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Abstract
Background and Objective  Several drugs on the market are substrates for P-glycoprotein (P-gp), an efflux transporter highly 
expressed in barrier tissues such as the intestine. Body weight, weight loss, and a Roux-en-Y gastric bypass (RYGB) may 
influence P-gp expression and activity, leading to variability in the drug response. The objective of this study was therefore 
to investigate digoxin pharmacokinetics as a measure of the P-gp phenotype in patients with obesity before and after weight 
loss induced by an RYGB or a strict diet and in normal weight individuals.
Methods  This study included patients with severe obesity preparing for an RYGB (n = 40) or diet-induced weight loss (n 
= 40) and mainly normal weight individuals scheduled for a cholecystectomy (n = 18). Both weight loss groups underwent 
a 3-week low-energy diet (<1200 kcal/day) followed by an additional 6 weeks of <800 kcal/day induced by an RYGB (per-
formed at week 3) or a very-low-energy diet. Follow-up time was 2 years, with four digoxin pharmacokinetic investigations 
at weeks 0, 3, and 9, and year 2. Hepatic and jejunal P-gp levels were determined in biopsies obtained from the patients 
undergoing surgery.
Results  The RYGB group and the diet group had a comparable weight loss in the first 9 weeks (13 ± 2.3% and 11 ± 3.6%, 
respectively). During this period, we observed a minor increase (16%) in the digoxin area under the concentration–time 
curve from zero to infinity in both groups: RYGB: 2.7 µg h/L [95% confidence interval (CI) 0.67, 4.7], diet: 2.5 µg h/L [95% 
CI 0.49, 4.4]. In the RYGB group, we also observed that the time to reach maximum concentration decreased after surgery: 
from 1.0 ± 0.33 hours at week 3 to 0.77 ± 0.08 hours at week 9 (−0.26 hours [95% CI −0.47, −0.05]), corresponding to a 
25% reduction. Area under the concentration–time curve from zero to infinity did not change long term (week 0 to year 2) 
in either the RYGB (1.1 µg h/L [−0.94, 3.2]) or the diet group (0.94 µg h/L [−1.2, 3.0]), despite a considerable difference in 
weight loss from baseline (RYGB: 30 ± 7%, diet: 3 ± 6%). At baseline, the area under the concentration–time curve from 
zero to infinity was −5.5 µg h/L [95% CI −8.5, −2.5] (−26%) lower in patients with obesity (RYGB plus diet) than in normal 
weight individuals scheduled for a cholecystectomy. Further, patients undergoing an RYGB had a 0.05 fmol/µg [95% CI 
0.00, 0.10] (29%) higher hepatic P-gp level than the normal weight individuals.
Conclusions  Changes in digoxin pharmacokinetics following weight loss induced by a pre-operative low-energy diet and an 
RYGB or a strict diet (a low-energy diet plus a very-low-energy diet) were minor and unlikely to be clinically relevant. The 
lower systemic exposure of digoxin in patients with obesity suggests that these patients may have increased biliary excretion 
of digoxin possibly owing to a higher expression of P-gp in the liver.
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Key Points 

The systemic exposure of digoxin, a P-glycoprotein 
probe drug, is lower in patients with obesity than in 
normal weight individuals, which may be due to an 
increased biliary excretion of digoxin caused by higher 
hepatic P-gp expression in patients with obesity.

Only minor, not clinically relevant, changes in digoxin 
pharmacokinetics were observed following weight loss 
induced by a pre-operative low-energy diet and Roux-en-
Y gastric bypass or a strict diet.

Dose adjustment of digoxin following bariatric surgery 
and/or weight loss does not seem necessary.

1  Introduction

Bariatric surgery induces a substantial long-term weight loss 
with significant improvements in obesity-related comorbidi-
ties such as non-alcoholic fatty liver disease (NAFLD) and 
type 2 diabetes mellitus [1–3]. As such, it has become an 
appropriate treatment option for patients with severe obesity 
and a high risk of comorbidity and mortality. A remain-
ing challenge in patients undergoing bariatric surgery is to 
predict pharmacokinetic changes for a specific drug [4]. 
Aside from the subsequent weight loss, the anatomical and 
physiological alterations in the gastrointestinal tract follow-
ing bariatric surgery may influence drug disposition [5]. 
This is particularly relevant for a Roux-en-Y gastric bypass 
(RYGB), in which the stomach is reduced to a small gastric 
pouch and a significant length (75–150 cm) of the proximal 
intestine is bypassed. Several studies have investigated how 
an RYGB influences the pharmacokinetics of drugs primar-
ily metabolized by the cytochrome P450 (CYP) superfamily 
[6–11], but data regarding the effect of an RYGB on drug 
transporters are still limited [10, 12].

