.08 422 +0.73¢ 433 +0.64° 355 + 306" 404 + 524
48 0.82 £0.73* 0.57 £0.16* 2.83+1.15" 2.73 +0.46" 367 + 267" 339 + 265"

C, control group; MAXVO received meloxicam (Maxicam Gel®), administered orally at 0.6 mg/kg daily 3 days before LPS injection. Synovitis induction by injection of the middle carpal joint

with 10 EU LPS occurred at 0 h. Lowercase letters indicate intragroup differences over time.

temperatures 4 h post-injection in ML and DP views. Similarly, in the
LM view, the MAXVO group showed lower average and minimum
temperatures 4h post-injection of LPS and lower average temperature
24h post-injection compared to the control group. In the PD view, the
MAXVO group showed lower average temperature 4 h post-injection
of LPS. These findings suggest that meloxicam may have a positive
impact on reducing cutaneous temperatures in horses post-LPS
injection. It is worth noting that the cutaneous temperature in the
group that received meloxicam was the same as the CL group most of
the time, except at 24h (average and maximum temperatures) after
synovitis induction in ML, LM and DP views. In other words, the
MAXVO group had the same cutaneous temperature as the
contralateral limbs, which were not subjected to any invasive
procedure (Figures 3-5 and Supplementary Tables S1-53). In the
study, it was found that the regions farthest from the LPS infiltration
site, such as the ML and PD views, showed a higher temperature at the
C group, when compared to the CL group only for the average
temperature at 4 and 24 h. The PD view showed higher minimum and
maximum temperatures only at 8 and 24 h, respectively, for the control
group when compared to CL. At the ML view the C group showed
higher maximum and minimum temperature than the CL only at 24h.
The Monte Carlo simulation was used to generate means and standard
deviations, adjusted for +2% accuracy, for each treatment and moment
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to ensure the reliability of our findings from the original data
(Supplementary Tables S4-S15).

3.6 Multinomial logistic regression

Our MLR analysis revealed an association between the peaks of
thermographic temperatures and lameness scores. The relative log
odds, an equivalent to log odds in the logistic regression,
demonstrated that a one-unit rise in the maximum temperature
obtained by DP thermographic imaging is associated with an
increase of 20 in the logarithm of the chances of having score 3
lameness compared to horses that presented lameness of score 0
(p<0.0001). A significant association existed between a unit increase
in maximum peak temperature obtained through LM thermographic
imaging and a reduction of 18.8 in the logarithm of the odds of
having a score 3 lameness compared to horses without lameness
(p=0.009). One unit increase in maximum peak temperature
obtained by PD thermographic imaging is associated with an
increase of 11.7 in the logarithm of the odds of having score 3
lameness compared to horses that do not lame (p <0.0001). One unit
increase in maximum temperature obtained by PD thermographic
imaging is associated with a reduction of 18.7 in the logarithm of the
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FIGURE 2
Graphical representation of means + standard error of joint
circumference of horses submitted to experimental induction of
transient synovitis for both trials (C and MAXVO). C, control group;
MAXVO received meloxicam (Maxicam Gel®), administered orally at
0.6 mg/kg daily 3 days before LPS injection. Synovitis induction by
injection of the middle carpal joint with 10 EU LPS occurred at O h.

TABLE 4 Medians (interquartile range) of the degree of clinical lameness
of horses submitted to experimental induction of transient synovitis for
both trials (C and MAXVO).

Assessment Degree of lameness

times (hours) c MAXVO

0 0 (0-0)* 0 (0-0)* NS
2 3(2-3)¢ 0 (0-0.25)™ 0.003
4 3(3-3)° 1(0-2)* 0.002
8 3(1.75-3) 1(0-1.25)** 0.016
24 1.5 (0.75-2)* 0 (0-0.25)" 0.024
48 1(1-1)® 0 (0-0)* 0.001

C, control group; MAXVO received meloxicam (Maxicam Gel®), administered orally at

0.6 mg/kg daily 3 days before LPS injection. Synovitis induction by injection of the middle
carpal joint with 10 EU LPS occurred at 0 h. Lowercase letters indicate intragroup differences
over time. *Indicates difference between experimental groups. NS, not significant.

