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Abstract

Background and Objective Tigecycline, a broad-spectrum glycylcycline antibiotic, is approved for use at a fixed dose irre-
spective of body weight. However, its pharmacokinetics may be altered in obesity, which would impact on the antibiotic’s
effectiveness. The objective of this study was to investigate the plasma and subcutaneous tissue concentrations of tigecycline
in obese patients compared with those in a non-obese control group.

Methods Fifteen obese patients (one class II and 14 class III) undergoing bariatric surgery and 15 non-obese patients
undergoing intra-abdominal surgery (mainly tumour resection) received a single dose of 50 or 100 mg tigecycline as an
intravenous short infusion. Tigecycline concentrations were measured up to 8 h after dosing in plasma (total concentration),
in ultrafiltrate of plasma (free concentration), and in microdialysate from subcutaneous tissue, respectively.

Results In obese patients, total peak plasma concentration (1.31 + 0.50 vs 2.27 + 1.40 mg/L) and the area under the con-
centration—time curve from 0 to 8 h (AUCqg, ja5ma: 2-15 £ 0.42 vs 2.74 £ 0.73 h-mg/L), as normalized to a 100 mg dose,
were significantly lower compared with those of non-obese patients. No significant differences were observed regarding the
free plasma concentration, as determined by ultrafiltration, or the corresponding AUCy, (FAUCs;, ;j44ma)- Concentrations in
interstitial fluid (ISF) of subcutaneous tissue were lower than the free plasma concentrations in both groups, and they were
lower in obese compared to non-obese patients: the AUCg,, in ISF (AUCy, sg) was 0.51 £ 0.22 h-mg/L in obese and 0.79 +
0.23 h'mg/L in non-obese patients, resulting in a relative tissue drug exposure (AUCygy, 1sp/fAUCg;, jj45ma) 0f 0.38 +0.19 and
0.63 + 0.24, respectively.

Conclusion Following a single dose of tigecycline, concentrations in the ISF of subcutaneous adipose tissue are decreased
in heavily obese subjects, calling for an increased loading dose.

EU Clinical Trials Registration Number EudraCT No. 2012-004383-22.

After a single dose of tigecycline, total plasma concen-
trations were lower in obese compared to non-obese
surgical patients.

Free plasma concentrations were similar in both groups.

Concentrations in interstitial fluid of subcutaneous tissue
were lower than free plasma concentrations, and were
lower in obese compared to non-obese patients.
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1 Introduction

With the rise in obesity worldwide, clinicians encounter
obese patients with increasing frequency in their daily
practice. Obesity may cause a number of pharmacoki-
netic changes, including an increase in the volume of
distribution and changes in clearance [1, 2]. Although a
reduced effectiveness of certain antibiotics for skin and
skin-structure infections in severe obesity has been docu-
mented, especially after abdominal surgery, specific dos-
ing recommendations for patients with obesity are often
lacking on the product label [3].

Tigecycline is a broad-spectrum antibiotic that is
approved for the treatment of complicated skin and skin-
structure infections, complicated intra-abdominal infec-
tions, and community-acquired bacterial pneumonia.
The approved standard dosing regimen of tigecycline is
a 100-mg loading dose, followed by 50 mg twice daily
irrespective of body weight. The pharmacokinetics of tige-
cycline are characterized by a large volume of distribu-
tion, between 7 and 10 L/kg, indicating extensive tissue
penetration, and a long terminal half-life of approximately
40 h [4]. After intravenous short infusion (30 min) of a
single dose of 100 mg tigecycline, a peak plasma con-
centration (C,,) of 1.45 + 0.32 mg/L is typical, and the
area under the concentration—time curve (AUC) is 5.19 +
1.87 h-mg/L [5]. Concentrations of tigecycline in tissue
homogenates of gall bladder, colon, and lung can be many
times higher than concomitant plasma concentrations after
a single dose, whereas the concentrations in synovial fluid
or cerebrospinal fluid are lower than in plasma [6]. Con-
centrations equalling the free plasma concentrations were
observed in subcutaneous interstitial fluid (ISF) of patients
with diabetes after multiple dosing [7]. In that study, three
of eight patients had a body mass index (BMI) of at least
30 kg/m?, with a single class III obese individual (BMI of
41 kg/m?) who had a significantly lower tissue penetra-
tion ratio compared with the remaining group [7, 8]. This
may indicate impaired tissue penetration of tigecycline in
heavily obese subjects, despite similar plasma pharma-
cokinetics [9]. In line with this assumption, a higher dose
than the standard dose of 50 mg tigecycline b.i.d. has been
suggested, especially for patients with high BMI, based
on a retrospective clinical study in ICU patients. Of note,
the authors regretted the lack of tissue level measurement
in that study to support their recommendation [10]. Until
now, the impact of obesity on the penetration of tigecy-
cline into the ISF of subcutaneous tissue, a main site of
bacterial infection, has not been investigated.