P-glycoprotein (P-gp), also known as ATP-binding cas-
sette sub-family B member 1 (ABCB1), is an efflux trans-
porter with broad substrate specificity found in various tis-
sues such as the intestine, blood–brain barrier, kidneys, and 
liver [13]. In the intestine, P-gp acts as a barrier to drug 
absorption, thus restricting the oral bioavailability of sub-
strate drugs [14]. P-glycoprotein expression has been shown 
to increase along the small intestine with the lowest expres-
sion in the proximal parts [15, 16]. Because of the gastroin-
testinal rearrangement following an RYGB, orally adminis-
tered drugs are promptly delivered to the more distal parts 
of the intestine with a higher expression of P-gp, which may 

decrease oral bioavailability of substrate drugs. Digoxin is 
a P-gp substrate and is recommended by the US Food and 
Drug Administration to use as a probe drug to assess P-gp 
activity in drug–drug interaction studies [17]. Digoxin is 
well absorbed with a high oral bioavailability (70–80%) [18], 
is widely distributed, and has a long elimination half-life 
that varies between 26 and 45 hours in healthy individu-
als [19]. Although the primary route of digoxin elimination 
is through glomerular filtration and P-gp-mediated tubular 
secretion of the unchanged drug, up to 30% of a digoxin dose 
may be eliminated by hepatic P-gp into the bile [19]. Fol-
lowing an RYGB, the subsequent weight loss with improve-
ment in comorbidities may lead to a tissue-specific altera-
tion of P-gp activity and therefore also influence digoxin 
pharmacokinetics. In fact, hepatic P-gp has been shown to 
be upregulated in patients with NAFLD [20], suggesting that 
P-gp activity in the liver may decrease following weight loss 
because of an improvement in NAFLD status.

Only one small study, using digoxin as a probe drug, 
has previously investigated the effect of an RYGB on P-gp 
activity [10]. In this study, the authors found an increased 
absorption rate of digoxin 3 and 12 months post-surgery, but 
no change in the systemic exposure. There is still a lack of 
knowledge on how body weight, weight loss, and an RYGB 
influences P-gp activity in vivo. We therefore investigated 
short (6 weeks) and long-term (2 years) changes in digoxin 
pharmacokinetics as a measure of P-gp activity in a clinical 
study including patients with obesity undergoing an RYGB 
or non-surgical calorie restriction. The study also included 
a cross-sectional comparison of digoxin pharmacokinetics 
and hepatic P-gp expression between patients with obe-
sity and mainly normal weight individuals scheduled for a 
cholecystectomy.

2 � Methods

2.1 � Study Population

The present analyses are part of the extensive COCKTAIL 
study (NCT02386917), an open, non-randomized, three-
armed, controlled study performed at Vestfold Hospital 
Trust in Norway, investigating the effect of an RYGB and 
non-surgical calorie restriction on the pharmacokinetics 
of a cocktail of probe drugs (caffeine [CYP1A2], losartan 
[CYP2C9], omeprazole [CYP2C19], midazolam [CYP3A], 
rosuvastatin [organic anion transporting polypeptide 1B1], 
and digoxin [P-gp]) [21]. Data on CYP1A2, CYP2C9, 
CYP2C19, CYP3A, and organic anion transporting poly-
peptide 1B1 activities have been published previously [6, 7, 
12]. Patients with severe obesity scheduled for weight loss 
treatment with an RYGB or non-surgical calorie restriction 
based on clinical indications were included and followed for 
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2 years. A cross-sectional group of mainly normal weight 
individuals scheduled for a cholecystectomy was also 
included. As described in detail previously, patients aged 
18 years and older with a body mass index ≥18.5 kg/m2 and 
a stable body weight over the last 3 months were eligible for 
inclusion [21]. Key exclusion criteria included previous bari-
atric or upper gastrointestinal surgery, estimated glomerular 
filtration rate (eGFR) ≤30 mL/min/1.73 m2, or treatment 
with substances that may influence the pharmacokinetics of 
the probe drugs in close approximation to the investigations.

