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Abstract

Introduction: In the United States, obesity affects approximately 24 adults and %4 children,
leading to increased risk for comorbidities, like gastroesophageal reflux disease (GERD), treated
increasingly with proton pump inhibitors (PPIs). Currently, there are no clinical guidelines to
inform PPI dose selection for obesity, with sparse data regarding whether dose augmentation is
necessary.

Areas Covered: We provide a review of available literature regarding the pharmacokinetics
(PK), pharmacodynamics (PD), and/or metabolism of PPIs in children and adults with obesity, as a
step toward informing PPI dose selection.

Expert Opinion: Published PK data in adults and children are limited to first generation PPIs
and point toward reduced apparent oral drug clearance in obesity, with equipoise regarding obesity
impact on drug absorption. Available PD data are sparse, conflicting, and limited to adults. No
studies are available to inform the PPI PK—PD relationship in obesity and if/how it differs
compared to individuals without obesity. In the absence of data, best practice may be to dose PPIs
based on CYP2C19 genotype and lean body weight, so as to avoid systemic overexposure and
potential toxicities, while monitoring closely for efficacy.
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1. Introduction

Proton pump inhibitors (PPIs) are a drug class of acid suppression medications, developed
in the 1980s for the treatment of peptic ulcer disease (PUD) and gastroesophageal reflux
disease (GERD) [1]. Despite the knowledge that obesity is a risk factor for both PUD [2-5]
and GERD [6,7], the majority of early PPI trials were conducted in healthy, normal-weight
volunteers. Since then, obesity rates have more than doubled for adults and more than tripled
for children [8], leaving a wide PPI dosing information gap for the approximately 1/3 of
adults [9] and 1/4 of children [7] with obesity who also suffer from GERD.

In addition to GERD, PPIs are commonly used to treat other gastrointestinal complaints
such as esophagitis, abdominal pain, nausea, vomiting, regurgitation, and indigestion [10].
In the last decade, many PPIs have become available without a prescription, and it is not
surprising that they are some of the most commonly used medications today [11]. Although
previously thought to be relatively safe drugs, concerns are accumulating regarding the
potential adverse events (AES) and toxicities associated with PPI use (e.g., infections,
fractures), particularly long-term use [10]. Patients with obesity, for whom PPI dosing
recommendations are lacking, are arguably at the highest risk for both PPl-associated AEs
from empiric PPI dose escalation (sometimes attempted to account for increased body size),
and for PPI treatment failure, if standard PPI dosing is insufficient in the setting of obesity.

Obesity-related changes in anatomy and physiology have been shown to influence the
pharmacology of some drugs more than others [12]. With obesity rapidly becoming one

of the most prevalent medical conditions worldwide [13,14], and the frequency of PPI

use by patients, it is increasingly important to understand how obesity affects metabolic
and physiologic processes relevant to PPI drug disposition (i.e., pharmacokinetics, PK) and
response (i.e., pharmacodynamics, PD). In this review, we will provide a summary of the
current understanding of the effects of obesity on PPI pharmacology in adults and children,
and discuss what implications this could have for rational and informed drug dose selection
of PPIs for patients with comorbid obesity, who are more likely to suffer from GERD and
other gastrointestinal disorders that require PPI therapy.

2. Obesity Definitions & Literature Search Strategies

Obesity status is determined by body mass index (BMI; weight in kilograms/height in
meters?). In adults, a BMI =30.0 is considered obese, and can be further subcategorized into
3 classes of obesity: Class 1 (BMI of 30 to <35), Class 2 (35 to <40), and Class 3 (=40)

[15]. In children, the absolute BMI number is expected to change as a function of normal
growth in height and weight, expected during childhood. For this reason, percentiles of BMI,
relative to age and sex, are used to define obesity in children. Standard pediatric growth
charts have been developed for this purpose, to determine if a child’s BMI falls within the
healthy BMI range for age and sex (i.e., 10t to < 85t percentile BMI), the overweight range
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(85th to <95th percentile BMI), the obese range (=95th to <99th percentile BMI), or the
severely obese range (=99th percentile BMI) [16].

Relevant literature was obtained using literature databases PubMed, UpToDate, ClinicalKey,
and Google Scholar accessed in the period of March 2022 to September 2022. The main
search terms used included PPI, proton pump inhibitor, PPI therapy, obesity, CYP2C19,
pantoprazole, GERD. Studies between March 1988 and September 2022 were included.
These search terms were supplemented with the terms therapy, metabolism, physiology,
gastric bypass either alone or combined.

3. Obesity as A Risk Factor For GERD

GERD is diagnosed when the retrograde passage of gastric contents into the esophagus

(i.e., regurgitation) results in troublesome symptoms and/or complications. It affects over
1/3 of adults with obesity [9] and nearly 1/4 of children with obesity [7]. The exact
mechanisms by which obesity contributes to GERD are not fully understood, but there

is a general consensus that increased intra-abdominal pressure secondary to central adiposity
contributes to regurgitation [17,18] and that the disruption of the lower esophageal sphincter
function at the esophagogastric junction makes regurgitation easier [19,20]. Inappropriate,
transient relaxations of the lower esophageal sphincter have been observed more commonly
in patients with than without obesity. There is also evidence to suggest that acid exposure
time in the esophagus is higher in patients with GERD and obesity than those with GERD
without obesity [21], predisposing patients with obesity to more acid damage.

The most severe consequence of long-standing, untreated GERD is Barrett’s Esophagus

and the development of neoplasia, both of which occur at higher frequency in patients

with obesity compared to normal-weight individuals [17]. Understanding of PPI dose
optimization to prevent these serious GERD complications is paramount. However, PPI dose
escalation for patients with obesity is not always the answer [22], as physiologic changes
other than body size also affect drug PK in obesity.

4. Understanding the Effects of Obesity on Human Physiology and Drug
Pharmacokinetics

Obesity has been shown to induce complex pathophysiological changes in many tissues and
organs, like the heart, liver, kidneys, and gastrointestinal tract, that can result in altered drug
PK. In this section, we will review the role that obesity has on general physiological bodily
functions and the drug absorption-distribution-metabolism-elimination processes (ADME)
that contribute to the PK of a drug.

4.1: Impact of Obesity on Physiology Relevant to Drug PK

4.1.1. Cardiovascular—Excess accumulation of body fat places stress on the
cardiovascular system. For the body to supply this excess body mass with oxygenated blood
and necessary nutrients/minerals, the cardiovascular system increases the blood volume,
cardiac output, and capillary flow compared to non-obese patients [23,24]. This increase in

Expert Opin Drug Metab Toxicol. Author manuscript; available in PMC 2024 February 18.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Jafri et al. Page 4

physiological demand can stress the heart to the point of cardiovascular disease [24-26] and
alter drug deliver to and from organ systems.

4.1.2. Hepatic—Excess fat accumulation in the liver, induced by obesity, also changes
liver anatomy and physiology resulting in increased total liver volume and sinusoidal
narrowing, which can reduce total blood flow to and through the liver [12,26]. Conversely,
the overall obesity-induced increase in total blood volume seems to increase absolute

blood flow to the liver [24]; leaving uncertainty about the net effect of obesity on hepatic
circulation. In addition to these changes to liver physiology, there is some evidence to
suggest altered expression of drug metabolizing enzymes (Cytochrome P450s; CYPs) in
the adult’s liver as a consequence of obesity [24], with the most abundant evidence for

the CYP3A family of enzymes [27,28]. To date, little information is known regarding

the effect of obesity and excess hepatic fat (i.e., hepatic steatosis) on CYP2C19, the

major hepatic drug metabolizing pathway responsible for the biotransformation of all

PPls, except rabeprazole; however, work is ongoing. There is some recent clinical and in
vitro evidence to suggest that nonalcoholic steatohepatitis (a common obesity comorbidity)
substantially alters the transporter activity for organic anion transporting (OAT) polypeptides
and multidrug resistance-associated proteins (MRP) [23] — changes that could affect the PK
of transporter-reliant drugs.

