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SUMMARY

Antimicrobial drugs are used to treat pathogenic bacterial infections in animals and humans. The
by-stander enteric bacteria of the treated host’s intestine can become exposed to the drug or its
metabolites reaching the intestine in antimicrobially active form. We consider which processes
and variables need to be accounted for to project the antimicrobial concentrations in the host’s
intestine. Those include: the drug’s fraction (inclusive of any active metabolites) excreted in bile;
the drug’s fractions and intestinal segments of excretion via other mechanisms; the rates and
intestinal segments of the drug’s absorption and re-absorption; the rates and intestinal segments
of the drug’s abiotic and biotic degradation in the intestine; the digesta passage time through the
intestinal segments; the rates, mechanisms, and reversibility of the drug’s sorption to the digesta
and enteric microbiome; and the volume of luminal contents in the intestinal segments. For
certain antimicrobials, the antimicrobial activity can further depend on the aeration and chemical
conditions in the intestine. Model forms that incorporate the inter-individual variation in those
relevant variables can support projections of the intestinal antimicrobial concentrations in
populations of treated host, such as food animals. To illustrate the proposed modeling
framework, we develop two examples of treatments of bovine respiratory disease in beef steers
by oral chlortetracycline and injectable third-generation cephalosporin ceftiofur. The host’s diet
influences the digesta passage time, volume, and digesta and microbiome composition, and may
influence the antimicrobial loss due to degradation and sorption in the intestine. We consider
two diet compositions in the illustrative simulations. The examples highlight the extent of current
ignorance and need for empirical data on the variables influencing the selective pressures imposed
by antimicrobial treatments on the host’s intestinal bacteria.

Key words: Antimicrobial concentration in intestine, antimicrobial pharmacokinetics, antimicrobial
resistance, cattle, drug degradation, population pharmacokinetics.
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resistant bacteria excreted in feces of the treated hosts
contribute to AMR in the environment [3-5]. Little
research has focused on the intestinal concentrations
of antimicrobials [6, 7]. In human pharmacokinetic
(PK) modeling, the drug intestinal transit time to the
small intestine has been considered in view of
adsorption to the central circulation of orally admi-
nistered drugs [8-10]. Veterinary pharmacology has
largely focused on the PK modeling related to the
antimicrobial therapeutic effects, and on preventing
drug residues in edible tissues from treated food
animals [11, 12]. A recent review draws attention
to the drug properties influencing its intestinal
antimicrobial impacts [13]. However, applied model-
ing studies of antimicrobial treatments’ impacts on
intestinal bacteria of food animals thus far lack to
model explicitly the intestinal drug concentrations
[14, 15].

Antimicrobial drugs or their active metabolites can
reach the host intestine following administration via
either oral or parenteral routes (as is detailed below
and in [13, 16, 17]). We propose a modeling frame-
work for projecting the antimicrobial concentrations
in the host’s intestine. The framework outlined in
Figure la encompasses the processes influencing
active concentrations of the antimicrobial drug (inclu-
sive of any active metabolites) in the host’s intestine.
The processes that have been included in the earlier
PK models for the drug concentrations pertinent to
the antimicrobial therapeutic effects or residues in tis-
sues are listed in Figure la in simple font. These
include the drug’s: absorption, distribution, metabol-
ism, tissue deposition, elimination from the central cir-
culation, and organ-specific barriers. The drug’s
intestinal transit time to the small intestine has been
considered in some of those models in view of the
absorption [8, 9, 18]. These processes determine
the drug entering intestine [1] in bile (depending on
the drug fraction eliminated from the central circula-
tion via bile vs. urine) or [2] in secretion via the intes-
tinal wall; and [3] drug absorption or [4] re-absorption
(via enterohepatic circulation) from the intestine to the
central circulation [19]. Further relevant processes
(not included in the PK models for the therapeutic
effects or residues in tissues) are listed in Figure la
in Italics. These include the drug’s: [5] transit time
throughout the intestinal segments; [6] abiotic and
[7] biotic degradation during the intestinal transit;
sorption to the [8] digesta and [9] microbiome; [10]
defecation (the rate and pattern of the fecal masses
leaving the intestine); and [11] volume of the luminal

https://doi.org/10.1017/5095026881700084X Published online by Cambridge University Press

contents in intestinal segments (the denominator for
the antimicrobial concentrations present).