2.2 � Study Procedures

The present analyses included pharmacokinetic data from 
all three groups at baseline (week 0), and from the weight 
loss groups at the follow-up visits at week 3, week 9, and 
year 2. Proteomics data from liver and jejunal biopsies 
(only RYGB) obtained at the time of surgery in the patients 
undergoing an RYGB (week 3) or cholecystectomy (week 0) 
were also included in the analyses [22]. The two weight loss 
groups started a 3-week low-energy diet (LED; <1200 kcal/
day) immediately after the pharmacokinetic investigation at 
baseline. The RYGB was performed at week 3, after the 
pre-operative LED. Between weeks 3 and 9, both groups 
followed a 6-week strict caloric regimen consisting of <800 
kcal/day induced by an RYGB or a very-low-energy diet 
(VLED). The patients followed local treatment guidelines 
between the follow-up visits at week 9 and year 2.

The pharmacokinetic investigational days have been 
described in detail previously [21]. In short, patients 
abstained from food and drugs from 10:00 p.m. the even-
ing before the investigations. On the study day, patients first 
met for baseline blood sampling (07:30 a.m.) followed by 
administration of the cocktail of probe drugs. Oral digoxin 
(0.5 mg) was administered at 09:00 a.m. Blood samples for 
the analysis of digoxin were collected from a peripheral 
venous catheter at 0.25, 0.5, 1, 1.5, 2, 3, 4, 4.25, 4.5, 5, 5.5, 
6, 8, 10, 12, 23, and 24 hours. Blood samples were drawn in 
K2-EDTA vacutainer tubes and centrifuged for 10 minutes 
at 4 °C (1800 g). Plasma was then separated into Cryovials 
and frozen within 1 hour at −70 °C until analysis.

2.3 � Bioanalytical Assay and Clinical Chemistry 
Analyses

Plasma concentrations of digoxin were determined by Cov-
ance Laboratories (Madison, WI, USA) using validated liq-
uid chromatography followed by tandem mass spectrometry 
methods. The standard curve ranged from 0.05 to 10.0 ng/
mL. The inter-run precisions, assessed as coefficients of var-
iation, were 5.8%, 3.6%, and 10.1% at 0.150 ng/mL, 3.00 ng/
mL, and 7.50 ng/mL, respectively (n = 120). The inter-run 
accuracies ranged between 99.3 and 97.6%.

Standard clinical chemistry analyses were performed in 
fresh blood samples at the Department of Laboratory Medi-
cine, Vestfold Hospital Trust, Tønsberg, Norway. Plasma 
levels of high-sensitivity C-reactive protein were measured 
using immunoturbidimetry (Advia Chemistry XPT Systems; 
Siemens, Erlangen, Germany) at Fürst Medical Laboratory, 
Oslo, Norway. Body weight (kg) and body composition were 
measured with the Inbody 720 Body Composition Analyzer 
(Biospace, Seoul, South Korea).

2.4 � Quantification of ABCB1 (P‑gp) in Hepatic 
and Jejunal Biopsies

Proteins were extracted from liver and jejunal biopsies in a 
SDS-containing (2% w/v) lysis buffer and quantified as pre-
viously described [22]. In short, samples were digested using 
multi-enzyme digestion in a filter-aided sample preparation 
protocol with LysC and trypsin. A proteomics analysis was 
performed with Q Exactive HF or Q Exactive HF-X. MS 
data were processed with MaxQuant using the human Uni-
ProtKB, and spectral raw intensities were normalized with 
variance stabilization. The protein levels were calculated 
using the total protein approach [23].