4.1.3. Renal—Unlike the liver, the kidneys are not susceptible to fatty infiltration (i.e.,
steatosis), but do appear to increase in organ size and blood volume when studied in children
[23] and adults [24] with obesity. Absolute and size-normalized glomerular filtration rate
(GFR) has also shown to be increased in patients with obesity [23,24]. However, there
appears to be a lack of consensus regarding the impact of obesity on the net renal function.
Despite obesity-associated increases to both kidney size and cardiac output, studies suggest
that GFR and creatinine clearance remain steady [12,26] compared to healthy patients.

4.1.4. Gastrointestinal—There are limited data highlighting the effects of obesity on
the weight and blood flow of the gastrointestinal tract [24]. There is, however, evidence
that the gastrointestinal tract demonstrates accelerated gut wall permeability and gastric
emptying, with an increase in splanchnic blood flow in patients with obesity [12,26].

4.2: Obesity and Drug Absorption and Bioavailability (A in ADME)

Two PK parameters define the drug absorption of an orally administered therapeutic
agent: the rate of absorption (how quickly the drug reaches the systemic circulation;

ko) and the bioavailability (the amount of drug available to be absorbed; F) of the

drug. Both PK properties are influenced by the gastrointestinal milieu and motility.

As previously mentioned, obesity accelerates gut wall permeability and increases the
splanchnic blood flow, which is thought to improve the drug’s bioavailability. Conversely,
the accelerated gastric emptying and modified gut pH associated with obesity can decrease
drug bioavailability [29], leaving uncertainty about the net effect. Additionally, a drug’s
bioavailability can be affected by first-pass metabolism in the gut and the liver, based on
the compound’s physiochemical properties and ADME profile. Thus, obesity’s impact on
physiology, morphology, and altered gene expression of drug metabolizing enzymes and
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transporters in the gut and liver can also modify a drug’s bioavailability in obesity; with the
latter being an avid area of research.

4.3: Obesity and Drug Distribution (D in ADME)

The volume of distribution (Vg) is a proportionality constant that represents the drug’s
propensity to distribute into tissues. The volume of distribution (e.g., in liters) captures

the total amount of an administered drug at an equal concentration to that found in the
blood plasma [30] and mathematically defines a drug’s maximum concentration (Cpax). A
drug’s physicochemical properties (such as lipophilicity, ionization, blood:plasma ratio, and
protein binding) typically govern its preference for distribution. In principle, a lipophilic
drug should readily diffuse into fatty tissue; therefore, lipophilic drugs, such as PPIs, would
be expected to have greater volumes of distribution in patients with obesity compared to
patients without obesity due to the increase in adipose tissue; however, available evidence
discussed later points to the contrary. It is important to note, that there is a great deal of
variability in the values of volume of distribution in patients with obesity [12,26], and when
comparing the volume of distribution between patients with obesity and without obesity, it
is suggested use either the absolute volume of distribution or the weight-normalized volume
of distribution. Furthermore, one cannot assume an increase in the volume of distribution
solely by a drug’s lipophilicity. For example, ranitidine, a drug with moderate lipid affinity,
displayed incomplete distribution into excess fatty tissue and produced similar volume of
distribution in patients with and without obesity. Conversely, a hydrophilic drugs will not
readily distribute into fat, confining its diffusion potential to aqueous compartments, like the
blood and extracellular water, which are both increased in obesity.

In addition to the lipo/hydrophilicity, a drug’s propensity for protein binding can also
influence its volume of distribution. Drugs bound to plasma proteins, such as albumin and
alpha 1-acid glycoprotein (AAG), are often too large to be readily distributed into tissues.
While obesity induces a myriad of pathophysiological alterations, studies have shown that
concentrations of albumin and AAG remain unaltered in patients with obesity compared to
those without [12,26], and that ratios of free:bound drug for several drugs are unaffected by
the presence of obesity [12,26].

4.4: Obesity and Drug Metabolism (M in ADME)

Drug metabolism defines the series of biotransformations that occur primarily in the liver,
and often lead to the clearance of the parent compound through conversion to other active
or inactive compounds (i.e., metabolites) [31,32]. As discussed above, obesity induces
several significant pathophysiological and morphological changes that affect the liver’s size,
composition, and function. There is evidence that drugs that undergo biotransformation in
the liver are affected by obesity. Notably, obesity’s impact on Phase | metabolism has been
shown to be dependent upon the pathway in question and cannot be generalized for all
enzymatic pathways. Faster biotransformation has been reported for drugs metabolized by
CYP2E1, CYP1A2, CYP2C9 and CYP2D6, whereas slower clearance has been reported for
pathways involving CYP3A [12,26]. Evidence of obesity-effect on CYP2C19 metabolism is
conflicting, but as we will discuss later appears to be decreased for PPIs [33,34]. Less is
known regarding the impact of obesity on Phase Il drug metabolism, but it appears to be
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increased for the uridine diphosphate glucuronosyltransferase pathway [12,26]. Similar to
CYPs, this observation is likely pathway dependent and cannot be generalized to all Phase |1
metabolism.

4.5: Obesity on Drug Elimination (E in ADME)

Drug elimination refers to the removal of the administered drug from the body [31,32] and,
for most drugs, occurs primarily in the kidneys [31]. The impact of obesity on GFR and
creatinine clearance has been difficult to tease out. GFR and creatinine clearance are often
seen as being elevated in patients with obesity, likely due to the increase in cardiac output
caused by the physiological compensation by the cardiovascular system. However, obesity is
also a risk factor for the development of chronic kidney disease, which can decrease renal
ability to eliminate drugs from the body [35]. Additionally, studies have shown that obesity
might increase the expression of organic cation transporters, renal transporters located on the
basolateral membrane that facilitate tubular secretion [36], resulting in increased elimination
of certain drugs, like metformin [12,26,36].

4.6: Current Drug Dosing Strategies for Patients with Obesity

The traditional paradigm of the one-size-fits-all dosing approach assumes all patients to be
average, and thus, need to receive the average drug dose [37-39]. As we have described
above, the pathophysiological impact that obesity has on drug PK illustrates that patients
with obesity are far from average, which should motivate us to implement tailored dosing
approaches for this growing patient population. Despite this acknowledgement, there are
very few FDA- approved drug labels that include an obesity term in the labeling information,
and of those few, no drug label optimizes dosing based on obesity status [40]. In addition

to the lack of FDA guidelines for most drugs, there are also challenges facing the
implementation of optimized dosing for patients with obesity. The first is how to properly
define obesity. For adult patients, obesity is defined as a BMI greater than 30 kg/m?;
however, this definition encompasses large variability in body composition as it does not
distinguish higher BMI due to excess fat mass from obesity versus increased lean body
mass (e.g., muscle) from fitness. The pediatric definition of obesity leverages the pediatric
growth chart, stating that obesity is defined by a BMI > 95™ percentile for age and sex, with
some clinical studies opting for the use of a BMI z-score [41] to better inform BMI above
the 99™ percentile. The second challenge is to determine the most appropriate body size
descriptor or anthropometric measure to guide drug dose selection. Multiple strategies have
been employed, each with strengths and weaknesses (Table 1).

For example, a recent systematic review of drug dosing in pediatric patients with obesity
revealed that dosing based on total body weight (TBW), as is typical for pediatric

patients, was suboptimal, with approximately two-thirds of the studied drugs producing
subtherapeutic or supratherapeutic exposures [42]. Drug clearance is an important factor

to consider when aiming to use a more appropriately informed, individualized dosing
approach. Drug clearance correlates with lean body weight (LBW) rather than adipose
weight, as adipose tissue is assumed to be metabolically inactive. When comparing the
TBW composition of normal-weight individuals to those with obesity, the lean:adipose ratio
changes from 4:1 (normal-weight) — 3:2 (obesity). This means that patients with obesity
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have 20% less LBW than normal-weight peers; therefore, how quickly the same drug is
eliminated may differ between patients with and without obesity. Furthermore, it remains to
be seen whether adipose tissue is truly inactive, especially when fat is known to have active
functions in producing adipokines and stimulating inflammation [43], which can affect drug
PK.