To illustrate the importance of the variables [5-11]
above, least understood processes influencing the
antimicrobial fate in the intestine (i.e. the selective
pressures on intestinal bacteria), we provide two illus-
trative examples of an oral and parenteral antimicro-
bial treatments in a major food animal species,
cattle. The illustrative models are formulated for an
individual and incorporating inter-individual variation.
The model form incorporating inter-individual vari-
ation is simulated with random sampling the values of
the variables relevant to the antimicrobial’s intestinal
fate from their assigned distributions expected among
the hosts (i.e. each simulation represents one of the
hosts, and outputs from multiple simulations are sum-
marized). Hence, this model form can support projec-
tions of the intestinal antimicrobial concentrations in
the treated host populations.

ILLUSTRATIVE EXAMPLES
Host and treatment model

We used a 12-month 300-kg beef steer as a treated
host model. BRD (bovine respiratory disease) in feed-
lot cattle may be treated by either an oral or injectable
antimicrobial; the choices in the U.S. include an oral
chlortetracycline (CTC) and injectable third-gener-
ation cephalosporin ceftiofur [20]. The treatment pro-
tocols are: CTC fed in dosage 22 mg per kg of body
weight (BW) per day for 5 days; and ceftiofur injected
once in a sustained-release formulation in dosage 6-6
mg per kg BW.

Example 1: CTC per os
Model structure

From the framework outlined in Figure la, we chose
the applicable processes and variables for modeling
intestinal concentrations of CTC after oral adminis-
tration (Figure 15). We used a corresponding earlier
deterministic model for CTC intestinal concentrations
in cattle as the start [6]. Following that model, CTC
was administered in the cattle’s daily feed ration,
and ingested by the animal in equal portions hourly
during 12-h day-time. The drug underwent abiotic
degradation to antimicrobially inactive compounds
at the same rate through all segments of the gastro-
intestinal (GI) tract and other body compartments.
The degradation dynamics was exponential decay. A
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Fig. 1. (@) Generalized schematic of modeling the intestinal concentrations of antimicrobials in the host’s intestine. In
simple font are the processes that have been characterized in PK models related to therapeutic effects of antimicrobial
drugs. In Italics and underlined are further processes that need to be characterized. (b) Adaptation of the framework for
oral CTC treatment in cattle. (¢) Adaptation of the framework for parenteral treatment by cephalosporin ceftiofur in cattle.
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fraction of the drug was absorbed into the central cir-
culation from the upper 1/3 small intestine, distributed
to and from tissues, and eliminated via bile to the
upper 1/3 small intestine. Thus, the sources of CTC
in the small and large intestines were the downward
movements of the unabsorbed and biliary excreted
drug portions. From the large intestine, a fraction of
CTC was continuously excreted with feces. The hourly
defecation volume was modeled based on the BW. We
extended the model [6] to incorporate that a fraction
of CTC may be adsorbed to the digesta or microbiome
(reversibly or irreversibly) and be antimicrobially
inactive. The model equations are included in the
Supplementary Materials. The deterministic model’s
projections agreed well with the CTC measurements
in feces and manure from treated cattle [21-23], as
was detailed in [6].

Distributions of variables related to CTC intestinal
fate

Our intention was to obtain the distribution of each
relevant variable (Fig. 15) by assembling a set of its
empirical estimates, and finding the best-fit distribu-
tion model. However, the empirical data appeared
scarce. A variable for which only two published esti-
mates were available was assigned a Uniform distribu-
tion with the minimum and maximum being the
estimates. If only a single estimate was available, the
variable was assigned a Uniform on an interval
+0-25 of the estimate (as in [24, 25]).

Distributions assigned to the variables related to
CTC intestinal concentrations are summarized in
Table 1. The fractions of CTC excreted in bile vs.
urine have been mostly studied in laboratory but not
food animals [27]. Based on a 0-50 estimate available
for cattle [26], the CTC fraction excreted in bile was
assigned a Uniform (0-39, 0-64). For the rate of
CTC abiotic degradation, which is pH and tempera-
ture dependent [6], several studies conducted at the
pH range of animal feces and near-physiological
temperatures in cattle manure, manure-contaminated
soil, or dog urine were located [5, 23, 26, 28, 29]. An
approach used in meta-analyses to parameterize popu-
lation PK models for antimicrobial therapeutic effects
[30] was adopted: the mean degradation rate estimates
in the experiments were extracted into a dataset (n = 8)
(one outlier of 0-2 h was removed); no weighting was
applied. The best-fit model was chosen by fitting
appropriate models to the dataset using PROC
CAPABILITY, SAS® 92 software for Windows
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(SAS Institute Inc., Cary, NC, USA). The best fit
was a Beta distribution (0-54, 37-4) (best visual fit;
P-value for Anderson—Darling test >0-250 and for y*
test 0-052, indicating a statistically acceptable but rela-
tively poor fit). Notably, the Beta distribution is used
in environmental sciences to model the biodegrad-
ation and other kinetic rates bound on the interval
[0; 17 [31, 32].

