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Abstract
Background—Promising data regarding the safety and efficacy of gastric bypass surgery (GBS)
as an option to address obesity in the transplant population are emerging. The data lack on how
GBS may alter the pharmacokinetics (PK) of modern immunosuppression. The objective of this
study was to describe the alterations in the PK of modern immunosuppressants and the GBS
population.

Methods—Data are presented on six subjects who participated in this trial – four were on
dialysis and two were renal transplant recipients. Dialysisdependent bypass subjects received a
single dose of 6 mg of sirolimus, two 4-mg doses of tacrolimus and two 1000-mg doses of
mycophenolate mofetil (MMF) over the 24-h study period. Transplant recipients continued their
current regimen. Maximum plasma concentration (Cmax), time to reach the maximum plasma
concentration (Tmax) and the area under the plasma concentration vs. time curve (AUC0–12 and
AUC0–∞ where appropriate) were calculated for tacrolimus, sirolimus, mycophenolic acid (MPA)
and mycophenolic acid glucuronide (MPAG).

Results—Significant inter-patient variability in the Cmax, Tmax and AUC of tacrolimus,
sirolimus MPA and MPAG was observed. A notable difference in the AUC:dose ratio for
tacrolimus was seen when comparing data with published data in the non-bypass population.
Similar differences in PK were seen with sirolimus, MPA and MPAG.

Conclusions—When comparing the PK of sirolimus, tacrolimus, MPA and MPAG to published
PK data in the non-bypass population, significant differences are observed. It is likely that
transplant recipients with GBS would need higher doses of tacrolimus, sirolimus and MMF to
provide similar exposure to a non-bypass patient.
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The development of new immunosuppressive agents, such as tacrolimus, sirolimus and
mycophenolate mofetil (MMF), have led to a significant decline in the incidence of acute
rejection seen in kidney-transplant recipients (1). The lower rejection rates have
corresponded to an increase in the number of successful transplants performed over time (2).
Despite the lower rejection rates, kidney-transplant recipients are still at a high risk of
developing complications from their multiple co morbid disease states. A United Network
for Organ Sharing (UNOS) report from 2005 identified cardiovascular disease as the leading
cause of death in deceased donor transplant recipients (3). Two recent studies have
evaluated the potential impact of obesity on outcomes in renal transplant recipients (4, 5).
Both studies showed that increasing body mass index (BMI) is associated with an increased
risk for graft loss and delayed graft function (DGF). The results of the two trials are
conflicting as to whether or not death, with a functioning graft, is influenced by obesity. The
recent analysis by Gore et al. constructed a multivariate model which adjusted for common
co morbidities present in the dialysis population. This analysis found that BMI did not
influence the incidence of death with a functioning graft. The two studies had conflicting
results on whether or not BMI impacted the incidence of early rejection. Recently, the
American Heart Association identified obesity as an independent risk factor for the
development of coronary heart disease (6). With hopes to minimize post-transplant
cardiovascular risk, surgical weight loss may become a more frequently utilized option to
address obesity.

A recent study on current trends in bariatric surgery reported that the annual number of
bariatric procedures has increased from an estimated 13 365 in 1993 to 72 177 in 2002. It is
projected that the number of bariatric procedures performed in the United States in the year
2010 may be as high as 218 000. Close to 90% of the bariatric procedures performed in
2002 were gastric bypasses (7). The roux-en-y gastric bypass involves both a restrictive and
malabsorptive process. The restrictive portion of the procedure involves creating a small 20-
to 30-mL gastric pouch in order to limit food intake. A roux limb is then made by dividing
the small intestine anywhere from 100 to 250 cm beyond the ligament of treitz. The distal
(alimentary) limb is then attached to the gastric pouch creating a stoma 1.5 cm in diameter.
The narrow opening to the small intestine slows the emptying of the stomach and produces a
sensation of early satiety. Altering the available surface area of the stomach and small
intestine may adversely impact the absorption and metabolism of drugs. The resulting
gastric pouch of 20–30 mL does not produce as much gastric acid as a whole stomach. The
resulting increase in stomach pH may adversely impact the absorption of drugs that are
dependent on an acidic environment for solubility and absorption. The roux-en-y procedure
bypasses a significant portion of the stomach and small intestine resulting in a significantly
smaller surface area available for drug absorption (8). We hypothesize that the altered
gastric pH, in addition to the reduced surface area of the stomach and proximal intestine,
may lead to a decrease in drug absorption. Similarly, the reduction in the surface area of the
proximal intestine may lead to a decrease in drug metabolism in the gut, thereby resulting in
increased serum drug concentrations.