Volume of distribution (V) is another parameter to consider when making dosing decisions,
since it determines the Cpax and appropriate loading doses of a drug. For lipophilic

drugs, such as PPIs, V4 is more likely to correlate with TBW; however, some studies
suggest that LBW-based dosing is more appropriate for PPIs [44] . Although LBW has

been recommended to be a useful metric to base drug dosing in obesity, it is a complex
calculation that may be impractical for clinicians to utilize. Appropriately developed

online calculators, or ones incorporated into the electronic medical record, may help
circumvent this issue. Table 1 summarizes the currently practiced dosing strategies based

on anthropometrics (i.e., BMI, TBW, LBW, etc) in obesity.

5. Effect of Obesity on PPI ADME, Dosing, And Efficacy

There are six PPIs with FDA-approved drug labels. The 15t generation of PPIs

includes omeprazole, lansoprazole, and pantoprazole, while the 2" generation includes
esomeprazole, rabeprazole, and dexlansoprazole. Regardless of generation, the mechanism
of action of PPIs is to block gastric acid secretion by irreversibly binding to, and inhibiting,
the H-K-ATPase pump that is located on the luminal surface of the parietal cell membrane.
PPIs are prodrugs, weak bases which can only be maximally protonated in the extremely
acidic environment of the gastric parietal cell via acid-catalyzed cleavage. They are
administered in their inactive/neutrally charged form, which enters systemic circulation first.
From there, PPIs enter the hepatic circulation and all but rabeprazole are rapidly metabolized
by hepatic CYP2C19 [10]. Because of this first-pass metabolism, it is important to keep

PPI systemic concentrations high until gastric acid is secreted, and the medication can
diffuse into the parietal cell, bind its target (the H-K-ATPase pump), and exert maximum
effect by blocking the greatest number of active pumps. For this reason, dosing guidelines
recommend taking a PPl on an empty stomach, approximately 30 minutes before a meal.
Doing so improves their absorption and ensures that peak plasma concentrations coincide
with activation of the maximum number of H-K-ATPase pumps stimulated by food [45].

Both 15t and 2" generation PPIs are metabolized by the polymorphically expressed
hepatic CYP2C19, with 2"d generation drugs thought to be less effected by CYP2C19
polymorphisms (and/or there being less published data available to help assess this
relationship because the drugs are newer). The one exception is rabeprazole, which

is primarily metabolized through non-enzymatic reduction [10]. In 2020, the Clinical
Pharmacogenetics Implementation Consortium (CPIC), an international organization of
experts dedicated to disseminating pharmacogenetic information for appropriate drug dose
selection, issued a clinical guideline for individualizing PPIs dosing based on a patient’s
CYP2C19 genotype information [10]. The applicability of these important and practical
dosing recommendations remains to be evaluated in patients with obesity. Based on the
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available evidence discussed below, in addition to CYP2C19 genetics, obesity is also
expected to influence PPI PK/PD and, therefore, optimal drug dose selection.

Obesity and PPl Pharmacokinetics

Available evidence supports an influence of obesity on the PK of PPIs. Although early work
from Brill et al. [46] generally suggested a trend in increased absolute CYP2C19-mediated
drug clearance in obesity, more recent studies of PPIs in adults and children illustrate a
decrease in absolute CYP2C19-mediated drug clearance for PPIs in obesity.

Omeprazole is the most extensively studied PPI in adults with obesity. In a recent
prospective analysis of omeprazole PK in 61 adults with obesity, compared to 40 adults
without obesity, the apparent absolute oral drug clearance (CL/F) and elimination rate
constant (k) were decreased in obesity, while the area under the concentration-time curve
(AUCins) was increased from a single dose administration of 20 mg of omeprazole [33].
CL/F was reduced even further (approximately 4-fold) in adults with obesity and comorbid
mild liver dysfunction (defined by total bilirubin x1-1.5 the upper limit of normal (ULN),
and alanine aminotransferase (ALT) or aspartate aminotransferase (AST) greater than ULN).
Through population pharmacokinetic (PopPK) modeling and Montel Carlo simulation, the
authors demonstrated that the systemic drug exposure achieved from a standard 40 mg oral
dose of omeprazole in normal-weight individuals was comparable to exposures achieved
from half that dose in individuals with obesity, and a quarter of the dose in individuals with
obesity and mild hepatic dysfunction. Based on this, the authors concluded that the optimal
daily dosing for long-term omeprazole use in patients with obesity should be capped at 20
mg daily (10 mg daily, if there is comorbid mild liver dysfunction).

Omeprazole data for children with obesity are lacking; however, available data for
pantoprazole suggests similar observations. In two independent clinical trials, Shakhnovich
et al., demonstrated an approximately 2-fold reduction in weight-normalized pantoprazole
CL/F, and volume of distribution, for children with obesity compared to historic [22]

and prospectively enrolled [44] normal-weight controls. Through PopPK modeling and
simulation they illustrated that empiric dose escalation of pantoprazole was not necessary for
children with obesity in order to achieve the same systemic exposures as children without
obesity [34]. Using an intravenous formulation of pantoprazole, preliminary findings from
this group suggest that obesity-related mild hepatic dysfunction (defined by ALT >45), as
well as fat accumulation in the liver (i.e., simple hepatic steatosis) in the absence of fibrosis,
may be the mechanisms underlying the observed reduction in PPI absolute clearance (CL)
[47].

Alternative mechanisms for decreased CYP2C19-mediated drug clearance in obesity may
be related to inflammation, as obesity is a known, chronic, pro-inflammatory state.
Although there is a relative paucity of data in the literature for CYP2C19 compared to
CYP3A4, available evidence suggests that CYP2C19 expression and/or activity is reduced
in the presence of inflammation [48,49]. Therefore, it stands to reason that obesity-related
inflammation would decrease CYP2C19 function and result in decrease PPI CL in patients
with comorbid obesity, as was observed for omeprazole and pantoprazole. Data for other
PPIs are lacking.
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5.2: Obesity and PPl Pharmacodynamics

Studies of PPI efficacy (i.e., pharmacodynamics) in obesity are limited to observations for
adults, with no data for pediatrics. In a large clinical study of nearly one thousand patients
with GERD, Shah et al examined the relationship between esophageal acid exposure time
(AET) and BMI, on and off PPI therapy [21]. At baseline, abnormal AET was observed
more frequently in patients with overweight (67%), grade | obesity (79%), grade Il obesity
(74%) and grade I11 obesity (80%), compared to normal-weight controls (40%); p < 0.001.
While taking PPIs, no significant differences in the proportion of abnormal AET were noted
in patients across BMI groups, suggesting comparable efficacy of PPIs for patients with and
without obesity. The authors also concluded that, regardless of BMI, once daily PPI therapy
was as effective as twice daily therapy for treating esophageal disease, and that twice daily
treatment regiments were associated with greater health care cost and utilization. This is in
contrast to other studies that have demonstrated the superiority of twice daily, over once
daily, PPI dosing for healing esophagitis [50].

A small placebo-control trial in 18 asymptomatic adults with obesity [51] supports the
assertion made by Shah et al., that standard PPI dosing is efficacious in obesity. Gastric
antisecretory response to rabeprazole, omeprazole and placebo was evaluated on three
separate occasions using gastric pH monitoring for 24 hours. PD endpoints included 1)
percent of time post drug administration with intragastric pH above 3 and above 4; 2)
median pH concentration; and 3) nocturnal acid breakthrough episodes. Compared to
placebo, a single dose of 20 mg rabeprazole or 20 mg omeprazole induced a significant
reduction in gastric acidity in patients with obesity, with no statistically significant
differences observed between the two PPls. However, there was a statistically significant
decrease (approximately 2-fold) in the median gastric acid concentration after administration
of rabeprazole, compared to omeprazole. Rabeprazole was also significantly more effective
than omeprazole in reducing the occurrence of nocturnal acid breakthrough episodes for
patients with obesity, an observation supported in adults without obesity after single dose
administration of 10 mg rabeprazole vs. 20 mg omeprazole or 40 mg pantoprazole [52].
Although the above studies do not advocate for PP dose augmentation in obesity, they
suggest that rabeprazole, a PPI not susceptible to CYP2C19 metabolism, may be more
efficacious for patients with obesity.