The objective of this study was to assess the penetra-
tion of tigecycline into the ISF of subcutaneous adipose
tissue using microdialysis in obese and non-obese patients
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following a single dose of tigecycline as part of periopera-
tive antibiotic prophylaxis.

2 Patients and Methods
2.1 Study Design

This prospective pharmacokinetic clinical trial was con-
ducted at the Leipzig University Hospital as part of a larger
pharmacokinetic study (EudraCT no. 2012-004383-22).
Obese patients undergoing bariatric surgery and non-obese
patients undergoing elective intra-abdominal surgery were
eligible. Prior written informed consent was obtained from
all study participants. Approval for the trial was obtained
from the Leipzig University ethics committee (121/13-ff)
and the Federal Institute for Drugs and Medical Devices of
Germany (BfArM). The study protocol has been described
previously [11]. Patients were to be given a single dose of
100 mg tigecycline (Pfizer, Berlin, Germany) as a 30-min
intravenous infusion 60-30 min prior to incision. Venous
blood samples were collected predose and after 0.5 h (end
of infusion), 1, 2, 3, 4, 5, 6, and 8 h. Microdialysate probes
(CMA 63 microdialysis probe, cutoff 20,000 Da, CMA,
Kista, Sweden) were inserted subcutaneously in both upper
arms and perfused with 2 uL/min saline. Microdialysate was
collected predose (baseline) and at 0.5-h intervals up to 2
h, followed by 1-h intervals up to 8 h. After the sampling
period, the probes were calibrated using the “retrodialysis-
by-drug” method with tigecycline 500 mg/L in saline [12].
The primary endpoint was defined as the AUC from O to 8
h of the subcutaneous ISF concentration (AUCygj, 1gp) in the
obese group compared with the non-obese group. As a sec-
ondary endpoint, the relative tissue distribution, i.e. the ratio
of AUCq;, 15 to the AUCq, of the free plasma concentration
(AUCq;, 1se/fAUCs}, plasma)> Was determined.

2.2 Drug Assay and Pharmacokinetic and Statistical
Analysis

The concentrations of tigecycline were determined by HPLC
with photometric detection, as described previously [13].
The assay was linear down to 20 pg/L in plasma and down to
5 pug/L in saline as a surrogate for microdialysate. The lowest
concentration on the calibration curve was taken as the lower
limit of quantification (LLOQ), and measured concentrations
below the LLOQ were imputed as “missing”. Based on in-
process quality controls (QCs), the coefficient of variation
of the intra-/inter-assay precision of the determination of
the total plasma concentration (Cy,) or that in saline as a
surrogate for microdialysate was < 6%. The accuracy was
100.1% in plasma and 98.9% in saline, respectively. Free
concentrations (Cy,.) were determined after ultrafiltration
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as previously described [13]. The unbound fraction (f, =
Criee! Ciora) Of tigecycline in QC samples (pooled plasma of
healthy subjects spiked with 1 or 0.2 mg/L tigecycline) was
43.2 +7.9% at 1 mg/L and 61.1 + 7.6% at 0.2 mg/L. The
concentrations of total/free tigecycline in reanalysed patient
plasma samples amounted to 101.9 + 6.4% (n = 61, range
0.061-1.33 mg/L)/106.9 + 4.7% (n = 12, range 0.067-1.22
mg/L) of the first analysis. The accuracy of the determina-
tion of free drug cannot be specified, as the extent of protein
binding in a particular sample is unknown.