To date, there have only been a few published case reports providing data on the
pharmacokinetic (PK) alterations seen in medications in the gastric bypass or jejunoileal
bypass population (9–13). Significant alterations in PK occurred more often in patients who
underwent jejunoileal bypass rather than those who underwent gastric bypass. More
importantly, published guidelines on how to appropriately dose modern-day
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immunosuppressants are lacking. An initial report of the gastric bypass experience from
Cincinnati demonstrated that the dose requirement of cyclosporine increased by 33% after
the gastric bypass procedure (13). One may assume that similar dose adjustments may be
necessary with the administration of tacrolimus, sirolimus or MMF.

The Cincinnati experience on gastric bypass in patients with renal failure and kidney
transplant was updated and published in 2004 (14). A more recent update and follow-up
includes 51 gastric bypass recipients (15). Improvements in co morbid conditions, such as
blood pressure, cholesterol, triglycerides and diabetes control were seen with weight loss.
Additionally, five patients had improvements or stabilization in their renal dysfunction as a
result of weight loss. We herein report on a pilot study designed to specifically address
potential changes in the PK of immunosuppressive medications after gastric bypass surgery
(GBS).

Methods
Patient selection

Nineteen potential candidates were identified for enrollment into this protocol. Candidates
for enrollment were renal-transplant recipients who had previously undergone gastric
bypass, or gastric bypass patients with ESRD who were scheduled to undergo transplant.
Candidates for this study were female or male of any race aged 18–70 yr. Study subjects
were excluded if they were taking any medications known to interact with MMF, sirolimus
or tacrolimus, or if they had an allergy to the aforementioned medications. Candidates were
also excluded if they were physically or mentally unable to comply with the study protocol.
Candidates eligible for enrollment into this study fell into one of two distinct categories;
gastric bypass recipients with end-stage renal disease (ESRD) pretransplant (13) or post-
transplant (6). Of the 19 potential candidates, 10 subjects consented to participate in the
study. Of the 13 ESRD candidates, five consented to participate in the trial. Five of the six
post-transplant candidates consented to participate in the trial. Five of the potential
candidates were unavailable or declined participation. Data from four subjects who
consented to the trial will not be presented for the following reasons: one ESRD subject with
an ileal bypass performed peritoneal dialysis overnight on a cycler – this subject’s data were
omitted owing to the presence of these confounding factors on the PK data; data from three
post-transplant subjects are not presented as two of them only received cyclosporine and the
third lost intravenous (IV) access four h into the study. The remaining six subjects in which
PK data are presented all underwent traditional roux-en-y gastric bypass. Details of the
operative technique used in all subjects enrolled in this study are published elsewhere (14).
The study was approved by the local Institutional Review Board and all subjects provided
written informed consent prior to enrollment.

Immunosuppression
End-stage renal disease subjects, who were listed for transplant were given a 24-h regimen
of immunosuppression consisting of sirolimus 6 mg orally at 08:00, MMF 1 g orally at
08:00 and at 20:00 and tacrolimus 4 mg orally at 08:00 and at 20:00. This regimen was
chosen to resemble the current standard of care. Subjects who were transplant recipients
remained on their maintenance regimen. Dosing regimens are detailed in Table 1.