Conversely, other studies in adults support PP dose augmentation for obesity, citing
evidence of inferior treatment response from standard once daily PPI dosing. A 2009
study by Chen et al. showed that, compared to standard once-daily dosing, twice daily
dosing of 40 mg pantoprazole led to accelerated sustained systemic disease response for
patients with overweight and obesity and reflux esophagitis [50]. In this study, 200 adults
with overweight/obesity and Los Angeles grade A or B reflux esophagitis were given
either 40 mg pantoprazole twice daily (twice daily dosing group) or 40 mg once daily
with a placebo for the second dose (standard dose control group). The cumulative rate

of sustained systemic disease response was superior in the twice daily dosing group,
showing endoscopic improvement as early as 4 weeks of treatment for individuals with
one or two functional CYP2C19alleles (i.e., the majority of the population at large;
p<0.005.) A study of esomeprazole in adults with obesity showed similar observations with
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increasing BMI adversely affecting the efficacy of standard dosing of esomeprazole, after an
8-week treatment course in 350 patients with Los Angeles grade A or B reflux esophagitis
[53]. Study results revealed treatment failure rates (defined by need for on-demand acid-
suppression therapy) increase with increasing BMI: 2.4%, 5.3%, and 14.2%, respectively,
for the control, overweight, and obesity group (p=0.0002). In a follow up study of reflux
esophagitis Los Angeles grade C and D, the same group demonstrated that BMI >25 (i.e.,
overweight/obesity) was a risk factor for esomeprazole treatment failure over the course of 6
months, independent of the patient’s CYP2C19 genotype [54].

5.3: Effect of Bariatric Surgery

Additional information regarding obesity’s effect on PP pharmacology can be gleaned from
the bariatric surgery literature, by comparing PK of PPIs before and after surgery-induced
weight loss. However, study results must be interpreted with caution, as stomach, small
intestinal and blood flow anatomy and physiology, in addition to weight and body habitus,
are affected by bariatric surgery.

Roux-en-Y gastric bypass surgery (RYBS) involves the surgical creation of a small

pouch from the stomach that connects directly to the second part of the small intestine

(i.e., jejunum), bypassing the first portion of the small intestine (i.e., duodenum), as

well as the majority of the native stomach [55]. This effectively decreases the gastric
surface area for acid production and the intestinal surface area for absorption, which

may help explain differences in PPl PK observed before and after surgery; however,

study results are conflicting. A 2016 study of 34 adults, by Mitrov-Windelmolen et al.,
showed faster absorption, higher Cax and lower AUCy_;2 for omeprazole two months
after surgery, compared to pre-surgery baseline [56]. The authors concluded that physicians
should be aware of the potential need to increase omeprazole dosing post-RYGB, while
acknowledging substantial interindividual variability in AUC differences before and after
surgery. These observations were not entirely supported in another of omeprazole by
Portoles-Perez et al [55]. This study demonstrated reduced omeprazole Cyax and AUCq¢
(also sampled over 12 hours), as well as increased apparent oral drug clearance, for

14 patients with morbid obesity at 1 and 6 months post-RYGB surgery compared to pre-
surgical baseline. From these observations, the authors inferred a reduction in omeprazole
absorption post-RYGB and went on to show that at 6 months post-RYGB, omeprazole

PK parameters were similar to adult controls without obesity. They concluded that, in
general, dose adjustment for omeprazole was not indicated after gastric bypass surgery.
They also advocated against empiric dose escalation of omeprazole for patients with
morbid obesity, pre-RYGB these patients appeared to have higher omeprazole bioavailability
compared to controls. Neither study controlled for CYP2C19 genotype, hor commented on
altered CYP2C19 activity (i.e., phenotype) as a potential alternative explanation for the PK
differences observed in obesity, as recently brought up in work by Kvite et al [57].

Kvite et al., sought to elucidate the effect of obesity on CYP phenotype /n vivo by
comparing the plasma ratios of the CYP-mediated drug metabolite to the parent compound
for several drug probes, in 81 adults with morbid obesity undergoing surgical and
non-surgical weight reduction, while controlling for genotype [57]. To accomplish this,
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four serial PK visits were conducted over the course of weight reduction for several
pharmaceutical compounds, including the CYP2C19 probe omeprazole. Their findings
demonstrated a 2.7-fold reduction in CYP2C19 activity (measured by the ratio of 5-
hydroxy-omeprazole to omeprazole in plasma) for patients with obesity, compared to
normal-weight controls. The study went on to show that CYP2C19 activity increased by

a median 30% following sustained and ongoing surgical weight reduction over the course of
two years, an observation not reflected in the diet management group, who regained weight
after initial weight loss at three and nine weeks of intervention. The observed statistically
significant changes in CYP2C19-mediated drug metabolism were most pronounced for
CYP2C19 rapid and ultra-rapid metabolizers, and absent for poor metabolizers (presumably
because they do not have baseline CYP2C19 function due to inheriting two copies of

the CYP2C19 no function allele). Based on their findings, the authors concluded that

dose adjustments for CYP2C19 substrates, such as PPIs, may be warranted for patients
with obesity due to the 30% decreased CYP function (60% for patients with obesity and
comorbid fatty liver disease) compared to adult controls [57]

6. Importance of appropriate drug dose selection of PPIs

The rationale for PPI dose adjustment rests on the Increasing evidence suggesting that
treatment with PPIs, especially long-term, is not as benign as once thought. A variety of
adverse events have been observed in adults and children in association with long-term PPI
use, including respiratory infections [58] and sinopulmonary symptoms [59], Clostridium
difficile infection [60-62], microscopic colitis [63,64], intestinal colonization of multidrug
resistant organisms [65], malabsorption of vitamins and minerals (e.g., B12 [66,67],
magnesium [68,69], iron [70-72], calcium [73]) , possible increased risk of fractures

of hip/wrist/spine [73,74], and acute interstitial nephritis [75-77]. Adverse effects that
overlap in the pediatric and adult populations include increased risk of osteopenic fractures,
gastrointestinal infections, and pneumonia [78-81].

7. Conclusion

Available data on the PK and PD of PPIs in obesity are sparse. Studies linking PK with

PD in patients with obesity could not be found, despite the widespread use of PPIs in

both adults and children. The PK data available suggest that the apparent oral clearance of
the PP1 omeprazole is reduced in adults with obesity, compared to those without obesity
[33] and may be mediated by decreased CYP2C19 activity associated with obesity /n vivo
[57]. Similarly, compared to children without obesity, the apparent oral clearance of the

PPI pantoprazole is reduced in children with obesity, for both the immediate release liquid
formulation [44] and the delayed release solid formulation [34] of the drug. Together,

these studies suggest that patients with obesity experience reduced CYP2C19-mediated drug
clearance of 15t generation PPIs and, theoretically, should not benefit from empiric dose
escalation of PPIs, if comparable systemic concentrations of PPI are needed for comparable
efficacy between patients with and without obesity. The question of whether different
therapeutic ranges of PPI concentrations should be targeted for patients with versus without
obesity remains unanswered. Evidence from the bariatric literature regarding PPI absorption
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and bioavailability before and after surgery, with or without comparison to controls without
obesity, is conflicting and limited to adult studies of omeprazole [55-57]

Available studies of PPI PD (without accompanying PK data) are similarly limited to
observations in adults and offer contradictory results. Two studies suggest that standard
dosing of PPIs achieves comparable treatment efficacy in adults with and without obesity,
when acid secretion is used as a PD measure [21,51]. Two other studies suggest that patients
with obesity do not respond as well to standard dosing of esomeprazole as do patients
without obesity, when symptom control is used as a PD measure [53,82]. A third study by
Sheu et al.[54], identified BMI >25 (i.e., overweight/obesity) as an independent risk factor
for treatment failure of esophagitis with standard esomeprazole dosing, using endoscopic
healing as a PD measure [54]. Available study findings are summarized in Table 2.