In the observed concentration range, there was a linear
relationship between f, and the logarithm of total plasma
concentration (Cy,)), i.€. f, = — A; X InCy, + B;, with A,
being the slope and B; being the y intercept of the individual
linear regression line (supplementary Fig. S1). A; and B,
were estimated individually for each patient based on meas-
ured free concentrations after 0.5, 2 and 8 h (high, medium
and low concentrations). For the description of the entire
free concentration—time curve, free concentrations for all
sampling times were calculated according to Cy.. = (— A;
X In C, + B;) X C,,- The good correlation (R = 0.9958) of
measured and calculated free concentrations demonstrates
the appropriateness of this approach (supplementary Fig.
S2).

Non-compartmental pharmacokinetic analysis was car-
ried out using Phoenix WinNonlin 8.3 (Certara, Princeton,
NIJ, USA). The linear-up log-down trapezoidal rule was used
for the calculation of the AUC from 0 to 8 h (AUCg,). Clear-
ance and volume of distribution were not determined, as the
measuring interval of 8 h did not include the terminal elimi-
nation phase of tigecycline. The extrapolated AUC from 8 h
to infinity, as estimated using the plasma half-life between
2 and 8 h, exceeded by far the limit of 20% of the total AUC
(30.1 + 7.1%/36.6 + 7.6% for total/free plasma concentra-
tions) [14]. The pharmacokinetic parameters of tigecycline
in ISF were calculated separately for both probes and then
averaged. Prism 8 (GraphPad Software, La Jolla, CA, USA)
was used for calculating statistics. Results are given as mean
+ SD if not stated otherwise. Comparisons between groups
were made using the Welch ¢ test or the Mann—Whitney U
test, as appropriate. A p value < 0.05 was considered statisti-
cally significant.

3 Results

A total of 30 patients were included in the study. Fifteen
obese patients (one class 1I, BMI 35.3 kg/mz, and 14
class III, BMI 40.7-61.9 kg/m?) undergoing bariatric sur-
gery and 14 non-obese patients (BMI 21.1-27.5 kg/m?)
undergoing elective intra-abdominal surgery (mainly tumour
resection) were evaluated. Both groups were comparable
with respect to sex, age and kidney function. The differences
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Table 1 Patient characteristics (median, range)
Characteristic Obese Non-obese
n, sex 15 (5m, 10f) 14 (5m, 9f)
Age (years) 46 (24-61) 44 (25-62)
Height (cm) 171 (160-178) 170 (154-187)
Weight (kg) 149 (108-196) 70 (54-89)
BMI (kg/m?) 1 class II (35.3) 23.8 (21.1-27.5)
14 class 111 52.4
(40.7-61.9)

Albumin (g/L) 45.3 (41.7-50.3)
Total bilirubin (mg/dL) 0.45 (0.24-1.1)

45.5 (36.4-48.7)
0.34 (0.15-0.94)

SCrea (mg/dL) 0.86 (0.60-1.2) 0.74 (0.55-1.1)
eGFR? 92.4 (63.5-140) 102 (64.8-160)
Length of surgeryb (h) 2.8(1.2-5.3) 3.7 (1.3-8.6)
Vasopressors® (1, %) 7 (47%) 4 (29%)

BMI body mass index, SCrea serum creatinine, eGFR estimated glo-
merular filtration rate