Study protocol
On the morning of the study, after an eight-h fast, subjects reported to the study site where a
peripheral venous catheter was inserted. Each subject received the specific
immunosuppressive medication as outlined at 08:00 and 20:00. Subjects continued to fast
for an additional two h after their am and pm dosing. Two venous blood samples (6 mL)
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were drawn at 0.5, 1, 2, 3, 4, 6, 8, 12, 12.5, 13, 14, 15, 16, 18, 20 and 24 h postdose for
sirolimus and 0.5, 1, 2, 3, 4, 6, 8 and 12 h postdose for each dose of MMF and tacrolimus.

Drug analysis
Tacrolimus and sirolimus concentrations in whole blood were determined using validated
tandem mass-spectrometry (LC-MS/MS) assays (16). Plasma concentrations of
mycophenolic acid (MPA) and mycophenolic acid glucuronide (MPAG) were determined
with a validated HPLC assay according to a modification of the method of Shipkova et al.
(17).

PK analysis
Pharmacokinetic analysis of concentration data for each administered dose of sirolimus,
tacrolimus, mycophenolic mofetil (MPA and MPAG) was conducted using standard non-
compartmental methods (WinNonlin Professional, Version 4.0.1; Pharsight Corp, Mountain
View, CA, USA). Maximum concentration (Cmax) and time to reach the maximum
concentration (Tmax) were determined by visual inspection of the plasma concentration time
profiles. The area under the concentration vs. time curve (AUC0–12 or AUC0–24) was
determined using the linear trapezoidal method up to the last measured concentration, and
the extrapolated area was estimated by dividing the last measured concentration by the value
of the elimination rate constant as calculated from the terminal portion of the concentration
time curve (if estimable). For MPA, AUC0–∞ may not be well represented owing to the high
inter-patient variability and enterohepatic recycling.

Results
Patient demographics

Data on six subjects who participated in the PK study will be presented. Four of the
participants were ESRD subjects awaiting renal transplant and two were renal transplant
recipients; all had undergone roux-en-y GBS. The mean age of the ESRD subjects was 42.9
yr compared with a mean age of 46.6 yr for the transplant recipients. The two groups were
similar with regard to BMI and weight; the ESRD subjects had a mean BMI of 31.1 and a
weight of 93.8 kg, and this was in comparison with a mean BMI of 36.8 and weight of 99.3
kg in the transplant recipients. The transplant recipients included in this analysis were on
average 3.6 yr further out from their GBS than the ESRD subjects. Patient demographics are
illustrated in Table 1.

Sirolimus PK
ESRD (single dose PK)—Four ESRD bypass recipients had PK profiles of sirolimus
available for analysis. All subjects received a single dose of 6 mg of sirolimus (mean dose of
0.06 ± 0.002 mg/ kg).The mean Tmax was 1.8 h (range 1–2 h), mean Cmax was 18.2 µg/L
(range 8.0–34.7), mean AUC0– 24 was 145.7 h µg/L (range 75.0–281.6), mean AUC0–∞ was
181.1 h µg/L (range 99.9–359.8) and the mean AUC0–∞:dose ratio was 30.2 (range 12.5–
46.9). Significant inter-patient variability was observed in the Cmax, AUC0–24, AUC0–∞ and
the AUC0–∞:dose ratios. Concentration time curves of sirolimus are depicted in Fig. 1.

Tacrolimus PK
ESRD (single-dose PK)—Four ESRD subjects received two 4-mg doses of tacrolimus
and had PK profiles available for analysis. Subject number 5 lost IV access 1.5 h after the
second dose of tacrolimus was administered. The mean total daily dose administered was 8.0
± 0 mg or 0.085 ± 0.003 mg/kg. After the first tacrolimus dose, the mean Tmax was 1.3 h
(range 1–2), the mean Cmax was 15.8 µg/L (range 10.2–23.1), the mean AUC0–12 was 56.6 h
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µg/L (range 34.4–77.8), the mean AUC0–∞ was 71.1 h µg/L (range 41.0– 98.6) and the
mean AUC0–∞:dose ratio was 17.8 (range 10.3–24.7). The mean Tmax after the second
tacrolimus dose was 3.3 h (range 1–8 h), the mean Cmax was 12.3 µg/L (range 3.4–21.3), the
mean AUC0–12 was 58.5 µg/L (range 30.0–87.8), the mean AUC0–∞ was 119.5 h µg/L
(range 96.3– 142.7) and the mean AUC0–∞:dose ratio was 29.9 (range 24.1–35.7). As in the
non-bypass transplant population, we observed a wide inter-patient variability in tacrolimus
PK and a lower Cmax with the second dose. Concentration time curves of ESRD subjects
receiving tacrolimus are depicted in Fig. 2A.