Studies linking PK and PD to try to reconcile these discrepancies in findings are, to our
knowledge, not available. In the absence of such data, it seems that the reduction in

acid secretion from standard PP1 dosing is similar for adults with and without obesity,

but mucosal healing rates and symptom control may be inferior for patients with obesity
compared to adult controls, and, according to one study [51], may be better achieved with
the one PPI not susceptible to metabolism by hepatic CYP2C19, rabeprazole. No published
pediatric PD data are available for patients with obesity, and we are currently conducting

a prospective clinical trial linking PPI PK and PD in children with overweight/obesity
(NCT04248335).

8. Expert Opinion:

Advances in research related to PPI dosing for individuals with obesity can undoubtedly
have positive real-world impact, particularly as obesity numbers continue to climb for adults
and children. Optimization of PPI dosing strategies for this growing patient population

can expedite and improve treatment response and therapeutic outcomes, while reducing

the probability and frequency of PPl-associated adverse events, which are quickly growing
in the post-market evaluation of the PPI drug class. Once sufficient data are available,
tailored dosing guidelines for patients with obesity can and should be implemented into
clinical practice. The creation of such guidelines necessitates the inclusion of individuals
with obesity in research, incorporation of CYP2C19 genotyping information into studies,
and generation of new knowledge that links PPI PK (not just drug dose) with PD for
patients with obesity. Until then, PK and PD results of available studies remain conflicted.
On the one hand, consensus is accumulating toward acknowledgement of altered PP1 PK
for both adults and children with obesity, with consistent suggestion of reduced apparent
oral drug clearance in obesity for PPIs metabolized by hepatic CYP2C19 (i.e., PPIs other
than rabeprazole). On the other hand, our current understanding of obesity’s impact on

PPI absorption and bioavailability is far less clear, and cannot readily be inferred from the
bariatric surgery literature alone. Robust sampling PK studies that capture the absorption
phase for PPIs (i.e., 30-120 minutes post drug administration), could offer valuable insights
and help inform the PPI PK—PD relationship in obesity.
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One foreseeable challenge to generating the data necessary for appropriate PPI dose
selection in obesity resides with the current drug development framework, which indirectly
encourages the exclusion of patients with obesity. Drug sponsors will frequently exclude
patients with obesity from clinical trials given the lack of consensus on how to appropriately
dose them, as well as to safeguard against the unknown influence of obesity on primary
and secondary outcomes, the variability in PK and PD, and the potential for altered

risks for toxicities — all of which could negatively impact the attainment of regulatory
approval. Concentrated efforts to better understand the pathophysiology of obesity in both
pediatric and adult populations can better elucidate obesity-driven effects and appropriate
use of anthropometric measures for PP1 dosing. Investigation into obesity PK, PD, and
outcomes data in individuals with and without obesity can provide invaluable insight into
dosing strategies for PPIs, as well as for other drugs commonly prescribed to patients with
comorbid obesity.

We anticipate that research in obesity medicine has no definitive end-point in the near future.
As obesity rates continue to rise in both pediatric and adult populations, management of this
medical condition, and the comorbidities associated with it (e.g., GERD, hyperlipidemia,
insulin resistance), will only continue to add to the vastness of pharmacology research
necessary to adequately and appropriately care for the actual, real-world diversity of
individual patients, rather than the theoretical “average” patient. In our opinion, the

field of pediatric obesity is in particular need of concentrated investigative effort, as

the discrimination between normal developmental weight gain and abnormal excessive
weight gain, and the subsequent physiological implications of each for drug pharmacology,
are grossly understudied. Elucidation of obesity-specific pediatric growth curves could

offer promising insights into drug dose selection for patients across the pediatric age
spectrum, particularly if thoughtfully incorporated into computer simulation platforms of
drug pharmacology in obesity [83]. We expect that the field of optimizing drug dose
selection in obesity will continue to strive toward generating enriched physiological data
across organ systems that will serve as the backbone for pharmacometric approaches, like
physiology-based pharmacokinetic modeling, model informed drug development, and model
informed precision dosing. These exciting developments have the power to inform clinical
practice and enable improved treatment outcomes for patients affected by obesity.

This paper was funded by the National Institutes of Health (5K23 DK115827-03) and the National Center

for Advancing Translational Sciences (L40 TR000598), the Eunice Kennedy Shriver National Institute of Child
Health and Human Development (5R01HD096435-05, 5R01HD102949-02, HHSN2752010000031), Pediatric
Trials Network (NICHD-2012-PANO01), and the George Ferry Young Investigator Development Award.

References:

1. Strand DS, Kim D, Peura DA. 25 Years of Proton Pump Inhibitors: A Comprehensive Review. Gut
Liver. 2017;11(1):27-37. [PubMed: 27840364]

2. Kalichman L, Livshits G, Kobyliansky E. Indices of body composition and chronic morbidity: a
cross-sectional study of a rural population in central Russia. Am J Hum Biol. 2006;18(3):350-8.
[PubMed: 16634021]

Expert Opin Drug Metab Toxicol. Author manuscript; available in PMC 2024 February 18.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Jafri et al.

14.

17.

18.

19.

20.

21.

22.

23.

Page 14

. Boylan MR, Khalili H, Huang ES, et al. Measures of adiposity are associated with increased risk of

peptic ulcer. Clin Gastroenterol Hepatol. 2014;12(10):1688-94. [PubMed: 24681076]

. Weatherall R, Shaper AG. Overweight and obesity in middle-aged British men. Eur J Clin Nutr.

1988;42(3):221-31. [PubMed: 3383826]

. Kim J, Kim KH, Lee BJ. Association of peptic ulcer disease with obesity, nutritional components,

and blood parameters in the Korean population. PLoS One. 2017;12(8):e0183777. [PubMed:
28837684]

. El-Serag HB, Graham DY, Satia JA, et al. Obesity is an independent risk factor for GERD symptoms

and erosive esophagitis. Am J Gastroenterol. 2005;100(6):1243-50. [PubMed: 15929752]

. Malaty HM, Fraley JK, Abudayyeh S, et al. Obesity and gastroesophageal reflux disease and

gastroesophageal reflux symptoms in children. Clin Exp Gastroenterol. 2009;2:31-6. [PubMed:
21694824]

. Freedman DS, Centers for Disease C, Prevention. Obesity - United States, 1988-2008. MMWR

Suppl. 2011;60(1):73-7. [PubMed: 21430626]

. Lovegrove C Obesity is linked with increased risk of gastroesophageal reflux disease. Nature

Clinical Practice Gastroenterology & Hepatology. 2005;2(11):501-501.

*10. Lima JJ, Thomas CD, Barbarino J, et al. Clinical Pharmacogenetics Implementation Consortium

(CPIC) Guideline for CYP2C19 and Proton Pump Inhibitor Dosing. Clin Pharmacol Ther.
2021;109(6):1417-1423. [PubMed: 32770672] * The CPIC consensus guideline for CYP2C19
and PPI dosing

. Benmassaoud A, McDonald EG, Lee TC. Potential harms of proton pump inhibitor therapy: rare
adverse effects of commonly used drugs. CMAJ. 2016;188(9):657-662. [PubMed: 26598371]

. Smit C, De Hoogd S, Bruggemann RJM, et al. Obesity and drug pharmacology: a review of the
influence of obesity on pharmacokinetic and pharmacodynamic parameters. Expert Opin Drug
Metab Toxicol. 2018;14(3):275-285. [PubMed: 29431542]

. Abdelaal M, le Roux CW, Docherty NG. Morbidity and mortality associated with obesity. Ann

Transl Med. 2017;5(7):161. [PubMed: 28480197]

WHO. Obesity and Overweight 2021. Available from: https://www.who.int/news-room/fact-sheets/

detail/obesity-and-overweight

. Prevention CfDCa. Defining Adult Overweight and Obesity 2022. Available from: https://
www.cdc.gov/obesity/basics/adult-defining.html

. Prevention CfDCa. Defining Childhood Weight Status 2022. Available from: https://www.cdc.gov/

obesity/basics/childhood-defining.html

Chang P, Friedenberg F. Obesity and GERD. Gastroenterol Clin North Am. 2014;43(1):161-73.