For the fraction of CTC adsorbed to the digesta, we
located a study indicating 89% of CTC in spiked ster-
ile rat feces is not bioavailable; this appeared inde-
pendent of the drug concentration [33]. The digesta
is composed of fiber and protein contents; CTC exten-
sively binds to proteins in serum, e.g., 69% on average
in dogs [34]. In the absence of other data, the fraction
of CTC adsorbed to the digesta and the enteric micro-
biome in cattle was assigned a Uniform (0-69, 0-89).
Since CTC may degrade throughout the GI tract,
the net degradation depends on the degradation rate
and the transit time. As in the earlier model [6],
CTC transit rate (reciprocal of transit time) was set
as the average between that of the solid and liquid
digesta phases. Because the digesta transit rates are
diet-dependent, two comparative diet scenarios were
included in the model simulations: based on grain
and based on long-form hay. The corresponding
rates of digesta intestinal transit adopted from litera-
ture [35-37] are summarized in Table 1. The transit
time dependency on feed intake was not explicitly
included in the simulations.

The small intestine content weight ranges 3-8 kg and
the large intestine content weight ranges 3-5 kg in
steers (n = 12) with final empty BW 246-302 kg [38].
We estimated the volume to weight ratio of 1-3-2-8 I/
kg for fresh fecal pads (n = 32) (the pads were collected
at the Kansas State University’s beef cattle research
facilities). Given the water absorption rates throughout
the large intestine [39], the average digesta water con-
tent was assumed to be 1-5 times greater than feces
water content. This provided the estimated average of
171 and a Uniform (4, 23) variation of the volume of
digesta contents in the lower 2/3 of small intestine
below biliary in-flow (approximated as 2/3 of the esti-
mated contents in small intestine). This also provided
the estimated average of 111, and a uniform (6, 22)
variation of the volume of large intestine contents. In
the model simulations, CTC consumption and param-
eter values related to the drug concentration in the cen-
tral circulation [6] were kept constant. We focused on
simulating the influence of variation in the variables
related to the CTC intestinal fate (above and Fig. 1b)


https://doi.org/10.1017/S095026881700084X

Concentration of antimicrobial drugs in intestine

2085

Table 1. Parameters proposed to be related to the drug intestinal concentrations, and the parameter distributions
used to model variability in possible concentrations of CTC in the small and large intestines of beef cattle during the
S-day per os treatment

Data used to derive

Parameter Definition Distribution distribution
55131;5 Rate of CTC abiotic degradation in GI tract and other Beta (0-54, 37-4) [5, 23, 26, 28-29]
body parts per hour
ESTC Fraction of CTC excreted in bile Uniform (0-39, 0:64)  +25% estimate [26]
n<IE Fraction of CTC adsorbed to the digesta in the lower 2/3  Uniform (0-69, 0-89)  [33-34]
of small intestine
nETC Fraction of CTC adsorbed to the digesta in large intestine ~ Uniform (0-69, 0-89)  [33-34]
pSIC Fraction of CTC adsorbed by the microbiome in the - Not separately included
lower 2/3 of small intestine® in model simulations
pl(i:TC Fraction of CTC adsorbed by the microbiome in large - Not separately included
intestine® in model simulations
y$TC Fractional digesta flow® through stomachs to small A% 0-0715 [35-36]
intestine per hour B: 0-0588
Vsppor.si Fractional digesta flow through the upper 1/3 of small A: 03333 [35, 37]
intestine per hour B: 0-3077
ygfsi Fractional digesta flow through the lower 2/3 of small A:0-1330 [35, 37]
intestine per hour B: 0-1330
yETe Fractional digesta flow through large intestine per hour A: 0-1330 [35]
(to defecation) B: 0-2222
Viest_si Volume of digesta in the lower 2/3 of small intestine, litre Uniform (4, 23) [38]
Vi Volume of digesta in large intestine, litre Uniform (6, 22) [38]

The animals ingested CTC in equal portions during each 12 h of day time per day of the 5-day therapy. The animals consumed

feed and water at similar intervals to the drug.

The values of the parameters relevant for the drug concentrations in the central circulation were kept constant in all simula-

tions, and were as in (Cazer et al. [0]).