Post-transplant (steady-state PK)—One post-transplant subject who consented for
enrollment was maintained on tacrolimus-based immunosuppression. This subject received
two doses of 4 mg of tacrolimus (0.06 mg/kg), as this was his/her maintenance dose. After
the first tacrolimus dose, the Tmax was 0.5 h, the Cmax was 19.8 µg/L, the AUC0–12 was 65.4
h µg/L and the AUC0–12:dose ratio was 10.9. The Tmax after the second tacrolimus dose was
1 h, the Cmax was 16.0 µg/L, the AUC was 63.8 h µg/L and the AUC0–12:dose ratio was
10.6. The concentration–time curve of the single post-transplant subject receiving tacrolimus
is presented in Fig. 2B.

MPA and MPAG PK
ESRD (single-dose PK)—Four ESRD subjects received two 1000 mg doses of MMF and
had PK profiles available for analysis. Two first-dose samples could not be analyzed owing
to improper sample handling; additionally, all of patient number 5’s MPA samples had to be
discarded owing to improper sample handling. Individual patient concentration– time
profiles for the ESRD population of MPA are illustrated in Fig. 3A. Similar to our
experience with tacrolimus and sirolimus, we observed substantial inter- and intra-patient
variability within the profiles. First-dose kinetics was only available on patient number 8.
The first-dose MPA Tmax was 2 h, MPA Cmax was 1.2 mg/L, the MPA AUC0–12 was 5.4 h
mg/L, MPA AUC0–∞ was 5.6 h mg/L and the MPA AUC0–∞:dose ratio was 5.6. Second-
dose kinetics was available in all three subjects. The mean second-dose MPA Tmax was 1.7
h (range 1–3), mean second-dose MPA Cmax was 2.6 mg/L (range 1.6–3.2), mean
seconddose MPA AUC0–12 was 16.9 h mg/L (range 8.75– 32.05), the mean second-dose
MPA AUC0–∞ was 24.1 (range 11.0–48.3) and the MPA AUC0–∞:dose ratio was 24.1.
First-dose kinetics of MPAG was available only for patient number 8. The MPAG Tmax
after the first dose was 6 h, MPAG Cmax was 35.0 mg/L and the MPAG AUC0–12 was 319.0
h mg/L. Second-dose MPAG kinetics demonstrated higher peaks and almost double the
AUC0–12 seen with the first dose. The mean MPAG Tmax after the second dose was 6.7 h
(range 4–8), mean MPAG Cmax was 67.2 mg/L (range 48–77) and the mean MPAG
AUC0–12 was 907.4 h mg/L (range 648.5–1093.5). Individual concentration time profiles of
MPAG are illustrated in Fig. 4A.

Post-transplant (steady-state PK)—Steady-state PK of MPA and MPAG were
evaluated in two subjects. Subject number 2 received two oral doses of 1000 mg and subject
3 received two oral doses of their maintenance dose of MMF of 750 mg. Subject number 3’s
first-dose sample could not be analyzed owing to improper sample handling. Individual
concentration time profiles of MPA for the post-transplant population are illustrated in Fig.
3B. First-dose kinetics for MPA was only available on subject number 2. The first-dose
MPA Tmax was 0.5 h, MPA Cmax was 8.5 mg/L and the MPA AUC0–12 was 50.9 h mg/L.
Second-dose kinetics was available in both subjects maintained on MMF. The mean second
dose MPA Tmax was 0.8 h (range 0.5–1), mean second-dose MPA Cmax was 9.9 mg/L
(range 9.30–10.40), the mean seconddose MPA AUC0–12 was 42.7 h mg/L (range 36.25–
49.20) and the MPA AUC0–12:dose ratio was 48.8. First-dose kinetics of MPAG was only
available for subject number 2. The MPAG Tmax after the first dose was 2.0 h, MPAG Cmax
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was 68.6 mg/L and the MPAG AUC0–12 was 613.5 h mg/L. Second-dose MPAG kinetics
demonstrated similar peaks and a higher mean AUC0–12 than seen with the first dose. The
mean MPAG Tmax after the second dose was 2.5 h (range 2–3), mean MPAG Cmax was 69.8
mg/L (range 68.6–71.0) and the mean MPAG AUC0–12 was 903.9 h mg/L (range 873.9–
934.0). Individual concentration time profiles of MPAG are illustrated in Fig. 4B.