[PubMed: 24503366]

El-Serag HB, Ergun GA, Pandolfino J, et al. Obesity increases oesophageal acid exposure. Gut.

2007;56(6):749-55. [PubMed: 17127706]

Pandolfino JE, El-Serag HB, Zhang Q, et al. Obesity: a challenge to esophagogastric junction

integrity. Gastroenterology. 2006;130(3):639-49. [PubMed: 16530504]

de Vries DR, van Herwaarden MA, Smout AJ, et al. Gastroesophageal pressure gradients in

gastroesophageal reflux disease: relations with hiatal hernia, body mass index, and esophageal acid

exposure. Am J Gastroenterol. 2008;103(6):1349-54. [PubMed: 18510603]

Shah SL, Lacy BE, DiBaise JK, et al. The impact of obesity on oesophageal acid exposure time on

and off proton pump inhibitor therapy. Aliment Pharmacol Ther. 2015;42(9):1093-100. [PubMed:

26345151]

Shakhnovich V, Smith PB, Guptill JT, et al. Obese Children Require Lower Doses of Pantoprazole

Than Nonobese Peers to Achieve Equal Systemic Drug Exposures. J Pediatr. 2018;193:102-108

el. [PubMed: 29389444]

Gerhart JG, Carreno FO, Edginton AN, et al. Development and Evaluation of a Virtual

Population of Children with Obesity for Physiologically Based Pharmacokinetic Modeling. Clin

Pharmacokinet. 2022;61(2):307-320. [PubMed: 34617262]

24. Berton M, Bettonte S, Stader F, et al. Repository Describing the Anatomical, Physiological, and

Biological Changes in an Obese Population to Inform Physiologically Based Pharmacokinetic
Models. Clin Pharmacokinet. 2022;61(9):1251-1270. [PubMed: 35699913]

Expert Opin Drug Metab Toxicol. Author manuscript; available in PMC 2024 February 18.


https://www.who.int/news-room/fact-sheets/detail/obesity-and-overweight
https://www.who.int/news-room/fact-sheets/detail/obesity-and-overweight
https://www.cdc.gov/obesity/basics/adult-defining.html
https://www.cdc.gov/obesity/basics/adult-defining.html
https://www.cdc.gov/obesity/basics/childhood-defining.html
https://www.cdc.gov/obesity/basics/childhood-defining.html

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Jafri et al. Page 15

25. Powell-Wiley TM, Poirier P, Burke LE, et al. Obesity and Cardiovascular Disease: A
Scientific Statement From the American Heart Association. Circulation. 2021;143(21):e984—
e1010. [PubMed: 33882682]

*26. Knibbe CA, Brill MJ, van Rongen A, et al. Drug disposition in obesity: toward evidence-based
dosing. Annu Rev Pharmacol Toxicol. 2015;55:149-67. [PubMed: 25340929] * A review of PK
and PD in patients with obesity

27. Krogstad V, Peric A, Robertsen |, et al. Correlation of Body Weight and Composition With
Hepatic Activities of Cytochrome P450 Enzymes. J Pharm Sci. 2021;110(1):432-437. [PubMed:
33091408]

28. Ulvestad M, Skottheim IB, Jakobsen GS, et al. Impact of OATP1B1, MDR1, and CYP3A4
expression in liver and intestine on interpatient pharmacokinetic variability of atorvastatin in obese
subjects. Clin Pharmacol Ther. 2013;93(3):275-82. [PubMed: 23361102]

29. Teixeira TF, Souza NC, Chiarello PG, et al. Intestinal permeability parameters in obese patients
are correlated with metabolic syndrome risk factors. Clin Nutr. 2012;31(5):735-40. [PubMed:
22444236]

30. Asad Mansoor NM. Volume of Distribution: StatPearls; 2022 [cited 2022]. Available from: https://
www.nchi.nlm.nih.gov/books/NBK545280/

31. Kocz AZGSBPR. Drug Elimination: StatPearls; 2022 [cited 2022]. Available from: https://
www.nchi.nlm.nih.gov/books/NBK547662/

32. Preuss. STSCV. Drug Metabolism: StatPearls; 2022 [cited 2022]. Available from: https://
www.nchi.nlm.nih.gov/books/NBK442023/
**33. Chen K, Luo P, Yang G, et al. Population pharmacokinetics of omeprazole in obese and
normal-weight adults. Expert Rev Clin Pharmacol. 2022;15(4):461-471. [PubMed: 35522794] **
A popPK model for omeprazole in adult patients with obesity demonstrates reduced clearance in
patients with obesity and recommends a dose reduction based on liver function

**34. Shakhnovich V, Brian Smith P, Guptill JT, et al. A Population-Based Pharmacokinetic
Model Approach to Pantoprazole Dosing for Obese Children and Adolescents. Paediatr Drugs.
2018;20(5):483-495. [PubMed: 30097906] ** A popPK model for pantoprazole that shows a
reduced weight-normalized clearance in pediatric patients with obesity and recommends LBW-
based dosing for patients with obesity

35. Kovesdy CP, Furth SL, Zoccali C, et al. Obesity and Kidney Disease: Hidden Consequences of the
Epidemic. Can J Kidney Health Dis. 2017;4:2054358117698669.

36. Moreno-Navarrete JM, Ortega FJ, Rodriguez-Hermosa JI, et al. OCT1 Expression in adipocytes
could contribute to increased metformin action in obese subjects. Diabetes. 2011;60(1):168-76.
[PubMed: 20956498]

37. Neely M, Jelliffe R. Practical, individualized dosing: 21st century therapeutics and the clinical
pharmacometrician. J Clin Pharmacol. 2010;50(7):842—7. [PubMed: 20154293]

38. Neely M, Jelliffe R. Practical therapeutic drug management in HIV-infected patients: use of
population pharmacokinetic models supplemented by individualized Bayesian dose optimization. J
Clin Pharmacol. 2008;48(9):1081-91. [PubMed: 18635757]

39. Peck RW, Shahin MH, Vinks AA. Precision Dosing: The Clinical Pharmacology of Goldilocks.
Clin Pharmacol Ther. 2021;109(1):11-14. [PubMed: 33616906]

40. Vaughns JD, Conklin LS, Long Y, et al. Obesity and Pediatric Drug Development. J Clin
Pharmacol. 2018;58(5):650-661. [PubMed: 29350758]

41. Must A, Anderson SE. Body mass index in children and adolescents: considerations for
population-based applications. Int J Obes (Lond). 2006;30(4):590-4. [PubMed: 16570087]

*42. Harskamp-van Ginkel MW, Hill KD, Becker KC, et al. Drug Dosing and Pharmacokinetics in
Children With Obesity: A Systematic Review. JAMA Pediatr. 2015;169(7):678-85. [PubMed:
25961828] * A review highlighting the impact of obesity on the PK for several drugs and drug
classes

43. Luo L, Liu M. Adipose tissue in control of metabolism. J Endocrinol. 2016;231(3):R77-R99.
[PubMed: 27935822]

**44. Shakhnovich V, Abdel-Rahman S, Friesen CA, et al. Lean body weight dosing avoids

excessive systemic exposure to proton pump inhibitors for children with obesity. Pediatr Obes.