% A single variable — fraction of CTC adsorbed to the digesta or microbiome — was included in the simulations.
®Intestinal transit time of CTC was set as the average of the liquid and solid digesta phases.
¢ Forage scenarios were diets: A — grain based, and B — long-form hay based.

on the outcome — the concentrations of antimicrobially
active CTC, undegraded and unsorbed, in the small
and large intestines during the treatment and the intes-
tinal elimination period.

Example 2: cephalosporin ceftiofur by injection
Model structure

From the framework outlined in Figure 1a, we chose
the applicable processes and variables for modeling
intestinal concentrations of ceftiofur metabolites
(Figure 1c¢). Ceftiofur was taken to be administered
parenterally in a sustained-release formulation. It is
released from the injection site over 10 days [40] and
is rapidly metabolized. Activity of main metabolites
is close to the parent drug activity; the total of drug
and metabolites is termed ceftiofur equivalents (CE)
[41]. We adopted the CE concentration dynamics in
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the central circulation estimated by the manufacturer
[40], and kept those the same in all model simulations.
We used as the start an earlier deterministic model for
the CE intestinal concentrations in cattle [7]. The
source of CE in the cattle intestine was the downward
passage after biliary excretion into the upper 1/3 small
intestine. The drug is not thought to undergo entero-
hepatic circulation [42]. The model was extended to
incorporate that the metabolites undergo a biotic deg-
radation to inactive compounds by enzymes of enteric
bacteria in both the small and large intestines; the
biodegradation dynamics was exponential decay [7,
43-45]. We considered but declined inclusion of the
CE abiotic degradation: ceftiofur undergoes abiotic
degradation in aqueous matters to desfuroylceftiofur,
but this has a similar antimicrobial activity to the
parent drug [43, 46, 47]. Cephalosporins adsorbed
to human feces in vitro are antimicrobially inactive
[48, 49]. We considered but declined inclusion of the
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CE binding to digesta or microbiome in cattle, because
this led to a lower agreement between the model’s pro-
jections and experimental data (see below). Further in
the model, a fraction of the CE was continuously
excreted with feces. The model equations are included
in the Supplementary Materials. Based on the relatively
short time post-treatment of the occurrence and the
amounts of CE as a fraction of the injected ceftiofur
in cattle feces [41], we assumed that CE transited with
the liquid digesta phase. For this reason, the diet was
not varied for the simulations.

The average projections by the ceftiofur model cor-
responded well to the CE measurements in recent
experiments that implanted fluid chambers in the
ileum and at the entrance to the large intestine in
calves. The comparisons are approximate because
the experimental calves were injected once by a
non-sustained-release ceftiofur formulation at dosage
2-2 mg/kg BW [17]; the scenario modeled was of an
injection by a sustained-release ceftiofur formulation
at dosage 66 mglkg BW. Drug release from the
injection site would be more gradual with the sus-
tained-release formulation. Also, the measurements
were taken in the beginning of each intestinal segment,
than the model projected the average CE concentration
throughout the segment. The peak CE concentrations
measured in the ileum were approximately 6 pg/ml
[17], and the median projected peak CE concentrations
in the lower 2/3 of small intestine (after the partial bio-
degradation) were 4-4-5 ng/ml (Fig. 3a) (also, 6 pg/ml
was within the interquartile range of the projections).
The peak CE concentrations measured at the entrance
to the large intestine were 2-3 pug/ml [17], and the
median projected CE concentrations throughout the
large intestine (after a further biodegradation) were 1—
2 ug/ml (Fig. 3b). The correspondence between the pre-
dictions and data has improved with this ceftiofur
model formulation (incorporating the metabolite biotic
degradation in small intestine and updated estimates of
the digesta contents volumes); the earlier deterministic
model formulation predicted lower CE concentrations
in large intestine [7].