Discussion
Gastric bypass surgery has become an increasingly popular method to address obesity in the
general population. Not until recently has GBS become an acceptable surgical option for the
ESRD or transplant population. The reluctance to offer GBS as a weight-loss option for
obese ESRD subjects or transplant recipients is multifactorial. The perceived surgical
operative risks and the concern related to the effects of gastric bypass on absorption of
immunosuppressants post-transplant are just two of many. The University of Cincinnati has
the largest experience published to date on performing GBS in the ESRD and transplant
population (15). This pilot study adds to this experience as the first report evaluating the
changes seen in the PK of immunosuppression regimens, including tacrolimus, sirolimus
and MMF when used in gastric bypass recipients.

The oral bioavailability of tacrolimus, sirolimus and MMF is governed by various
mechanisms. Tacrolimus and sirolimus both demonstrate large inter-patient variation in their
absorption-related PK parameters. This variability may be in part explained by the complex
interactions that occur between drug transporters, such as P-glycoprotein (P-gp), Oatp2 and
drug metabolism in the gut and liver (18). The majority of oral tacrolimus absorption occurs
in the proximal duodenum; however, it has been shown that drug is absorbed from the
intestine to the colon (19–21). In addition to the duodenum being the primary site for
tacrolimus absorption, it is the primary site in the gut for tacrolimus metabolism by
cytochrome P-450 (CYP) 3A4/5. Tacrolimus metabolite formation after oral administration
is most highly concentrated in the duodenum and jejunum (22). Sirolimus is also
metabolized by CYP 3A4/5 and has been shown to have similar absorptive and metabolic
characteristics to tacrolimus. Both agents have also been shown to be substrates for P-gp,
which is highly concentrated in the gut and has been shown to play a major role in the
absorption and metabolism of its substrates (18). MMF is a pro-drug primarily absorbed in
the stomach and rapidly metabolized by plasma esterases to its active form, MPA. MPA is
then further metabolized to its inactive metabolite MPAG by uridine diphosphate (UDP)-
glucuronosyltransferases both in the gastrointestinal tract, kidney and liver (23–25). The
concentration time profile of MPA is unique in that it frequently demonstrates two distinct
peaks when taken in combination with tacrolimus or sirolimus (26). The first peak is seen
within one to three h of administration and a second is often seen around six to eight h later.
The second peak is thought to be the result of the enterohepatic recirculation of MPAG back
to MPA (27).