Expert Opin Drug Metab Toxicol. Author manuscript; available in PMC 2024 February 18.


https://www.ncbi.nlm.nih.gov/books/NBK545280/
https://www.ncbi.nlm.nih.gov/books/NBK545280/
https://www.ncbi.nlm.nih.gov/books/NBK547662/
https://www.ncbi.nlm.nih.gov/books/NBK547662/
https://www.ncbi.nlm.nih.gov/books/NBK442023/
https://www.ncbi.nlm.nih.gov/books/NBK442023/

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Jafri et al. Page 16

2019;14(1).** Demonstrates the use of LBW to improve dosing for pantoprazole in children with
obesity

45. Shin JM, Kim N. Pharmacokinetics and pharmacodynamics of the proton pump inhibitors. J
Neurogastroenterol Motil. 2013;19(1):25-35. [PubMed: 23350044]
**46. Brill MJ, Diepstraten J, van Rongen A, et al. Impact of obesity on drug metabolism
and elimination in adults and children. Clin Pharmacokinet. 2012;51(5):277-304. [PubMed:
22448619] * A review of the impact of obesity on metabolic and elimination processes, with a
focus on CYP metabolizing enzymes
47. Shakhnovich V, Abdel-Rahman S, Chan S, et al., editors. INCREASED HEPATIC ADIPOSITY
IN THE ABSENCE OF FIBROSIS IS ASSOCIATED WITH DECREASED PANTOPRAZOLE
CLEARANCE IN VIVO. CLINICAL PHARMACOLOGY & THERAPEUTICS; 2021: WILEY
111 RIVER ST, HOBOKEN 07030-5774, NJ USA.

48. de Jong LM, Jiskoot W, Swen JJ, et al. Distinct Effects of Inflammation on Cytochrome P450
Regulation and Drug Metabolism: Lessons from Experimental Models and a Potential Role for
Pharmacogenetics. Genes (Basel). 2020;11(12).

49. Christensen H, Hermann M. Immunological response as a source to variability in drug metabolism
and transport. Front Pharmacol. 2012;3:8. [PubMed: 22363283]

**50. Chen WY, Chang WL, Tsai YC, et al. Double-dosed pantoprazole accelerates the sustained
symptomatic response in overweight and obese patients with reflux esophagitis in Los
Angeles grades A and B. Am J Gastroenterol. 2010;105(5):1046-52. [PubMed: 19904250]

** Demonstrates that an increased dose of pantoprazole improves therapeutic outcomes in
overweight and obese patients

**51. Belhocine K, Vavasseur F, Volteau C, et al. Controlling on-demand gastric acidity in obese
subjects: a randomized, controlled trial comparing a single dose of 20 mg rabeprazole and 20
mg omeprazole. BMC Gastroenterol. 2014;14:128. [PubMed: 25027286] ** Rabeprazole was
associated with improve efficacy compared to omeprazole in patients with obesity. Altered drug
dosing for patients with obesity was not recommended.

52. Luo JY, Niu CY, Wang XQ, et al. Effect of a single oral dose of rabeprazole on nocturnal

acid breakthrough and nocturnal alkaline amplitude. World J Gastroenterol. 2003;9(11):2583-6.
[PubMed: 14606102]

**53. Sheu BS, Cheng HC, Chang WL, et al. The impact of body mass index on the application of
on-demand therapy for Los Angeles grades A and B reflux esophagitis. Am J Gastroenterol.
2007;102(11):2387-94. [PubMed: 17850409] ** Found that patients with a higher BMI may
benefit from an increased dose of omeprazole

54. Sheu B-S, Chang W-L, Cheng H-C, et al. Body Mass Index Can Determine the Healing of Reflux

Esophagitis With Los Angeles Grades C and D by Esomeprazole. Official journal of the American
College of Gastroenterology | ACG. 2008;103(9):2209-2214.

55. Portoles-Perez A, Paterna ABR, Sanchez Pernaute A, et al. Effect of Obesity and Roux-En-Y
Gastric Surgery on Omeprazole Pharmacokinetics. Obes Facts. 2022;15(2):271-280. [PubMed:
34979510]

56. Mitrov-Winkelmolen L, van Buul-Gast MW, Swank DJ, et al. The Effect of Roux-en-Y Gastric
Bypass Surgery in Morbidly Obese Patients on Pharmacokinetics of (Acetyl)Salicylic Acid and
Omeprazole: the ERY-PAO Study. Obes Surg. 2016;26(9):2051-2058. [PubMed: 26797705]

**57. Kvitne KE, Krogstad V, Wegler C, et al. Short- and long-term effects of body weight, calorie
restriction and gastric bypass on CYP1A2, CYP2C19 and CYP2C9 activity. Br J Clin Pharmacol.
2022;88(9):4121-4133. [PubMed: 35404513] ** Demonstrated a 2.7-fold reduction in CYP2C19
activity for patients with obesity, compared to normal-weight controls

58. Lima JJ, Lang JE, Mougey EB, et al. Association of CYP2C19 polymorphisms and lansoprazole-
associated respiratory adverse effects in children. J Pediatr. 2013;163(3):686-91. [PubMed:
23623526]

59. Cicali EJ, Blake K, Gong Y, et al. Novel Implementation of Genotype-Guided Proton Pump
Inhibitor Medication Therapy in Children: A Pilot, Randomized, Multisite Pragmatic Trial. Clin
Transl Sci. 2019;12(2):172-179. [PubMed: 30341969]

Expert Opin Drug Metab Toxicol. Author manuscript; available in PMC 2024 February 18.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Jafri et al.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Page 17

Leonard J, Marshall JK, Moayyedi P. Systematic review of the risk of enteric infection in

patients taking acid suppression. Am J Gastroenterol. 2007;102(9):2047-56; quiz 2057. [PubMed:
17509031]

Kwok CS, Arthur AK, Anibueze ClI, et al. Risk of Clostridium difficile infection with acid
suppressing drugs and antibiotics: meta-analysis. Am J Gastroenterol. 2012;107(7):1011-9.
[PubMed: 22525304]

Janarthanan S, Ditah I, Adler DG, et al. Clostridium difficile-associated diarrhea and proton
pump inhibitor therapy: a meta-analysis. Am J Gastroenterol. 2012;107(7):1001-10. [PubMed:
22710578]

Law EH, Badowski M, Hung YT, et al. Association Between Proton Pump Inhibitors and
Microscopic Colitis. Ann Pharmacother. 2017;51(3):253-263. [PubMed: 27733667]

Verhaegh BP, de Vries F, Masclee AA, et al. High risk of drug-induced microscopic colitis

with concomitant use of NSAIDs and proton pump inhibitors. Aliment Pharmacol Ther.
2016;43(9):1004-13. [PubMed: 26956016]

Willems RPJ, van Dijk K, Ket JCF, et al. Evaluation of the Association Between Gastric

Acid Suppression and Risk of Intestinal Colonization With Multidrug-Resistant Microorganisms:
A Systematic Review and Meta-analysis. JAMA Intern Med. 2020;180(4):561-571. [PubMed:
32091544]

Marcuard SP, Albernaz L, Khazanie PG. Omeprazole therapy causes malabsorption of
cyanocobalamin (vitamin B12). Ann Intern Med. 1994;120(3):211-5. [PubMed: 8273984]

Lam JR, Schneider JL, Zhao W, et al. Proton pump inhibitor and histamine 2 receptor antagonist
use and vitamin B12 deficiency. JAMA. 2013;310(22):2435-42. [PubMed: 24327038]

Hess MW, Hoenderop JG, Bindels RJ, et al. Systematic review: hypomagnesaemia induced by
proton pump inhibition. Aliment Pharmacol Ther. 2012;36(5):405-13. [PubMed: 22762246]

Cheungpasitporn W, Thongprayoon C, Kittanamongkolchai W, et al. Proton pump inhibitors linked
to hypomagnesemia: a systematic review and meta-analysis of observational studies. Ren Fail.
2015;37(7):1237-41. [PubMed: 26108134]

Ajmera AV, Shastri GS, Gajera MJ, et al. Suboptimal response to ferrous sulfate in iron-deficient
patients taking omeprazole. Am J Ther. 2012;19(3):185-9. [PubMed: 21150767]