4CKD-EPI formula [22]
"Time between skin incision and wound closure

“Noradrenaline or cafedrine/theodrenaline

in weight and BMI were large by definition (Table 1). One
patient was excluded from the analysis, as the ISF concentra-
tions could not be calculated due to missing retroperfusate
solution, which is necessary for the calculation of the recov-
ery [11]. Recovery was 37.1 + 15.0% in the obese patients
(n = 15) versus 38.4 + 9.6% in the non-obese patients (n =
14). Both probes were evaluable in 28 patients. The recovery
(mean, SD) of tigecycline in the right arm was 36.1 + 13.4%
and that in the left arm was 39.5 + 14.9% (p = 0.38). The
intra-individual variability of the recovery between the right
and left arm was 36.1% in obese patients (n = 14) and 30.3%
in non-obese patients (n = 14, p = 0.61). Nine patients in
the obese group and five patients in the non-obese group
erroneously received a 50 mg dose (one vial of tigecycline
50 mg) instead of the scheduled 100 mg dose (two vials of
tigecycline 50 mg). To prevent the loss of statistical power,
the concentrations were normalized to a 100-mg dose for the
pharmacokinetic analysis. Due to the dose proportionality of
total tigecycline concentrations in plasma, the measured total
plasma concentrations were doubled in these patients [4].
Because of the atypical plasma protein binding behaviour
of tigecycline, normalization of the free plasma concentra-
tions from a 50-mg to a 100-mg dose resulted in an increase
of the free concentrations by factors (median, range) of < 2
(obese 1.95, 1.86—1.97; non-obese 1.89, 1.82-1.97). As the
ISF concentrations are in equilibrium with the free plasma
concentrations, the same factors (specific for each patient
and time point) were applied to ISF concentrations. The
pharmacokinetic analysis was also performed using unnor-
malized concentrations stratified by dose as a sensitivity
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Fig. 1 Concentrations (mean, SD) of tigecycline in plasma (circles)
or interstitial fluid (triangles) of obese (closed symbols) and non-
obese (open symbols) surgical patients following a short intrave-
nous infusion of 50 or 100 mg tigecycline (normalized to a dose of
100 mg). Grey lines mean free plasma concentrations (solid/dashed
obese/non-obese, respectively)

analysis. The respective concentration—time curves as well
as the results of this sensitivity analysis are included in the
supplementary material (Fig. S3 and Table S1).

As shown in Fig. 1, the mean total plasma concentrations
were higher in the non-obese patients and the difference was

significant regarding the peak concentrations (p = 0.028). A
fast decline within 30 min was followed by a slow decrease
in concentrations. At the end of the measuring period after
8 h, the concentrations amounted to 10-15% of the peak
concentrations. AUCq, 1,4, Was significantly lower in obese
compared with non-obese patients (p = 0.015; Table 2).
These differences were not observed in the free plasma con-
centrations due to a higher mean unbound fraction (mean +
SD) in obese (67.5 + 10.7%) versus non-obese patients (54.2
+ 17.8%, cf. supplementary Fig. S1). The concentrations in
subcutaneous ISF were lower than the corresponding free
plasma concentrations, and the ISF concentrations in obese
patients were lower than those in non-obese patients (Fig. 1).
The percentage mean difference [95% confidence interval]
in this primary endpoint (AUCyg, 1gp) was — 35% [— 56
to — 13] (p = 0.0027). Of note, sensitivity analysis using
unnormalized concentrations stratified by dose gave similar
results, with a loss of statistical significance in the 50-mg
dose subgroup due to the reduced sample size: 50-mg sub-
group — 34% [— 77 to + 9], 100-mg subgroup — 36% [— 63
to — 10]. The relative tissue drug exposure, expressed as
AUCy;, 1sp/fAUCs} plasma> Was 0.38  0.19 in obese patients as
opposed to 0.63 + 0.24 in non-obese patients (p = 0.0049).

4 Discussion

The aim of the study was to describe the distribution of tige-
cycline in subcutaneous tissue of obese patients using micro-
dialysis. The strength of this study is the implementation of
a control group of non-obese patients, thus avoiding errors

Table 2 Pharmacokinetic parameters (mean + SD) of tigecycline in plasma and subcutaneous interstitial fluid (ISF) of patients following a short

infusion of 50 or 100 mg tigecycline, normalized to a dose of 100 mg

Parameter Plasma,,, Plasmay,,, Subcutaneous interstitial fluid
Obese Non-obese A% [95% Obese Non-obese A% [95% Obese Non-obese A% [95% CI]
CI] CI)
AUCg, 2.15+042 274+0.73 —22% 142 + 140+0.59 +2%[-23 0.51+022 0.79+023 —35%[-56
(h'mg/L) [- 38 to 0.28 to + 27] to — 13]
-5]
Cpax (mg/L) 1.31+0.50 2.27+1.40 —42% 0.768 + 0.888 + - 13% 0.135 + 0.204 + —34% [— 66
[—77 to 0.305 0.593 [— 54 to 0.100 0.069 to — 2]
-7] +27]
T pax ()Y 0.5 0.5 + 0% 0.5 0.5 + 0% 0.75 0.75 +40% [— 11
(0.25-7.5)  (0.25-7.5)  to+ 140]
Cgp, (mg/L) 0.12+0.03 0.14 +0.04 —16% 0.087 + 0.087 + +0%[—23 0.043 + 0.071 + —39% [— 62
[—34to 0.019 0.032 to + 23] 0.022 0.023 to — 15]
+1]
AUC 0.375 0.628 + —40% [— 67
snaselfAUC 0.193 0.243 to — 14]
8h,plasma