Unlike with tacrolimus and MMF, there is a limited body of literature available on single-
dose PK with the sirolimus oral tablets. The vast majority of the PK data published is with
the sirolimus oral solution. There is only one published study in renal transplant recipients
receiving cyclosporine comparing the PK of sirolimus tablets to the oral solution on
postoperative day 1. Significant differences in the AUC between the oral solution and tablet
were not observed (28). Singledose healthy volunteer data are available utilizing the oral
solution at single doses of 10 mg or 3 mg/ m2 (average dose 5.82 mg) (29, 30). We chose to
compare our data with the single-dose oral solution healthy volunteer data as these patients
closely resembled our population, in that, neither group was allowed to receive concomitant
interacting medications. Patients in the transplant study utilizing the sirolimus tablets also
received cyclosporine (28). There is a known drug interaction with cyclosporine and
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sirolimus when the two agents are administered together and 4-h apart (29). The subjects
involved in our PK study were administered tacrolimus and MMF concomitantly with
sirolimus, neither of which are known to alter the PK of sirolimus (31). As one would expect
when comparing a tablet to an oral solution, we saw a longer Tmax and smaller Cmax with
the bypass population (2.0 ± 0.7 h and 18.2 ± 11.5) than with the healthy volunteers [0.7 ±
0.3 and 32.2 ± 8.9 (27), 0.93 ± 0.38 and 46.0 ± 9.8 (28)]. A substantially lower AUC0–∞
and AUC:dose ratio were seen in the bypass population when compared with the healthy
volunteers. The mean AUC0–∞ and AUC:dose ratio seen in the gastric bypass population
were 181.1 ± 121.7 h µg/L and 30.2 ± 20.3, respectively. Healthy volunteers receiving a
dose of 3 mg/m2 (average dose 5.82 mg) had an AUC of 335 ± 136 ng h/mL and an
AUC:dose ratio of 57.5; healthy volunteers receiving a single dose of 10 mg had an AUC of
477 ± 135 ng h/mL and an AUC:dose ratio of 47.7. The lower AUC:dose ratio in the bypass
population indicates that this population needs substantially more drug to achieve similar
exposure to the non-bypass population. Potential explanations for the variations seen in the
kinetics of the bypass population include the alterations in the absorptive function of the
small intestine secondary to the gastric bypass procedure.

Pharmacokinetic data were available for analysis on five subjects receiving tacrolimus, four
of which were pre-transplant (non–steady-state) and one was post-transplant (steady state).
When the tacrolimus PK parameters in our gastric bypass population were compared with
published reports of tacrolimus PK in the non-bypass population, significant differences
were observed. The PK of tacrolimus in the four ESRD bypass subjects who received drug
can be compared with the PK of tacrolimus in healthy volunteers who received a singles
dose of 5 mg of tacrolimus in an anidulafungin PK study (32). Tacrolimus PK were
evaluated after a single oral dose of 5 mg in 28 healthy male volunteers. The mean weight of
the study population was lower than that of our bypass population at 75.5 ± 10.4 kg. The
weight-based dose in this study was 0.66 mg/kg, whereas in our bypass population, it was
0.42 mg/kg. A lower Cmax (15.8 vs. 23.2 µg/L) and Tmax (1.3 vs. 2.0 h) were seen in the
bypass population when compared with the healthy volunteers. Substantially lower AUC0–12
(56.6 vs. 107.8 h µg/L) and AUC0–∞ (71.1 vs. 269.6 h µg/L) were seen in the bypass
population when compared with the healthy volunteers. The lower AUC0–∞:dose ratio seen
with the bypass population (17.8 vs. 53.92) indicates that substantially more drug is needed
in patients with a gastric bypass to achieve similar exposure to tacrolimus as those without a
gastric bypass. Hardinger et al. published a study evaluating the PK of once vs. twice daily
tacrolimus in stable transplant renal-transplant recipients (33). Participants in this study were
maintained on a stable tacrolimus dose for six d. Twenty-four-hour PK profiles were drawn
on day 7 on all 18 subjects to establish the baseline PK profile for the twice daily (BID)
comparator arm of the study. The mean daily dose of tacrolimus administered in Hardinger’s
group was slightly lower than that given to our single post-transplant bypass subject 4 mg
(0.06 mg/kg) vs. 9 ± 1.7 mg (0.08 ± 0.01 mg/kg). Slight variations in the Tmax and Cmax
were seen in the non-bypass and bypass subjects for the first (Tmax (0–12 h) 1.5 vs. 0.5,
Cmax (0–12) 17.8 vs. 19.8) and second dose (Tmax (0–12 h), 3.0 vs. 1.0, Cmax (0–12h), 8.4 vs.
16.0) of tacrolimus. Both groups exhibited the diurnal variations that have been previously
reported with tacrolimus administration (34). The most striking difference seen between the
nonbypass and bypass subjects was in AUC0–12; a much lower AUC0–12 was seen in the
bypass subjects (AUC0–12, 64.5 vs. 117 ± 40, AUC0–12, 63.8 vs. 97 ± 30) than in the non-
bypass population. More importantly, a lower AUC:dose ratio (first dose AUC:dose0–12,
10.9 vs. 41.7; second dose AUC: dose0–12, 10.6 vs. 34.6) was seen in the bypass population,
indicating that a higher dose is necessary in bypass patients to achieve similar exposure to
that seen in a non-bypass patient population. It is not known exactly why the bypass patients
require more tacrolimus to achieve similar concentrations than non-bypass patients;
however, one may postulate that it may be attributed to a decreased absorptive capacity of
the small intestine in patients with gastric bypass. The gastric bypass procedure involves the
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diversion of a significant portion of the duodenum, which plays a major role in the
absorption and metabolism of drugs. As illustrated in the general transplant population, the
presence of renal dysfunction in the bypass population did not further alter the PK of
tacrolimus (35).