Hutchinson C, Geissler CA, Powell JJ, et al. Proton pump inhibitors suppress absorption of dietary
non-haem iron in hereditary haemochromatosis. Gut. 2007;56(9):1291-5. [PubMed: 17344278]

McColl KE. Effect of proton pump inhibitors on vitamins and iron. Am J Gastroenterol. 2009;104
Suppl 2:S5-9. [PubMed: 19262546]

Tuukkanen J, Vaananen HK. Omeprazole, a specific inhibitor of H+-K+-ATPase, inhibits bone
resorption in vitro. Calcif Tissue Int. 1986;38(2):123-5. [PubMed: 3006888]

Mizunashi K, Furukawa Y, Katano K, et al. Effect of omeprazole, an inhibitor of H+,K(+)-ATPase,
on bone resorption in humans. Calcif Tissue Int. 1993;53(1):21-5. [PubMed: 8102318]

Sampathkumar K, Ramalingam R, Prabakar A, et al. Acute interstitial nephritis due to proton pump
inhibitors. Indian J Nephrol. 2013;23(4):304—7. [PubMed: 23960351]

Ra A, Tobe SW. Acute interstitial nephritis due to pantoprazole. Ann Pharmacother.
2004;38(1):41-5. [PubMed: 14742791]

Muriithi AK, Leung N, Valeri AM, et al. Biopsy-proven acute interstitial nephritis, 1993-2011: a
case series. Am J Kidney Dis. 2014;64(4):558-66. [PubMed: 24927897]

Kwok CS, Yeong JK, Loke YK. Meta-analysis: risk of fractures with acid-suppressing medication.
Bone. 2011;48(4):768-76. [PubMed: 21185417]

Freedberg DE, Haynes K, Denburg MR, et al. Use of proton pump inhibitors is associated

with fractures in young adults: a population-based study. Osteoporos Int. 2015;26(10):2501-7.
[PubMed: 25986385]

Stark CM, Nylund CM. Side Effects and Complications of Proton Pump Inhibitors: A Pediatric
Perspective. J Pediatr. 2016;168:16-22. [PubMed: 26409307]

Chung EY, Yardley J. Are there risks associated with empiric acid suppression treatment of infants
and children suspected of having gastroesophageal reflux disease? Hosp Pediatr. 2013;3(1):16-23.
[PubMed: 24319831]

Expert Opin Drug Metab Toxicol. Author manuscript; available in PMC 2024 February 18.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Jafri et al.

Page 18

82. Chen Y-H, Lin K-H, Wang H-M, et al. The efficacies of esomeprazole- versus pantoprazole-based
reverse hybrid therapy for Helicobacter pylori eradication. Advances in Digestive Medicine.
2018;5(1-2):26-32.

83. Hosey CM, Halpin K, Shakhnovich V, et al. Pediatric growth patterns in youth-onset type 2
diabetes mellitus: Implications for physiologically-based pharmacokinetic models. Clin Transl Sci.
2022;15(4):912-922. [PubMed: 35297172]

Expert Opin Drug Metab Toxicol. Author manuscript; available in PMC 2024 February 18.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Jafri et al.

Page 19

Article Highlights:

No clinical guidelines are available to guide PPI dosing for individuals with
obesity, and very few studies have explored appropriate approaches to drug
dose selection for this growing patient population disproportionately affected
by acid-related comorbidities

Evidence to date suggests that patients with obesity experience reduced
CYP2C19-mediated drug clearance for the 1st generation of PPIs (e.g.,
omeprazole, pantoprazole), with no consensus regarding the impact of obesity
of PPI absorption

Data linking observations of altered PPI pharmacokinetics in obesity with
pharmacodynamic end points are lacking, with no consensus regarding the
impact of obesity on the PPI dose — response relationship based on the
sparse pharmacodynamic data available

While additional pharmacology knowledge is generated through inclusion of
individuals with obesity into clinical trials, LBW-based dosing that takes into
account CYP2C19 genotype may be the most prudent dosing strategy for
patients with obesity
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Definitions of common anthropometric measures and their implications for patients with obesity [12]

Anthropometric Measure

Definition

Patient Relevance

Total Body Weight (TBW)

Total body weight of a person

Often used for pediatric dosing. Suboptimal
dosing strategy for up to 2/3 of drugs
studied in children with obesity [42]

Lean Body Weight (LBW)

Includes weight of muscle, bone, ligaments, tendons, blood
volume, internal organs, and some essential fat (i.e., small
amounts of fat contained in bone marrow and internal organs)

Sometimes used for dosing in obesity

Fat Free Mass (FFM)

TBW minus all fat in the body (i.e., essential fat and excess fat)

Sometimes used for dosing in obesity

Adjusted Body Weight
(AIBW)

TBW with a correction factor to account for metabolically
active vs. less active mass (i.e., fat)

Often used for estimating nutrition needs.
Also used for dosing aminoglycosides

Ideal Body Weight (IBW)

A theoretical body weight that lies within the “normal” range;
does not account for actual patient body composition. Using
IBW, all patients of the same height and sex, independent of

body habitus, would receive the same drug dose

Sometimes used for dosing in obesity, but
can result in underdosing

Body Surface Area (BSA)

The surface area of the human body that takes into account both
height and weight

Often used for chemotherapeutic agents
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Table 2.
Available information for drug dose adjustment of proton pump inhibitors for patients with obesity.
Proton Pump Approach Drug Major PK/PD Finding Dose Recommendation Population
Inhibitor Formulation For Obesity Studied
Omeprazole Decrease dose by 50% if
Prospective, fixed Oral enteric- CL/F and k. decreased no liver dysfunction. Adults n=61
single dose, PK study coated cansule in obesity; AUC Decrease dose by 75% obesity n=40
with PopPK modeling P increased in obesity if comorbid mild liver healthy weight
dysfunction [33].
Zﬁ’;lgegg;’gpfged CYP2C19 activity 2.7-
h . fold lower in obesity; Adults n=81
study with parent Oral enteric- mean activity increases | None mentioned [57]. obesity n=18

to metabolite ratios
before and after
weight loss

coated capsule

by 30% after bariatric
surgery (n=40)

healthy weight

Prospective, fixed

Timaxs Tiag and

Dose escalation may be

dose, PK study

[44].

single dose PK study Oral enteric- A Adults n=34
before and after coated capsule AUC decreased, Crrax needed after bariatric obesity
bariatric surgery increased, post-surgery | surgery [S6].
Pantoprazole . . Children n=13
E;g:gedc ctals\ﬁgLSE: %I e Immediate- Weight-adjusted CL/F ;Exﬁ:ﬁgeﬂoisr:nc?b esity obesity n=16
¥ release liquid decreased in obesity overweight n=28

healthy weight

Prospective, LBW-
based tiered, single
dose PK study with
PopPK modeling

Delayed-release
tablet

Weight-adjusted CL/F
decreased in obesity

LBW-based dosing or
dosing per the drug label
without dose escalation
[34].

Children n=40
obesity historic
healthy controls

Prospective FFM-
based tiered, repeat

Children and
Young Adults

Prospective, single
dose longitudinal
study

Tablet

No PK/PD reported

Patients wither higher
BMI may require a dose
increase [53]

single dose PK/PD Intravenous Study ongoing Study ongoing zg?irr]gc%pgo?gd
study : going
weight reduction
Lansoprazole Prospective, FFM- -
; : Oral enteric- : . .

based tiered, single Study ongoing Study ongoing Children

dose PK study coated capsule
Esomeprazole Adults n=180

control n=127
overweight n=43
obese

Rabeprazole

Prospective, double-
blind, placebo-
controlled single dose
study

Reconditioned
capsules

Increased time above
a gastric pH >3,
lower mean acid
concentrations

No change [51]

Adults n=18
obese

Abbreviations: AUC: area under the concentration time-curve, CL/F: apparent oral drug clearance, FFM: free fat mass, ke: elimination rate
constant, PK: pharmacokinetics, PD: pharmacodynamics, PopPK: population pharmacokinetic modeling, Tlag: lag time, Tmax: time to maximum

drug concentration
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