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Abstract

Background.—Enzyme-mediated biotransformation of pharmacological agents is a crucial step
in xenobiotic detoxification and drug disposition. Herein, we investigated the metabolism and
physicochemical properties of the top 200 most prescribed drugs (established) as well as drugs
approved by the US Food and Drug Administration (FDA) between 2005 and 2016 (newly
approved). Objective Our objective was to capture the changing trends in the routes of
administration, physicochemical properties, and prodrug medications, as well as the contributions
of drug-metabolizing enzymes and transporters to drug clearance.

Methods.—The University of Washington Drug Interaction Database (DIDB®) as well as other
online resources (e.g., CenterWatch.com, Drugs.com, DrugBank.ca, and
PubChem.ncbi.nlm.nih.gov) was used to collect and stratify the dataset required for exploring the
above-mentioned trends.

Results.—Analyses revealed that ~ 90% of all drugs in the established and newly approved drug
lists were administered systemically (oral and/or intravenous). Meanwhile, the portion of biologics
(molecular weight > 1 kDa) was 15 times greater in the newly approved list than established drugs.
Additionally, there was a 4.5-fold increase in the number of compounds with a high calculated
partition coefficient (cLogP > 3) and a high total polar surface area (> 75 A2) in the newly
approved drug vs. the established category. Further, prodrugs in established or newly approved
lists were found to be converted to active compounds via hydrolysis, demethylases, and kinases.
The contribution of cytochrome P450 (CYP) 3A4, as the major biotransformation pathway, has
increased from 40% in the established drug list to 64% in the newly approved drug list. Moreover,
the role of CYP1A2, CYP2C19, and CYP2D6 was decreased as major metabolizing enzymes
among the newly approved medications. Among non-CYP major metabolizers, the contribution of
alcohol dehydrogenases/aldehyde dehydrogenases (ADH/ALDH) and sulfotransferases decreased
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in the newly approved drugs compared with the established list. Furthermore, the highest
contribution among uptake and efflux transporters was found for Organic Anion Transporting
Polypeptide 1B1 (OATP1B1) and P-glycoprotein (P-gp), respectively.

Conclusions—The higher portion of biologics in the newly approved drugs compared with the
established list confirmed the growing demands for protein- and antibody-based therapies.
Moreover, the larger number of hydrophilic drugs found in the newly approved list suggests that
the probability of toxicity is likely to decrease. With regard to CYP-mediated major metabolism,
CYP3AD5 showed an increased involvement owing to the identification of unique probe substrates
to differentiate CYP3As. Furthermore, the contribution of OATP1B1 and P-gp did not show a
significant shift in the newly approved drugs as compared to the established list because of their
broad substrate specificity.

Introduction

Metabolic biotransformation is the critical process that mediates the conversion of parent
xenobiotic compounds into their metabolites. Metabolism is generally a detoxifying process
that assists in either elimination of a drug compound or inactivation of a pharmaceutical
ingredient. Drug metabolism is typically categorized as phase | and phase Il reactions. Phase
I involves the introduction of polar groups to the parent compound via oxidation, reduction,
conjugation and/or hydrolysis. Whereas, phase 11 comprises the conjugation with
hydrophilic moieties including the addition of glucuronide, sulfate, glutathione, or amino
acids [1]. Metabolites generated by phase | and phase 1l enzymes are excreted into the bile,
via the canalicular lumen in hepatocytes, or eliminated from the body by kidneys [2].
Through these processes, the biologically active agents are rendered less active, effluxed by
transporters, and excreted from the body by renal or biliary routes. In 2004, Williams et al.
[3] reported that cytochrome P450 (CYP) enzymes were responsible for the
biotransformation of two-thirds of the most prescribed drugs in the USA. This is followed
by UDP-glucuronosyltransferases (UGTS), esterases namely carboxylesterases (CES),
arylacetamide deacetylase, butyrylcholinesterase, paraoxonases, and flavin-containing
monooxygenases (FMOSs) [3, 4]. The CYPs belong to a superfamily of heme-containing
membrane proteins. In the human genome, CYPs are represented by 57 putatively functional
genes including 18 families and 44 subfamilies (https://www.pharmvar.org/genes) [5, 6].
Despite the broad overlapping substrate specificity among the families, most of the drugs are
metabolized by CYP families 1, 2, and 3, namely CYP 1A2, 2B6, 2C8, 2C9, 2C19, 2D6,
3A4, and 3A5 isoforms [7-9]. In recent years, the pharmaceutical industry has devoted a
significant amount of resources to understand and subsequently improve the absorption,
distribution, metabolism, and excretion properties of new chemical entities. In 1991, it was
reported that the compounds’ failure rate from discovery to registration was as high as 40%
because of an incomplete understanding of pharmacokinetic (PK) properties and sub-
optimal bioavailability [10]. However, the failure of new chemical entities in the clinic has
decreased to 10% in the following decade because of the emphasis on structural
optimization resulting in enhanced PK properties [10, 11]. Therefore, an increasing number
of new chemical entities that undergo non-CYP metabolism including oxidation, reduction,
hydrolysis, and conjugation have recently emerged [12-15] with slightly higher lipophilicity
[13, 16]. Despite these propositions, supporting data are sparse, and a systematic evaluation
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of the major and minor drug metabolism pathways is lacking. Along with drug-metabolizing
enzymes, membrane transporters are additional major determinants of PK and safety
profiles. Over 400 different transporters have been annotated in the human genome [17].
Transporters are responsible for the hepatocellular disposition of polar or charged molecules,
without which these molecules could not pass through the lipid bilayer of the cell membrane
[18]. Following the uptake of molecules into the intracellular space, a different class of
efflux transporters aid the movement of molecules from the cell to the extracellular space
[14]. Many clinically relevant xenobiotic transporters belong to two superfamilies: solute
carrier (SLC) and ATP-binding cassette (ABC) transporters, which mediate the uptake and
efflux of chemical entities, respectively [19, 20]. Therefore, coordinated operation of ABC
and SLC transporters appears to be essential for drug absorption and elimination processes.
The primary objective of this report is to conduct a systematic analysis of the established
drugs in the US market [from the top 200 most prescribed drug list in 2014] (established
drugs) and to compare this list with the US Food and Drug Administration (FDA)-approved
drugs from 2005 to 2016 (newly approved drugs). We assumed that these lists represent a
collection of drugs that have gained FDA approval in previous decades vs. more recent
years. Our goal was to determine a possible shift, if any, in the routes of administration,
lipophilicity, as well as changes in the contributions of major and minor metabolizing
enzymes. Biological therapeutics were not considered in this review and excluded from both
established and newly approved lists. The current review also aims to demonstrate the
relative contribution of each transporter to drug disposition and elimination.