The PK profiles obtained for MPA and MPAG demonstrated dramatic inter- and intra-
patient variability as illustrated in Figs 3A, B and 4A, B. Significant differences were seen
in the kinetics of MPA and MPAG within both the ESRD bypass subjects and the stable
post-transplant bypass subjects. The significantly higher MPA AUC0–12, seen in the stable
post-transplant subjects is likely an effect of nonstationarity. Nonstationarity refers to a state
in which drug exposure increases over time despite consistent dosage. MPA has been known
to exhibit this property of decreased clearance over time as a function of several changes
(e.g., improved renal function, changes in protein binding and reduced metabolism owing to
steroid tapering) (36, 37). Lower Cmax that was seen in the ESRD population were also seen
in a similar study published by MacPhee et al. (38). They postulated that the lower Cmax
seen in the ESRD population may be attributed to altered absorption of MMF in the uremic
state. The Cmax of MPA for both our transplanted and ESRD subjects was found to be lower
than that in published MPA literature (36, 38). The lower Cmax in the bypass population may
also be attributed to the decreased surface area of the stomach seen in gastric bypass
recipients; the smaller surface area likely results in decreased drug absorption. A lower
MPA AUC0–∞ was seen in the ESRD bypass population (24.1 ± 21.0 h µg/L) than what was
seen in MacPhee’s hemodialysis (HD) MPA data (55.7 ± 32.6 mg/L h). The second-dose
kinetics of our stable post-transplant bypass recipients can be compared with published PK
data at steady state. The mean MPA AUC0–12 that is seen in our post-transplant gastric
bypass population is lower than that seen in the general transplant population at >3 month
post-transplant (65.3 ng h/mL vs. 42.7) (36). The alterations in the AUC0–12 may be
attributed to the decreased absorption of MPA illustrated by the low Cmax and the possible
blunting of the second peak of MPA that was seen in some of the gastric bypass recipients.
It is unclear as to why the second peak of MPA is affected in this patient population. One
possible explanation may be an alteration in the enterohepatic recirculation of MPA that
may occur after gastric bypass. Significant differences in the MPA AUC between our ESRD
and stable post-transplant subjects cannot be attributed to the differences in renal function or
immunosuppressive regimens. Our post-transplant subjects were maintained on minimal
doses of prednisone that were unlikely to impact MPA kinetics. The use of high-dose
corticosteroids in the early postoperative period have been thought to be a contributing
factor to the low MPA AUC seen during this time period. Significant differences in MPAG
kinetics between our ESRD and post-transplant bypass subjects were not observed. This is
somewhat surprising as MPAG is renally cleared and would be expected to be higher in the
ESRD population (but a steady state for MPAG may not have been reached). The MPAG
AUC seen in our bypass population (319 and 907 ± 231.3 h µg/L) were much lower than
those seen in MacPhee’s experience (1565 ± 596 mg/L h) (38).