Distributions of variables related to intestinal fate
of ceftiofur metabolites

Distributions assigned to the variables related to the
CE intestinal concentrations are summarized in
Table 2. Variation in the CE fraction excreted in
bile in cattle was parameterized from experimental
data [41], a Uniform (0-24, 0-45). Studies of ceftiofur
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inactivation by cattle fecal bacteria and of ceftriaxone
(a structurally close cephalosporin) inactivation in
human feces [50, 51] suggest anaerobes Bacteroides
and Bifidobacteria, and in cattle also Bacilli, may be
prominent contributors of the degradation enzymes.
Since hosts vary in the composition of enteric bacteria
[52-54], the CE biodegradation rate may have inter-
individual variation. Indeed, the ceftriaxone fraction
degraded by enzymatic preparations from human
feces varies by donor, and for a donor by day [55].
For the biodegradation in cattle, we located three
studies. The first plotted the time dynamics of ceftio-
fur loss in spiked cattle feces following initial sorption
[44]. The second estimated ceftiofur inactivation in
cultures of 21 strains of four bacterial genera [56],
and the third of 71 strains of 17 genera [51]. The
inactivation of ceftiofur varied significantly by bacter-
ial strain. We assembled a dataset of the biodegrad-
ation rates by bacterial genera and strains, and the
one for total in feces (n=93). We considered the
unweighted data and also weighting the estimates by
reported relative abundance of the bacterial phyla in
cattle feces [53]. For either of the datasets, we were
unable to identify an acceptably fit distribution
model (e.g., P-value for Anderson—Darling test
>0-05, using PROC CAPABILITY in SAS® 9-2 soft-
ware). Therefore, based on a 0-20 estimate of the total
ceftiofur degradation rate in spiked cattle feces [7, 44,
45], and considering that all cattle would have some
enteric bacteria producing the degradation enzymes,
the CE hourly biodegradation rate in the intestine
was assigned a Uniform (0-15, 0-25).

We could not locate an estimate of CE sorption to
cattle digesta or feces. Two reports of sorption of five
cephalosporins to human feces (48, 49) experimented
with higher drug concentrations (62-1000 pg/ml)
than those in cattle intestine (<10 pg/ml) [17].
Because of non-linear relationships between the con-
centration and sorption in the reports [48, 49], an
extrapolation to the lower range of concentrations
was not attempted. Further in the model, the CE
excreted in bile were taken to transit with the liquid
digesta phase at the rates summarized in Table 1.
Volumes of the small and large intestine contents
were modeled as above for CTC. We simulated the
influence of variation in the variables related to the CE
intestinal fate (above and Fig. 1¢) on the outcome —
the CE concentrations, undegraded (and assumed to
remain unsorbed) antimicrobially active ceftiofur
metabolites, in the small and large intestines during
the treatment and the intestinal elimination period.
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Simulation and analysis of the models

Each model was simulated 1000 times in Vensim®
Professional software (Ventana Systems, Inc; Harvard,
MA, USA), with Latin Hypercube Sampling [57] of
the value of each variable related to the drug/metabolite
intestinal fate from the assumed distribution, except for
the digesta transit rates that were explicitly defined for
the two diet scenarios for the CTC model. Statistical
analysis of the simulated outputs was done using
PROC REG in SAS® 9-2 software. The strength of a
variable’s influence upon the active drug/metabolite
concentration in the small or large intestine was inferred
based on (i) significance of the correlation between the
variable value and the maximum concentration during
treatment (Spearman correlation coefficient’s P-value
<0-01), after accounting for variability in that concen-
tration due to influence of the other relevant variables;
and (i) fractional contribution of the variable to the
maximum concentration’s variance (adjusted R* statis-
tics from a linear regression of the maximum drug/
metabolite concentration on the variables). The figures
were made in SigmaPlot™ (Systat Software, San Jose,
CA, USA) and Microsoft Office Power Point® 2013
(Microsoft, Redmond, WA, USA) software.

RESULTS AND DISCUSSION

The list of variables relevant for the active intestinal
concentrations differed between the oral and paren-
teral antimicrobials considered (Fig. 15 vs. ¢). The lim-
ited current knowledge of the variables’ values led to
relatively wide projections of the possible selective
pressures on enteric bacteria of treated animals (Figs
2 and 3), highlighting the importance of those vari-
ables. Several variables were relevant for both the
antimicrobials and associated administration routes;
however, the possible strength of influence of individ-
ual variables upon the active drug/metabolite concen-
tration in the large intestine varied (Tables 3-6).

The maximum projected CTC concentration in the
small intestine was at hour 115 (Fig. 24, ¢) and in the
large intestine at hour 119 (Fig. 2b, d) of the peroral
5-day treatment irrespectively of the diet. The statis-
tical analyses were performed for the CTC concentra-
tions assuming a grain-based diet or a long-form
hay-based diet. With the grain-based diet, variation
in the CTC fraction sorbed to the digesta or micro-
biome, the CTC abiotic degradation, and the luminal
contents volume contributed to the variance of the
CTC concentration in the small intestine at its
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maximum hour during treatment (Table 3). The con-
tribution of variation in the CTC fraction excreted in
bile was negligible. The magnitude of CTC concentra-
tion at its maximum hour in the small intestine was
negatively correlated (beyond variability due to influ-
ence of the other relevant variables) with the CTC abi-
otic degradation rate, the CTC fraction bound to
digesta or microbiome, and the luminal contents vol-
ume (Table 3). The results were similar for the CTC
concentration at its maximum in the large intestine,
except for the CTC abiotic degradation rate in the ani-
mal body (Table 4). The degradation rate stronger
influenced the CTC concentration reaching the large
intestine (a 15% contribution to the variance in the
maximum concentration in the large compared with
a 7% in the small intestines). The relative influence
of the variables on the antimicrobially active CTC
concentrations in the small and large intestines were
similar in the model simulations assuming a hay-based
diet (Tables 3-4). The simulated distributions showed
that a longer digesta transit via the upper GI with a
hay-based diet may result in a greater degradation,
and hence lower CTC concentrations in the small
(Fig. 2a vs. ¢) and especially in the large (Fig. 2b vs.
d) intestines, compared with those with a grain-based
diet.