odds of having score 3 lameness compared to horses that do not lame
(p<0.0001). The group of horses that received meloxicam orally is
associated with a reduction of 76.2 in the logarithm of the odds of
having grade 3 lameness compared to animals that do not lame
(p<0.0001). The relative risk ratios, equivalent to odds ratios in
logistic regression, showed that one unit increase in the maximum
temperature obtained by the thermographic image obtained from the
DP view multiplies the chances of lameness classification 3
concerning horses that do not lame (score 0) by 4,528 (353%).
Regarding the LM view, one unit increase in maximum temperature,
obtained by thermal imaging, induced the chances of lameness, score
3, concerning horses that do not lame in 47.8%. The horses that
received meloxicam, when compared with the control group,
multiplied the chances of having a score of 1 lameness compared to
animals that do not have lameness (score 0) by 146% (p <0.0001).
Lastly, the predicted probabilities, the same approach as logistic
regression, but it is the probability of falling in a specific category,
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showed that the DP and LM positions’ maximum temperature peaks
were able to predict degree 3 of lameness, especially above 34°C
(Figure 6).

4 Discussion

Infrared thermography can be essential in diagnosing and treating
inflammatory processes (15). This diagnostic technique indirectly
determines the presence of a nociceptive stimulus through the
activation of the nervous system and its vasomotor responses, leading
to an inflammatory process and increased heat radiation (1).
Thermography can be an important tool to measure the reduction of
inflammation or to check the effectiveness of anti-inflammatory
medication (14). Changes in local temperature of the middle carpal
joint, in addition to the results of synovial fluid variables, such as
TNCC, TP, and PGE,, confirmed the induction of synovitis. The
present study showed that injecting 10 EU of E. coli O55:B5 LPS into
the middle carpal joint of horses consistently induced transient
synovitis and lameness. These findings are compatible with the results
obtained in a previous study (11), which showed thata 10 EU dose of
LPS induced lameness of clinically acceptable intensity, eliminating
the need for additional doses of LPS.

It is important to highlight the use of the EU instead of mass units
when processing and preparing LPS to ensure direct comparisons with
other studies can be made (11). Standardizing laboratory procedures
for preparing the LPS solution is also essential. Endotoxin molecules
have micelle formation, which can affect their activity, so in this study,
the stock and intermediate solutions were vortexed for 10min at
1,500 rpm before dilution to break up LPS micelles and achieve a
homogeneous solution. Additionally, the working solution was
vortexed for 2 min at a speed of 1,500 rpm before induction, to disrupt
any existing micelles (11).

This study evaluated the efficacy of oral preemptive meloxicam
for inflammatory pain relief in horses with transient lameness and
synovitis induced by the LPS model. The study findings suggest that
this medication is a possible option for managing inflammation in
horses in a preventative manner. Based on former studies, meloxicam
treatment was initiated 3 days before LPS injection (10, 11). The
researchers guided that the model is advantageous in providing
information regarding the preemptive effects of treatments
attributable to the concise duration of inflammation induced by LPS
injection. This model provides relative data on whether it treats the
signs of inflammation. Indeed, some of it is prevented when used in
this manner. Therefore, the horses were given treatment for a few
days before inducing synovitis. This decision was based on
information regarding meloxicam pharmacokinetics, which indicated
a maximum concentration time (T;,,,) of 2.62 £ 1.88h (range: 1.5-8h)
and an elimination half-life of 10.2+3.0h (42). Besides, after
injection, the LPS effect can vary widely, so the decision was made to
consider the peak lameness reported in the literature (9-11, 43). This
preventive treatment is likely to be clinically applicable for pain
management in horses undergoing arthroscopic surgery (8) or
surgical trauma, especially in the presence of pre-operative pain. It
may prevent the initiation of a cascade of events that sensitize
peripheral and central pain networks, leading to long-lasting
maladaptive pain (44).
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During the trial, clinical, cardiorespiratory, and hematological
assessments were conducted to ensure the horses’ health and to check
for any signs of systemic illness, such as fever, tachycardia, and
tachypnea, which may have been caused by the intra-articular
administration of LPS. Physical examination variables remained
within the reference range for horses, indicating no exacerbated
systemic inflammatory response due to LPS infiltration. As expected,
there was an increment in RT for both groups, with the MAXVO
group showing lower RT 4h after synovitis induction. This finding
suggests that meloxicam may have potential antipyretic action.
Variations in RR values were probably related to the time of day of the
collection. HR, RR, and RT increases could be related to the release of
inflammatory mediators due to LPS injection or pain (39, 43, 45, 46).
However, these parameters alone are non-specific for determining the
presence and severity of pain and can be influenced by external factors
(47, 48). Some studies that induced synovitis in horses with LPS
injection found no changes in HR, RR, and RT (10-12, 49). These
differences may be related to the dose of endotoxin used (11). Also,
systolic arterial pressure could be added to check for signs of systemic
LPS or meloxicam effect (39).