2.5 � Population Pharmacokinetic Modeling

A population pharmacokinetic model was developed to 
estimate individual digoxin pharmacokinetics at the dif-
ferent study visits. In short, a non-parametric adaptive 
grid approach implemented in Pmetrics 1.9.4 for R 4.2.3 
was used [24, 25]. A total of 3410 digoxin concentrations 
across 308 pharmacokinetic profiles from 98 patients were 
included, of which 197 and 111 were 8-point and 18-point 
profiles, respectively. The rich data from all patients allowed 
the model to make accurate individual predictions without 
the need for covariates, making it fit for purpose in com-
bination with the linear mixed models (see below). The 
model was internally validated on 25% of the dataset, which 
comprised solely 8-point pharmacokinetic profiles. A full 
description of the model development and metrics is avail-
able in the Electronic Supplementary Material (ESM).

2.6 � Pharmacokinetic Calculations

Posterior individual parameter values, as well as posterior 
individually predicted concentrations obtained from the final 
population pharmacokinetic model run with the complete 
dataset, were used for all pharmacokinetic calculations. 
Predictions were made in 1-min intervals, including each 
sample point. Area under the concentration–time curve from 
zero to infinity (AUC​0–∞) was calculated with the trapezoi-
dal approximation from individual posterior-predicted con-
centrations implemented in the ‘makeAUC’ function in the 
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Pmetrics [24] package for R [25]. Maximum plasma concen-
tration (Cmax) and time to reach Cmax (Tmax) were obtained 
directly from the individual predictions.

2.7 � Data and Statistical Analyses

Linear mixed models were used in the longitudinal analysis 
to estimate within-group changes and between-group dif-
ferences (RYGB vs diet). The pharmacokinetic parameter 
was treated as a dependent variable, whereas time (visit), 
group (RYGB and diet), and their interaction (time × group) 
were treated as fixed effects. The unique patient identifier 
was used as a random effect (individual intercepts). Contrast 
analyses were performed for parameters of interest. In the 
cross-sectional analyses, the Welch two-sample t-test was 
used to compare patients with obesity (RYGB plus diet) and 
the mainly normal weight individuals (cholecystectomy). 
To describe the relationship between variables of interest, 
linear regression analyses were performed. Estimated glo-
merular filtration rate was calculated using the CKD-EPI 
formula [26]. The NAFLD liver fat score was calculated as 
suggested by Kotronen et al. and values greater than −0.640 
were indicative of NAFLD [27]. Data are presented as mean 
± standard deviation or mean [95% confidence interval (CI)] 
unless otherwise stated. Confidence intervals from linear 
mixed models were adjusted with Tukey’s method. With 
the preetermined α = 0.05, 95% CIs not including zero and 
p-values <0.05 were considered statistically significant. All 
statistical analyses were performed using R 4.2.3 [25].

3 � Results

3.1 � Patients

A total of 108 patients were included in the COCKTAIL 
study. The patient flow is described in the Fig. S4 of the 
ESM. Briefly, eight patients withdrew or were excluded 
before study start. Further, two patients were excluded from 
the pharmacokinetic analyses because of severe liver cirrho-
sis and technical difficulties with the venous catheter. Thus, 
98 patients (40, 40, and 18 in the RYGB group, diet group, 
and cholecystectomy group, respectively) supplied at least 
one 24-hour pharmacokinetic profile during the study period 
and were included in the present analyses.

Patient characteristics at baseline are given in Table 1. On 
average, age (46 ± 11 years) and kidney function (eGFR 108 
± 12 mL/min/1.73 m2) were similar in the three groups. In 
line with the inclusion criteria, patients with obesity (RYGB 
plus diet) had a higher mean body weight than the patients 
scheduled for cholecystectomy (mean difference 57 kg [95% 

CI 49, 64]). Most patients with obesity also had NAFLD 
(86%), compared with 11% in the cholecystectomy group.

3.2 � Changes in Body Weight and Kidney Function

For patients included in the pharmacokinetic analyses, 
mean weight loss in the two intervention groups was similar 
after the initial 3-week LED (RYGB: 4.8 ± 1.2%, diet: 4.5 
± 1.9%) and at week 9 after additional 6 weeks of calorie 
restriction induced by an RYGB (13 ± 2.3%) or VLED (11 ± 
3.6%). Thereafter, the RYGB group continued to lose weight 
with a mean weight loss of 19 ± 9% from week 9 to year 
2. In contrast, the diet group regained weight in the same 
period (10 ± 8%). No change in eGFR was observed in any 
of the groups in the first 9 weeks of the study. Between week 
9 and year 2 a minor, but statistically significant decline in 
eGFR was observed in the diet group (−5 mL/min/1.73 m2 
[95% CI −9, −1]), while no change was observed in the 
RYGB group.