The maximum projected CE concentration in the
small intestine was at hour 14 and in the large intestine
at hour 17 post-injection of the sustained-release cef-
tiofur formulation (Fig. 3a, b). Variation in the CE
fraction excreted in bile, the rate of CE biotic (enzym-
atic) degradation in intestines, and the Iuminal
contents volume significantly contributed to the vari-
ance of the maximum CE concentration in the small
intestine (Table 5). The magnitude of CE concentra-
tion at its maximum hour in the small intestine was
positively correlated (beyond variability due to influ-
ence of the other relevant variables) with the drug
fraction excreted in bile, and negatively correlated
with the CE biotic degradation rate and the luminal
contents volume (Table 5). The results were overall
similar for the CE concentration at its maximum in
the large intestine (Table 6). However, first, the rate
of CE biotic degradation throughout the intestines
stronger influenced the CE concentration reaching
this lower intestinal segment (a 23% contribution to
the variance in the maximum CE concentration in
the large compared with a 7% in the small intestines).
Also, the dilution effect of the digesta contents volume
was comparatively stronger on the maximum CE con-
centration in the small than in the large intestine (a
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Fig. 2. Simulated distributions of possible antimicrobially active CTC concentrations in the intestines of beef steers during
a 5-day oral CTC treatment and the intestinal elimination period, allowing variation in the variables related to the drug
intestinal fate (1000 model simulations). Concentrations in («) small and (b) large intestines with a grain-based diet.
Concentrations in (c¢) small and (d) large intestines with a hay-based diet.
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Fig. 3. Simulated distributions of possible concentrations of antimicrobially active ceftiofur metabolites in («¢) small and
(b) large intestines of beef steers during a treatment by injection of a sustained-release ceftiofur formulation and the
intestinal elimination period, allowing variation in the variables related to the metabolite intestinal fate (1000 model
simulations). In the current model the metabolites transit with the liquid digesta phase (no dependency on the host’s diet
is included).
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Table 2. Parameters proposed to be related to the metabolite intestinal concentrations, and the parameter
distributions used to model variability in possible concentrations of antimicrobially active ceftiofur metabolites in the
small and large intestines of cattle treated with ceftiofur parenterally

Parameter Definition Distribution Data used to derive distribution
5&% Rate of ceftiofur metabolites biotic degradation in ~ Uniform (0-15, 0-25) [44-45]

small and large intestines per hour (possible
dependency of S-lactamase production by enteric
bacteria on the CE concentration was not included)

Antimicrobial activity of main

oSk Rate of metabolites abiotic degradation in GI tract
through hydrolysis

ESE Fraction of metabolites excreted in bile

nE Fraction of metabolites adsorbed to the digesta in the
lower 2/3 of small intestine

HEE Fraction of metabolites adsorbed to the digesta in
large intestine

Vmner.si Fractional digesta flow through the upper 1/3 of
small intestine per hour

v E Fractional digesta flow through the lower 2/3 of
small intestine per hour

yl(fE Fractional digesta flow through large intestine per
hour (to defecation)

Viest_si Volume of digesta in the lower 2/3 of small intestine,
litre

Vi Volume of digesta in large intestine, litre

product is close to parent drug
Uniform (0-24, 0-45) [1]
- Not included in model simulations

- Not included in model simulations

0-3237 [35]
0-1619 [35]
0-3030 [35]
Uniform (4, 23) [38]
Uniform (6, 22) [38]

Deterministic estimates of the dynamics of ceftiofur metabolites in the central circulation published by the drug manufacturer
were used in all simulations. Intestinal transit time of ceftiofur metabolites was as for the liquid digesta phase.

62% contribution to the variance in the maximum
concentration in the small compared with a 53% in
the large intestines).