A% mean percentage difference, CI confidence interval, AUCy, area under the concentration—time curve from O to 8 h, C

T, time to C,

'maxe PEAK concentration,

max> Cgy concentration at 8 h, AUCg, ;gp/fAUCg, ,j44m tatio of AUCg, in ISF and AUCy, of the free plasma concentration

*Median (range). Bold font indicates a statistically significant difference between the obese and non-obese group
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which could result from comparison with historical data.
The results of this study revealed that total plasma concen-
trations were significantly lower in obese patients compared
to non-obese patients. In contrast, the free plasma concen-
trations were similar in both groups, as the mean unbound
fraction was higher in obese patients. As there are no pub-
lished data supporting reduced plasma protein in obesity, the
question arises as to whether protein binding of tigecycline
in the non-obese control group was increased [2]. Previ-
ously, it has been hypothesized that tigecycline could bind
to alpha-1-acid glycoprotein (AGP), as it differs from the
tetracycline minocycline by an added tert-butyl-glycylamido
side chain with basic character [13]. With this in mind, the
lower mean unbound fraction of tigecycline and the higher
variability in the control group (coefficient of variance 32.8
vs 15.8% in the obese group) could be interpreted as a result
of higher and more variable AGP concentrations in the more
heterogeneous control group. Although AGP typically binds
basic drugs, the interaction of tigecycline with AGP has not
yet been investigated [15].

The concentrations of tigecycline in ISF were lower than
the free concentrations in plasma and were lower in obese
patients compared to non-obese patients. Impaired subcu-
taneous tissue distribution in obese patients has also been
observed with other antibiotics, and has been explained by
a reduced capillary permeability surface area and reduced
blood flow in adipose tissue [16-20]. ISF concentrations
of tigecycline equal to the free plasma concentrations have
been observed in patients with diabetes after multiple dos-
ing, i.e. under steady-state conditions [7]. However, con-
centrations of tigecycline exceeding the plasma concentra-
tions have been measured in biopsies of gall bladder, colon
and lung tissue after single-dose administration, but these
homogenate concentrations are obviously more representa-
tive of the intracellular space and not the interstitial space,
which is the main site of bacterial infections [6, 21].

Unfortunately, the study design (perioperative setting,
single dosing and a sampling interval of 8 h, covering < 80%
of the total AUC) did not allow for precise determination
of the key pharmacokinetic parameter for multiple dos-
ing, namely the clearance; nor for the evaluation of phar-
macokinetic/pharmacodynamic indices for the estimation
of therapeutic efficacy. Furthermore, in a previous study,
we observed losses of tigecycline in microdialysate due to
adsorption onto the collection vials (polystyrene). This could
be prevented by adding methanol (containing the internal
standard minocycline) to the collection vials prior to HPLC
analysis [13]. However, no experiments were performed to
assess possible losses due to adsorption onto surfaces of the
microdialysis probe, i.e. the membrane (polyarylethersul-
fone) or the outlet tube (polyurethane). Therefore, we can-
not rule out false low initial concentrations of tigecycline

in microdialysate (in both groups) before the plastic walls
are saturated.

5 Conclusion

In view of the decreased concentrations of ticecycline in
the ISF of subcutaneous adipose tissue in heavily obese
patients following single-dose administration, doubling the
loading dose in these patients seems to be appropriate.
Due to the short time schedule, the clearance, a decisive
parameter for multiple dosing, could not be determined.
Further studies addressing the impact of obesity on the
pharmacokinetics of tigecycline after multiple dosing are
warranted.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s13318-022-00789-2.
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