3.3 � Baseline Digoxin Pharmacokinetics

As shown in Fig. 1a, mean AUC​0–∞ of digoxin was −5.5 µg 
h/L [95% CI −8.5, −2.5] (26%) lower in patients with obe-
sity compared with normal weight individuals scheduled for 
a cholecystectomy. The patients with obesity also had lower 
Cmax and longer Tmax than the cholecystectomy group: −0.59 
µg/L [95% CI −1.1, −0.08] (−23%) and 0.22 hours [95% CI 
0.10, 0.34] (28%), respectively (shown in Fig. 1b and c). Both 
body weight and eGFR were inversely associated with the sys-
temic exposure of digoxin: ß = −0.11, R2adj = 0.42, p < 0.001 
and ß = −0.12, R2adj = 0.07, p =0.004, respectively (shown 
in Fig. 2a and b).

3.4 � Protein Levels of P‑gp in the Liver and Jejunal 
Biopsies

The hepatic ABCB1 level was 0.05 fmol/µg [95% CI 0.00, 
0.10] (29%) higher in the RYGB group than in the cholecys-
tectomy group (shown in Fig. 1d). When comparing patients 
with (n = 37) and without NAFLD (n = 18), mean hepatic 
ABCB1 level was 0.07 fmol/µg [95% CI 0.03, 0.11] (42%) 
higher in patients with NAFLD. The individual hepatic levels 
of ABCB1 were associated with digoxin AUC​0–∞ (ß = −26, 
R2adj = 0.12, p = 0.006, shown in Fig. 2c). Jejunal ABCB1 
levels, only available in the patients undergoing an RYGB, 
were not associated with digoxin AUC​0–∞ (p = 0.38, shown in 
Fig. 2d). Body weight was positively associated with hepatic 
(ß = 0.001, R2adj = 0.13, p =0.004), but not jejunal (p = 0.59) 
levels of ABCB1.
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3.5 � Longitudinal Changes in Digoxin 
Pharmacokinetics

Observed data for digoxin AUC​0–∞, Cmax, and Tmax in the two 
intervention groups are presented in Table 2. Results from the 
mixed-model analysis of longitudinal changes in digoxin phar-
macokinetics are given in Table 3. At week 9, AUC​0–∞ was 
similarly increased in both weight loss groups compared with 
baseline (RYGB: 16% [95% CI 4.5, 26], diet: 16% [95% CI 3.6, 
26]) (Fig. 3a). No statistically significant changes in AUC​0–∞ 
was observed long term (year 2) in any of the groups (Table 3, 
Fig. 3a). Furthermore, no between-group differences were 
observed (Fig. 3d). Longitudinal changes in the concentra-
tion–time profiles (0–6 hours) of digoxin in the RYGB group 
and diet group are shown in Fig. 4.

A faster absorption of digoxin, reflected by a 25% [95% 
CI 4.3, 52] shorter mean Tmax, was observed 6 weeks after 
an RYGB and was still present at the study visit at year 2 
(Table 3, Fig. 3c). The patients undergoing an RYGB also 
had a lower Cmax early after surgery that remained decreased 
long term (Table 3, Fig. 3b). In contrast, neither digoxin 
Cmax nor Tmax demonstrated any change in the diet group 
during the study period (Table 3, Fig. 3b and c). As such, 
there was a statistically significant difference in the change 
between the RYGB group and the diet group for these two 
parameters (Fig. 3e and f).

4 � Discussion

The available literature on how body weight, weight loss, 
and an RYGB influence drug transporters such as P-gp is 
sparse. In this study, changes in digoxin pharmacokinetics 
were investigated to provide an insight into P-gp activity 
before and after weight loss induced by an RYGB or a strict 
diet. We observed a similar increase in the systemic expo-
sure of digoxin in the two intervention groups in the early 
phase after a pre-operative LED and an RYGB or a strict 
diet (LED plus VLED) [weeks 0–9]. The different effect on 
systemic exposure by the common LED intervention dur-
ing the first 3 weeks in the RYGB group and the diet group 
was minor and not considered to be of clinical importance. 
Although the baseline investigation showed that patients 
with obesity had a lower systemic exposure of digoxin than 
normal weight individuals scheduled for a cholecystectomy, 
we did not observe any changes in systemic exposure follow-
ing the substantial weight loss of ~30% in the RYGB group 
at year 2. This indicates that substantial weight loss does not 
lead to the reversal of obesity-induced alteration in digoxin 
pharmacokinetics mediated by P-gp or other factors.