Here we discuss the relevance and implications of
some of the key assumptions made in the illustrative
models. First, the models explicitly incorporated the
digesta transit time. The time is specific to the host
species and size. For a given animal species and size
(age), and a given drug formulation and its adminis-
tration route, the antimicrobial intestinal transit time
will vary with the water consumption, feed provided
(source, processing, roughage), and feed intake. The
relative timing of the feed and oral drug consumption
or parenteral administration will further affect the
drug transit time. The daily defecation pattern (drug
excreted out of intestine) was also incorporated in
the models (assumed continuous for cattle). The pat-
tern is also specific to the animal species, age, and in
some cases diet. In addition to the transit time, digesta
composition can affect the drug’s sorption to the
digesta, abiotic degradation rate (due to its depend-
ency on the chemical conditions such as pH), and
potentially its biodegradation rate and sorption to
the microbiome (these two may depend on the
microbiome structure, which is influenced by the diet
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[53, 58]). These latter diet-specific dependencies were
not included.

Second, in our illustrative simulations, we assumed
that the drug/metabolite sorbed to the digesta or
microbiome was antimicrobially inactive. The activity
loss, complete or partial, may vary between drugs
depending on the sorption mechanism, and in some
cases the sorbent’s structure. Activity of tetracycline
against susceptible Gram-negative bacilli depends on
the type of soil to which the drug is or was bound if
re-suspended [59, 60]. Partial activity of soil-bound
tetracycline is higher when combined with agitated,
dynamic bacterial culture [60]. Similarly, digesta
motion in the intestine could create opportunities for
exposure of the luminal bacteria to antimicrobials
sorbed onto the digesta or facilitate desorption.
Third, a feedback may exist between the CE concen-
tration and their biodegradation due to an upregula-
tion of bacterial genes encoding the enzyme
production [61]; this was not incorporated in the cef-
tiofur model due to scarcity of related data.

In the illustrative examples, we included inter-
individual variation in the variables’ values related
to the intestinal antimicrobial concentrations.
Including this variation could enable the host
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Table 3. Parameters associated with the maximum concentrations of CTC in the lower 213 of small intestines of beef cattle during the 5-day per os treatment

p between the variable value and

Fractional contribution to maximum CTC concentration, given
the variance of maximum variability due to all other variables
Parameter Definition Distribution CTC concentrations related to CTC intestinal fate
OGS Rate of CTC abiotic degradation in GI tract and other Beta (0-54, 37-4) A: 7% A: —0-30, P-value < 0-01
body parts per hour B: 9% B: —0-34, P-value < 0-01
EETC Fraction of CTC excreted in bile Uniform (0-39, 0-64) A: 0-08% A: 0-02, P-value = 0-566
B: 0-38% B: 0-04, P-value =0-159
nLE Fraction of CTC adsorbed to the digesta or microbiome Uniform (0-69, 0-89)  A:21% A: —0-54, P-value < 0-01
in the lower 2/3 of small intestine B: 14% B: —0-43, P-value < 0-01
Viest si Volume of digesta in the lower 2/3 of small intestine, litre Uniform (4, 23) A: 54% A: —0-78, P-value < 0-01
B: 50% B: —0-77, P-value < 0-01

The model was simulated 1000 times, assuming the animals consumed: A — grain-based diet, or B — long-form hay-based diet. The model outputs were subjected to the stat-
istical analyses. The maximum CTC concentration was projected at hour 115 since the start of the 5-day treatment. p, Spearman correlation coefficient. Because of the scarcity
of data for model parameterization, these results should be interpreted as a hypothesis.

Table 4. Parameters associated with the maximum concentrations of CTC in the large intestines of beef cattle during the 5-day per os treatment

p between the variable value and

Fractional contribution to maximum CTC concentration, given
the variance of maximum variability due to all other variables
Parameter Definition Distribution CTC concentrations related to CTC intestinal fate
oGre Rate of CTC abiotic degradation in GI tract and other Beta (0-54, 37-4) A: 15% A: —0-42, P-value < 0-01
body parts per hour B: 18% B: —0-47, P-value < 0-01
EETC Fraction of CTC excreted in bile Uniform (0-39, 0-64) A: 0% A: 0, P-value =0-972
B: 0% B: 0, P-value =0-576
nlciTC Fraction of CTC adsorbed to the digesta or microbiome Uniform (0-69, 0-89) A: 25% A: —0-54, P-value < 0-01
in large intestine B: 23% B: —0-53, P-value < 0-01
Vi Volume of digesta in large intestine, litre Uniform (6, 22) A: 44% A: —0-67, P-value < 0-01
B: 43% B: —0-65, P-value < 0-01