2 Methods
2.1 Sources of Established and Newly Approved Drug Lists

The sources of the information for this review are summarized in Table 1. Established drugs
originated from the list of “Top 200 Drugs of 2014 from Symphony Health’s IDV®
(Integrated Dataverse) [21]. This list ranks drugs based on the total prescription count in a
given year. The newly FDA-approved drugs were obtained from the CenterWatch website
[22] and included drugs that received FDA approval between 2005 and 2016.

2.2 Allocation of Drugs to Each List

Figure 1 shows a flowchart describing the reasoning behind the allocation of compounds to a
particular list. In total, the names of 831 drugs were retrieved from both lists. For
combination therapies, each active ingredient was separated and considered individually.
When the active ingredient was repeated in multiple combination therapies, the shared
compound was considered as a duplicate and eliminated from the assessment. Considering
this rationale, 219 drugs, including 214 small molecules with a molecular weight (Mw) < 1
kDa and five biologics (Mw > 1 kDa) were included in the established drug list. Moreover,
information on a total of 563 drugs, including 421 small molecules (Mw < 1 kDa) and 142
biologics (Mw > 1 kDa) were extracted from the newly FDA-approved drug list.
Considering that 48 drugs were shared between the two lists, the common drugs were only
considered in the established drug list and excluded from the newly approved drug list.
Among small molecules administered systemically (oral and/or intravenous routes), only
compounds without duplication were analyzed. Using such filters, we finally obtained 165
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(established) and 249 (newly approved) compounds possessing unique structures (active
compounds and prodrugs) for further investigations.

2.3 Combination therapy

We noticed 21 drugs in the established list and 57 drugs in the newly approved list that
comprised more than one active compound. To address combinatory drugs, we separated
active ingredients in each combination and assigned a unique identification for them in
Microsoft Excel® to avoid any duplication for the same compound in entire lists. For
example, Byvalson® is a combination of nebivolol and valsartan, while Entresto® is a
combination of sacubitril and valsartan. According to our criteria, valsartan was accounted
for only once to avoid repetition.

2.4 Physicochemical properties

Physiochemical parameters such as calculated partition coefficient (cLogP), Total Polar
Surface Area (TPSA) in angstroms squared, A2), and Mw were acquired for the drugs
included in both lists. These parameters were retrieved from the PubChem website and
analyzed based on the criteria proposed by Price et al. [23] using a threshold of 3.0 for
cLogP and 75 A2 for TPSA. Thus, we categorized and compared the drugs based on the
suggested cut-off criteria and assessed the percentage change between the different groups.

2.5 Information on drug elimination pathways

The University of Washington Drug Interaction Database (DIDB®) was used to retrieve
metabolic and other PK information for the established and newly approved drugs [24]. If a
monograph was not available in DIDB® for a given drug, other online resources, including
Drugs.com, DrugBank.ca, and PubChem.ncbi.nlm.nih.gov were used to support the
evidence. Using this strategy, the major and minor contributions of enzymes to drug
metabolism as well as potential drug—drug interactions (DDIs) and the contributions of
uptake and efflux transporters were explored. Based on the FDA guideline for DDI studies,
which is followed by DIDB®, “The contribution of a specific metabolizing enzyme to an
investigational drug’s clearance is considered significant if the enzyme is responsible for >
25% of the drug’s elimination based on the in vitro phenotyping studies and human PK
data” [25]. Hence, all metabolic enzymes addressed as “major”, “predominant”, “main”, and
“significant” in the DIDB® monograph were classified as the major metabolic pathway for a
corresponding drug. Similarly, the minor pathway was recognized based on labels such as
“minor” and “lesser extent”. Drugs were also ranked based on their potential risk of DDIs as
a substrate and/or inhibitor/inducer. This risk comes from PK (metabolism and transporter)
aspects but not pharmacodynamic interactions. The defined DDI risk levels for substrates
(DDl risk/substrate) were based on a combination of the following features: (i) extent of
metabolism/transport and sensitivity to induction/inhibition of the contributed enzyme
and/or transporter; (ii) therapeutic range; and (iii) clinical interactions reflected in new drug
application (NDA) reviews and publication [see data in the Electronic Supplementary
Material (ESM)] [26-29].
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2.6 Data analysis