Given that kidney function was comparable between 
patients with obesity and normal weight individuals, the 
difference in digoxin AUC​0–∞ is likely to be explained by 
differences in non-renal clearance. The proteomics data 
indicated that this is at least partly due to a higher hepatic 
expression of P-gp in patients with obesity. The weak, but 
significant, association that was observed between hepatic 
P-gp expression and AUC​0–∞ in the present study suggests 
that biliary elimination is of some importance for the sys-
temic exposure of digoxin. We can only speculate on the 
mechanism for the upregulation of hepatic P-gp in patients 
with obesity, but our data suggested that NAFLD may play a 
role. Patients with NAFLD had a higher hepatic P-gp expres-
sion than patients without NAFLD. In line with this finding, 
Hardwick et al. found an increased expression of P-gp in 
human liver samples with the progression of NAFLD [28]. 
Other studies have also demonstrated a higher hepatic P-gp 
expression, as well as lower AUC following intravenous 
and oral dosing of digoxin in rats with NAFLD [29, 30]. 
Nevertheless, in the study by Abernethy et al., there was 
no difference in the clearance of digoxin between patients 
with obesity and normal weight controls following intra-
venous administration [31]. The presence of NAFLD was 
not reported in this study and may not have been present 
in the same extent as in our study population. We did not 
observe any association between jejunal P-gp expression 
and digoxin AUC​0–∞ in our study, but jejunal biopsies were 
only obtained in the patients undergoing an RYGB and not 

Table 1   Patient characteristics at baseline

Data are presented as mean ± SD or n (%)
ALT alanine aminotransferase, BMI body mass index, CHOL chole-
cystectomy, eGFR estimated glomerular filtration rate, hs-CRP high-
sensitivity C-reactive protein, NAFLD non-alcoholic fatty liver dis-
ease, RYGB Roux-en-Y gastric bypass, SD standard deviation
a Estimated using the CKD-EPI formula
b Estimated according to the formula by Kotronen et al. Values greater 
than −0.640 were indicative of NAFLD

RYGB
(n = 40)

DIET
(n = 40)

CHOL
(n = 18)

Age (years) 46 ± 9 49 ± 10 42 ± 15
Sex (female/male) 27/13 26/14 15/3
Ethnicity (caucasian/other) 40/0 39/1 17/1
BMI (kg/m2) 45 ± 6 42 ± 5 25 ± 3
Body weight (kg) 132 ± 24 124 ± 24 71 ± 11
Muscle mass (kg) 38 ± 8 37 ± 8 27 ± 6
hs-CRP (mg/L) 8.2 ± 6.2 7.1 ± 6.6 2.5 ± 3.8
ALT (U/L) 34 ± 17 32 ± 19 22 ± 15
Creatinine (µmol/L) 58 ± 11 59 ± 14 60 ± 12
eGFR (mL/min/1.73 m2)a 109 ± 12 106 ± 12 108 ± 13
NAFLD (%)b 36 (90%) 33 (83%) 2 (11%)
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the normal weight individuals scheduled for a cholecystec-
tomy. However, the lack of association may be explained 
by the fact that most of the orally administered digoxin is 
absorbed in the proximal part of the intestine [19]. In a pre-
vious study with healthy volunteers, the systemic exposure 
of oral digoxin decreased significantly during treatment with 
the P-gp inducer rifampin because of an increase in duodenal 
P-gp expression [32]. It is challenging to say if the patients 
with obesity in our study also had an increased expression 
of duodenal P-gp contributing to the lower AUC​0–∞ in these 
patients compared with the normal weight individuals.