The model was simulated 1000 times, assuming the animals consumed: A — grain-based diet, or B — long-form hay-based diet. The model outputs were subjected to the stat-
istical analyses. The maximum CTC concentration was projected at hour 119 since the start of the 5-day treatment. p, Spearman correlation coefficient. Because of the scarcity
of data for model parameterization, these results should be interpreted as a hypothesis.
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Table 5. Parameters associated with the maximum concentrations of antimicrobially active ceftiofur metabolites in the lower 213 of small intestines of beef cattle
administered ceftiofur parenterally

Fractional contribution p between the variable value and
to the variance of maximum CE concentration, given
maximum CE variability due to all other
Parameter Definition Distribution concentrations variables related to CE intestinal fate
e Rate of ceftiofur metabolites biotic degradation in small Uniform (0-15, 0-25) 7% —0-31, P-value < 0-01
and large intestines per hour
EEE Fraction of metabolites excreted in bile Uniform (0-24, 0-45) 8% 0-32, P-value < 0-01
Viest_si Volume of digesta in the lower 2/3 of small intestine, litre Uniform (4, 23) 62% —0-85, P-value < 0-01

The model was simulated 1000 times, assuming the metabolites passed through intestine with liquid digesta phase. The model outputs were subjected to the statistical analyses.
CE - total of ceftiofur and its antimicrobial active metabolites. The maximum CE concentration was projected at hour 14 post-injection. p, Spearman correlation coefficient.
Because of the scarcity of data for model parameterization, these results should be interpreted as a hypothesis.

Table 6. Parameters associated with the maximum concentrations of antimicrobially-active ceftiofur metabolites in the large intestines of beef cattle administered
ceftiofur parenterally

p between the variable value and

Fractional contribution to maximum CE concentration, given
the variance of maximum variability due to all other variables
Parameter Definition Distribution CE concentrations related to CE intestinal fate
5&;‘ Rate of ceftiofur metabolites biotic degradation Uniform (0-15, 0-25) 23% —0-50, P-value < 0-01
in small and large intestines per hour
ESE Fraction of metabolites excreted in bile Uniform (0-24, 0-45) 14% 0-41, P-value < 0-01
Vi Volume of digesta in large intestine, litre Uniform (6, 22) 53% —0-76, P-value < 0-01

The model was simulated 1000 times, assuming the metabolites passed through intestine with liquid digesta phase. The model outputs were subjected to the statistical analyses.
CE - total of ceftiofur and its antimicrobial active metabolites. The maximum CE concentration was projected at hour 17 post-injection. p, Spearman correlation coefficient.
Because of the scarcity of data for model parameterization, these results should be interpreted as a hypothesis.
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population-level projections of the concentrations.
The distributions of inter-individual variation in rele-
vant PK variables could be estimated using in vivo
experimental studies and the methods of population
PK [30, 62, 63]. The other relevant variables need to
be evaluated via alternative approaches. For example,
variability in a drug’s abiotic degradation in animal
digesta could be evaluated via in vitro experiments,
or a meta-analysis of the experimental data (e.g., as
above for derivation of the distribution of CTC abi-
otic degradation rate). The proposed models can be
used to adjust the estimates of animal- or herd-level
antimicrobial drug use to project the active antimicro-
bial concentrations to which enteric bacteria in the
treated animal populations are exposed (Y. T. Gréhn,
C. Carson, C. Lanzas, L. Pullum, M. J. Stanhope,
V. Volkova. Animal Health Research Reviews. 2017
Accepted). This could support evaluations of how
antimicrobial drug use practices affect resistance in
foodborne bacteria.

In this manuscript, we drafted the lists of processes
and variables related to the active concentrations in
the host’s intestine of antimicrobial drug (inclusive
of its active metabolites) administered orally or paren-
terally. In short, these include the drug’s fractions
excreted in bile or via intestinal wall and re-absorbed,
the drug’s abiotic and biotic degradation in the intestine,
the rates and fractions of the drug’s sorption to the
digesta and enteric microbiome, as well as the digesta
contents volume and passage time. As we illustrate
here with peroral CTC and injected cephalosporin cef-
tiofur in cattle, the most influential variables will differ
among antimicrobial drug classes and routes of admin-
istration. For certain drugs, there will also be depend-
ency of the drug’s activity on the chemical and
aeration conditions in the intestine. This exercise high-
lighted the significance of current ignorance about the
processes and variables related to the intestinal fate
and concentrations of antimicrobials.
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