To date, there have only been a few papers published describing alterations in the PK of
immunosuppressive medications in transplant recipients with bariatric surgery.
Unfortunately, the majority of the current literature only describes alterations in
cyclosporine PK and/or is in patients who have had jejunoileal bypass surgery (8, 39–41).
These studies provide limited clinical relevance to contemporary immunosuppression
management owing to the fact the tacrolimus has largely replaced the use of cyclosporine
and that the roux-en-y procedure is now favored over jejunoileal bypass. Though somewhat
outdated, these studies were consistent in reporting the fact that on average, a dose
adjustment in cyclosporine or tacrolimus of at least 30–50% must be made in the setting of a
new or reversed of jejunoileal bypass (11, 39). This would lead us to assume that in the
setting of a roux-en-y gastric bypass, there may be a need for dose adjustment in the post-
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transplant setting. Additionally, three excellent reviews have been published describing the
alterations of drug distribution seen following bariatric surgery. However, these articles do
not provide any guidance on dosing of immunosuppressive agents in transplant recipients
with GBS (8, 42, 43).

We were able to utilize the information obtained from our PK analysis of MPA to provide
guidance for the appropriate dosing of MMF in the post-transplant setting for one of our
subjects. Patient number 7, a Caucasian male, had a roux-en-y gastric bypass approximately
2.5 months after completing the PK analysis. Pretransplant PK parameters for MPA are as
follows; MPA Tmax 1 h, Cmax 1.60 mg/L, AUC 8.75 h mg/L. Based on these values and
Bayesian analysis, a dose of 1.5 g of MMF BID was recommended to achieve an AUC of
30–60 h mg/L. Abbreviated MPA AUC utilizing the technique published by Pawinski et al.
(42) were performed at one, three and eight months post-transplant and remained low (36.5,
41.8 and 39.9 h mg/L) despite a total dose of 3 g/d of MMF and a tacrolimus-based regimen.
Despite the low AUC and a higher dose of MMF than is typically used in combination with
tacrolimus, this patient has been rejection and complication free.

One of the major limitations to this analysis is the limited sample size. It is difficult to draw
any major conclusions from a sample size of only six subjects. The original design of the
study involved utilizing subjects as their own control; however, during the course of the
study, we were unable to obtain both a pre- and post-gastric bypass PK profile in an ESRD
or transplanted candidate. The use of historical published data as a comparison is also a
major limitation to the study as it is very difficult to identify published PK analyses that
utilize similar dosing and sampling strategies.

Through this small single-center observational study, we were able to provide preliminary
descriptive characteristics of alterations that may be seen in the immunosuppressants
tacrolimus, sirolimus and MMF. We were able to apply our observations to one case and
provide appropriate dose recommendations for post-transplant MMF dosing. Although we
are unable to provide specific immunosuppression dosing guidelines in the post-transplant
setting for gastric bypass patients, this study reveals that patients would likely need higher
doses of tacrolimus, sirolimus and MMF in order to provide similar exposure to a non-
bypass patient. Close monitoring of sirolimus and tacrolimus troughs in the early post-
transplant or post-bypass setting is essential to assure appropriate exposure to both agents.
Monitoring of MPA exposure, e.g., by abbreviated AUC estimation is warranted in the
gastric bypass population to ensure adequate exposure of MPA is achieved.
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Fig. 1.
Concentration–time profile of sirolimus in end-stage renal disease gastric bypass recipients.
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Fig. 2.
(A) Concentration–time profile of tacrolimus in end-stage renal disease gastric bypass
recipients. (B) Concentration– time profile of tacrolimus in post-transplant gastric bypass
recipients.
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Fig. 3.
(A) Concentration–time profile of mycophenolic acid in end-stage renal disease gastric
bypass recipients. (B) Concentration–time profile of mycophenolic acid in post-transplant
gastric bypass recipients.
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Fig. 4.
(A) Concentration–time profile of mycophenolic acid glucuronide in-end- stage renal
disease gastric bypass recipients. (B) Concentration–time profile of mycophenolic acid
glucuronide in post-transplant gastric bypass recipients.
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