The results of hematological exams revealed that the group of
horses who did not receive meloxicam displayed neutrophilia. This
finding may indicate the presence of inflammatory conditions and
pathophysiologic feedback in the body (50-52). Furthermore, a
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decrease in total hemoglobin and hematocrit was also observed. These
hematological responses in humans with septic arthritis suggest that
the hematopoietic system may undergo changes during an infectious
process (53). Further studies are necessary to determine whether
similar results occur in horses.

The assessment of joint circumference did not indicate a clinical
detection of effusion. This may be due to the inconsistent doses of LPS
found in previous studies (11). A wide range of dosages have been
used to induce synovitis and lameness with LPS, ranging from
0.125ng to 5,000ng of the same serotype of E. coli O55:B5. Some
authors have reported swelling after the induction of synovitis by
intra-articular administration of LPS (45, 46, 49, 54). It should
be noted that the absence of effusion does not necessarily mean the
absence of inflammation. Additionally, it is important to highlight that
the behavior was similar between the groups.

When diagnosing synovitis, TNCC, TP, and PGE, concentrations
are the most essential variables to assess. In both groups, the dose of
LPS used increased these inflammatory biomarkers over time, and
there was no difference between groups. This lack of difference
between groups may be attributed to the lower frequency of
meloxicam administration in the current therapeutic protocol
compared to former studies (10, 11). Another factor that could
contribute to the increase in these synovial inflammatory markers is
the impact of successive arthrocentesis over time, despite the mild
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Graphical representation of means + standard error of minimum cutaneous temperature of the (A) mediolateral, (B) lateromedial, (C) dorsopalmar and
(D) palmarodorsal view of the carpal joint of horses submitted to experimental induction of transient synovitis for both trials (C and MAXVO). C, control
group; MAXVO received meloxicam (Maxicam Gel®), administered orally at 0.6 mg/kg daily 3 days before LPS injection; CL, contralateral limbs (negative
control). Synovitis induction by injection of the middle carpal joint with 10 EU LPS occurred at O h. *Indicates difference between C and MAXVO.
*Indicates difference between C and CL. *Indicates difference between CL and MAXVO. CL, contralateral limb (negative control). p <0.05.

impact of this repetitive procedure on synovial fluid cytology, even
without clinical significance (11, 55). The intra-articular injection of
LPS had a more significant impact on the synovial fluid composition
than successive arthrocentesis (11, 43, 56). However, it has been
suggested by former studies that the repeated aspiration of synovial
fluid could potentially serve as a confounding factor when using
synovial inflammatory biomarkers to diagnose joint diseases (57, 58).

The study followed established criteria (39) for determining
lameness, using blinded subjective evaluation. The study found that
the peak of lameness occurred 4 h after induction in the control group.
However, for the horses that received meloxicam, there was no
significant change in the degree of lameness after the injection of
LPS. This result is consistent with another study that evaluated the
experimental induction of transient lameness and synovitis in trotter
breed horses treated with oral administration of meloxicam (11). This
suggests that the investigational veterinary product tested in this study
effectively reduces inflammation and pain. Additionally, quantitative
gait analysis could complement visual lameness assessment, as it
provides objective information to support clinical decision-making
during lameness evaluations (59, 60).

Detecting and quantifying inflammation and joint pain in
horses has been a topic of research for many years. The scores of
lameness and severity of synovitis were reflected in the skin surface
temperature of the middle carpal joint obtained via thermography.
Temperature is a key physical property that can be quantified using
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infrared thermography. It directly provides information about the
inflammatory component of joint diseases (15). The present study
focuses on using blinded infrared thermographic examination to
detect changes in skin temperature surface pattern as an indicator
of the inflammatory response induced by transient synovitis. The
study found that joint temperatures increased significantly in horses
with synovitis, while the horses that did not receive meloxicam
showed a marked increase in temperature. The skin surface
temperature can be used as an accurate indicator of the physiological
state, with changes in temperature being caused by changes in local
perfusion. Thermographic representation is based on tissue
vascularization and blood supply and inflammation causes an
increase in blood supply, which increases the local temperature
(13, 30).