The RYGB led to a faster absorption of digoxin 6 weeks 
and 2 years after surgery. This is in line with what Chan 
et al. found for digoxin Tmax 3 and 12 months after an RYGB 
[10]. A faster absorption following an RYGB has also been 
shown for other drugs [8, 11, 12] and may be explained by 
an accelerated gastric emptying time due to the anatomical 
alterations in the gastrointestinal tract [4]. Interestingly, we 
observed a lower Cmax of digoxin after surgery, while Chan 

et al. found no changes in their study [10]. Normally, most 
of the digoxin is absorbed in the proximal part of the small 
intestine [19]. However, because an RYGB places orally 
administered drugs directly in the more distal parts with 
higher P-gp expression [15, 16], there may be an increased 
efflux of digoxin back into the lumen, which limits the 
absorption. The reduced absorption surface in the small 
intestine may also be of importance [5]. In this work, the 
altered absorption of digoxin following an RYGB was not 
followed by any significant changes in AUC​0–∞. The initial 
weight loss induced by the pre-operative LED and an RYGB 
led to a temporary, minor increase in digoxin AUC​0–∞ that 
returned to baseline values at year 2 despite most patients 
having lost a substantial proportion of their body weight. 
Interestingly, AUC​0–∞ changed similarly in the diet group 
throughout the study period, although their body weight was 
regained at year 2. This suggests that weight loss induced 
by LED followed by an RYGB or VLED does not influ-
ence digoxin AUC​0–∞, and therefore P-gp activity, to any 

Fig. 1   Comparison of (a) the systemic exposure (area under the con-
centration–time curve from zero to infinity [AUC​0–Inf]) of digoxin, 
(b) maximum plasma concentration (Cmax), (c) time to Cmax (Tmax) 
at baseline between mainly normal weight individuals scheduled for 
cholecystectomy (CHOL) and patients with severe obesity scheduled 

for treatment with Roux-en-Y gastric bypass (RYGB) or a very-low-
energy diet (DIET), and (d) hepatic P-gp (ATP-binding cassette sub-
family B member 1 [ABCB1]) level at the time of surgery between 
CHOL and RYGB. Hepatic biopsies were only available in 56 
patients (CHOL, n = 18 and RYGB, n = 38)
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Fig. 2   Association between (a) body weight, (b) estimated glomeru-
lar filtration rate (eGFR), and digoxin systemic exposure (area under 
the concentration–time curve from zero to infinity [AUC​0–Inf]) in the 
Roux-en-Y gastric bypass (RYGB) group, diet group, and cholecys-
tectomy (CHOL) group at baseline. Association between (c) hepatic 
ATP-binding cassette sub-family B member 1 (ABCB1) levela, (d) 

jejunal ABCB1 concentrationb, and digoxin systemic exposure (AUC​
0–∞) in patients undergoing surgery (week 3). R is the Pearson cor-
relation coefficient. aOnly available in patients undergoing surgery 
(RYGB = 38, CHOL = 18). bOnly available in patients undergoing an 
RYGB (n = 36)

Table 2   Observed digoxin pharmacokinetic parameters at the study visits in the RYGB group, diet group, and cholecystectomy group, respec-
tively

Data are presented as mean ± SD
AUC​ area under the concentration–curve, CHOL cholecystectomy, Cmax maximum plasma concentration, PK pharmacokinetics, RYGB Roux-en-
Y gastric bypass, SD standard deviation, Tmax time to maximum plasma concentration
a RYGB was performed at week 3, following a 3-week pre-operative LED (<1200 kcal/day)

Digoxin PK RYGBa DIET CHOL

Week 0
n = 38

Week 3
n = 39

Week 9
n = 35

Year 2
n = 32

Week 0
n = 40

Week 3
n = 39

Week 9
n = 37

Year 2
n = 30

Week 0
n = 18

AUC​0–∞ (µg h/L) 17 ± 5 18 ± 6 19 ± 5 18 ± 5 15 ± 4 17 ± 5 18 ± 5 16 ± 6 21 ± 6
Cmax (µg/L) 2.0 ± 0.82 1.9 ± 0.82 1.6 ± 0.46 1.7 ± 0.56 1.7 ± 0.61 1.9 ± 0.73 1.9 ± 0.67 2.0 ± 0.78 2.5 ± 0.95
Tmax (h) 0.98 ± 0.49 1.0 ± 0.33 0.77 ± 0.08 0.75 ± 0.09 1.1 ± 0.38 1.0 ± 0.44 1.1 ± 0.53 0.99 ± 0.39 0.80 ± 0.14
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significant degree. In line with our results, Chan et al. found 
no difference in the AUC​0–∞ of digoxin following an RYGB 
in their study [10]. Additionally, Ewy et al. found no differ-
ence in blood concentrations of digoxin following a single 
intravenous dose before and after weight loss induced by 
LED [33].