The MAXVO group showed lower surface temperatures in
comparison to the control group, which indicates less intense
inflammation. Increased heat is one of the classic signs of the
inflammatory process. This is because tissue injuries can cause
vasodilation and an increase in exothermic cellular metabolism,
leading to an increase in temperature at the site of the injury (61).
Hence, it is possible to obtain quantitative data on the degree of joint
inflammation by thermographically evaluating the cutaneous surface
of the joints. This is done by measuring the infrared radiation emitted
spontaneously by the site of the joint injury. Several studies have used

this technique to evaluate joint inflammation (1, 15, 30, 31, 33, 38).
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Graphical representation of means + standard error of maximum cutaneous temperature of the (A) mediolateral, (B) lateromedial, (C) dorsopalmar and
(D) palmarodorsal view of the carpal joint of horses submitted to experimental induction of transient synovitis for both trials (C and MAXVO). C, control
group; MAXVO received meloxicam (Maxicam Gel®), administered orally at 0.6 mg/kg daily 3 days before LPS injection; CL, contralateral limbs (negative
control). Synovitis induction by injection of the middle carpal joint with 10 EU LPS occurred at 0 h. *Indicates difference between C and MAXVO.
*Indicates difference between C and CL. “Indicates difference between CL and MAXVO. CL, contralateral limb (negative control). p <0.05.
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To accurately compare the left and right sides, capturing images
of contralateral joints at an equal imaging distance in separate
images is crucial (14). The contralateral joint was used as a negative
control for both C and MAXVO. After inducing synovitis, the group
that received meloxicam had a temperature of the middle carpal
joint that was like that of the contralateral joint (negative control),
which did not receive LPS and was always clinically normal. Only
24h after the induction of synovitis MAXVO group presented
higher cutaneous temperature than the negative control in all
regions of interest, except in the PD view. This result indicates the
effectiveness of meloxicam as an anti-inflammatory, as the skin
temperature of the middle carpal joint that received the induction
of inflammation in the group medicated with meloxicam remained
like the joint that was not infiltrated with LPS at most timepoints.

MLR, a precise and reliable extension of binary logistic
regression, applies to a categorical outcome variable with more than
two categories. It was found that the predicted probabilities, like the
approach used in logistic regression, can be used to determine the
likelihood of falling into a specific category. In this case, this study
found that the maximum temperature peaks of the DP and LM
positions can be used to predict the severity of lameness with a high
level of accuracy, especially when the temperature exceeds 34°C.

The results of this study have wide-ranging implications for
the field of functional infrared thermography imaging and its use
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in lameness management in horses. Thermography could be a
justifiable option to aid in the diagnosis of clinical or experimental
synovitis, as its use could avoid sequential invasive procedures,
such as sedation and intra-articular collection. Additionally, using
thermography can prevent the promotion of an additional
inflammatory process promoted by repeated aspiration of synovial
fluid that could mask the actual effects of LPS or the action of
NSAIDs. In this regard, IRT examination combined with lameness
checking proved to be a more sensitive diagnostic tool to detect
the effectiveness of the NSAID used herein. These findings could
pave the way for future research and practical applications
in this area, offering potential benefits for both human and
animal health.

5 Conclusion

Horses that were given meloxicam orally before the induction
of synovitis with LPS showed a notable decrease in the temperature
of the middle carpal joint surface detected by infrared
thermography. This reduction in temperature was accompanied by
a significant mitigation of lameness. In conclusion, the use of
Maxicam Gel® proved to be an effective preventive anti-
inflammatory medication for horses.
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Curves depicting the calculation of predicted probabilities following multinomial logistic regression showing that the maximum temperature peaks
observed in the lateromedial (LMmaxP) and dorsopalmar (DPmaxP) views could predict score 3 of lameness, especially when they exceeded 34°C. The
horses were submitted to experimental induction of transient synovitis with 10 EU LPS and treated with meloxicam administered orally at 0.6 mg/kg
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