The major strength of the present study is the large 
sample size and long follow-up time compared with pre-
vious studies with similar objectives. The dietary control 
group with matched short-term weight loss enabled us 
to differentiate the effect of an RYGB and weight loss 
on digoxin pharmacokinetics. Additionally, individual 
digoxin pharmacokinetic variables and parameters were 
calculated using a population pharmacokinetic model 
based on rich data. The study has some limitations. 
Although digoxin remains the commonly used probe drug 
for P-gp activity, its sensitivity and specificity have been 
questioned [17]. However, to date, an ideal probe drug 
for P-gp activity does not exist. Further, no covariates 
were included in the population pharmacokinetic model. 
Because only individual predictions of pharmacokinetic 
parameters were of interest in this analysis, the statisti-
cal analyses were based on a linear mixed model with an 
individual random intercept instead of estimating all rel-
evant interactions within the population pharmacokinetic 
model. In addition, the ABCB1 genotype was not included 
in the analyses. Conflicting evidence exists with regard to 
the impact of the ABCB1 polymorphism on digoxin phar-
macokinetics [34–36]. The kidney function was not meas-
ured but estimated using the CKD-EPI formula, which 
may overestimate GFR 6 months following an RYGB 
[37]. As all patients in the present study had normal kid-
ney function throughout the study, we do not believe that 
changes in renal clearance have led to the minor observed 
changes in digoxin AUC​0–∞. Furthermore, as NAFLD was 
predicted using a score based on metabolic factors, it was 
not possible to confirm the NAFLD status or to determine 
the severity of NAFLD.

5 � Conclusions

Patients with obesity demonstrate a lower systemic expo-
sure of digoxin than normal weight individuals scheduled 
for a cholecystectomy. This may be explained by a higher 
hepatic expression of P-gp in patients with obesity lead-
ing to increased biliary excretion of digoxin. Our findings 
may be relevant for dosing of other P-gp substrates, but 
differences in factors such as substrate specificity, meta-
bolic pathways, and physicochemical properties make 
it challenging to extrapolate the findings to other drugs 
transported by P-gp. Even though patients with obesity 
lose a substantial amount of weight as observed in the Ta
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Fig. 3   Changes in digoxin (a) systemic exposure (area under the 
concentration–time curve from zero to infinity [AUC​0–Inf]), (b) maxi-
mum plasma concentration (Cmax), and (c) time to Cmax (Tmax) in 
the Roux-en-Y gastric bypass (RYGB) and DIET groupsa. A linear 
mixed model was used to estimate mean change over time [95% con-
fidence interval]. Statistically significant differences (p < 0.05) within 

groups (RYGB or DIET) compared with baseline are symbolized by 
*. Between-group differences in within-group changes for the RYGB 
and DIET groups for digoxin (d) AUC​0–∞, (e) Cmax, and (f) Tmax. 
Difference between groups was calculated with diet as the reference 
group and presented as the marginal mean with 95% CI. aEstimated 
marginal means from the linear mixed model

Fig. 4   Mean time posterior-predicted concentrations profiles of digoxin in the (a) Roux-en-Y gastric bypass (RYGB) group and (b) diet (DIET) 
group at weeks 0 (dark blue), 3 (red), and 9 (green) and year 2 (light blue) from 0 to 6 hours to visualize differences in the absorption phase
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RYGB group, P-gp activity does not seem to return to 
that of normal weight individuals. Roux-en-Y gastric 
bypass leads to an earlier onset of absorption following 
oral dosing of digoxin, but neither weight loss induced by 
LED following an RYGB nor VLED changes the systemic 
exposure of digoxin to any clinically relevant degree. 
Dose adjustment of digoxin following an RYGB and/or 
weight loss does therefore not seem necessary in patients 
with satisfactory serum concentrations of digoxin prior 
to the intervention. However, the relatively narrow thera-
peutic range of digoxin should be kept in mind.
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