The current evaluation is focused on the assessment of CYP and non-CYP enzyme
contributions as major and/or minor metabolism pathways for drugs. Moreover, the routes of
drug administration, lipophilicity, prodrug metabolism, and transporter-mediated uptake/
efflux were also explored. The fractional clearance through a particular enzyme, if multiple
enzymes were involved, was not defined for most of the drugs in DIDB®. Hence, fractional
clearance was not included in the current analysis. Instead, the contribution of each enzyme
was weighed equally. In this way, a score of 1.0 was assigned for each enzyme responsible
for the major or minor metabolic pathways. For instance, assume that the database contains
only two hypothetical drugs (i.e., A and B). Drug A undergoes major metabolism by two
CYPs and one non-CYP, while drug B is metabolized by two CYPs. In our analysis, the
number of involved CYPs and non-CYPs were summed up to estimate the overall
contribution of each enzyme within the dataset. Consequently, 80% (4/5) and 20% (1/5)
were assigned for the contributions of CYPs and non-CYPs, respectively. The contributions
of enzymes in the metabolism of drugs were categorized namely by CYPs, non-CYPs,
unknown metabolism, metabolized by both CYPs/non-CYPs (mixed), and no metabolism.
These categories were analyzed under both major and minor metabolism, separately. All
analyses were carried out using Microsoft Excel®. In the established and newly approved
drug lists, 9 and 13 compounds were recognized as prodrugs, respectively. In all cases,
prodrug bioactivation was determined independently from the metabolism of its active
compound. For instance, isavuconazonium sulfate is converted to its active form,
isavuconazonium, via plasma esterases. Subsequently, isavuconazonium is metabolized by
hepatic CYP3A4, CYP3A5, and UGT enzymes. Thus, the active agent generated from the
prodrug was included in the major and minor metabolism assessment, meanwhile, the role of
esterases was accounted for prodrug bioactivation, separately.

3 Results

Figure 1 shows a flowchart demonstrating the criteria applied in this study to allocate
pharmaceutical compounds to each subcategory. The total number of all investigated drugs
from the established and newly approved lists was 831. From the total number of drugs, 219
compounds (including small molecules and biologics) belong to the established drug list,
while 563 compounds account for the newly approved drug list.

3.1 Portion of Biologics

Among all active ingredients from the established and the newly approved lists, 5 and 142
drugs were considered as biologics. Figure 2 shows a substantial increase in the number of
approved large molecules from 2% for the established list to 30% for the newly approved
list. The biologics in the established list were predominantly indicated as hormone
replacement therapy and vaccines. However, in the newly approved list, most of the
biologics belong to the monoclonal antibodies.

3.2. Route of drug administration

The route of administration was compared between 214 and 421 small molecules from the
established and newly approved lists, respectively (Fig. 3). No major changes were found
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between the systemic and non-systemic routes of administration. Among the non-systemic
administered drugs, an increase in the formulation of topically administered agents was
observed from the established (29%) to the newly approved (41%) drug lists. In addition,
there was an increase in the ophthalmic route from 7 to 22%. However, there was a reduction
in the inhalation route from 57% in the established list to 19% in the newly approved list.
Moreover, other routes of administration were found for the newly approved drugs, such as
buccal (2%), local injection (2%), nasal (5%), and subcutaneous (7%) that were not present
in the established list.

3.3. Physicochemical properties (cLog P, TPSA, and Mw)

Figure 4a—c indicate the trends of cLogP, TPSA, and Mw values for the two drug lists,
respectively. According to Fig. 4a, the percentage of drugs with cLogP > 3 in the newly
approved drugs (2005-16) was 1.6-fold higher than that in the established list (Top 200).
Moreover, a 21% increase in the drugs with TPSA > 75 A2 was observed in the newly
approved list compared with the established list (Fig. 4b). Figure 4c shows a three-fold
increase in the percentage of compounds with Mw > 500 Da in the newly approved list vs.
the established list. Meanwhile, the percentage of drugs with Mw < 300 Da and Mw ~ 300
to 500 Da decreased in the newly approved list compared with the established list (Fig. 4c).
Figure 5 shows the classification of compounds into four groups based on the criteria
proposed by Price et al. (cLogP > 3 or < 3 as well as TPSA > 75 A2 or < 75 A2). The most
noticeable change in the “2005-16" list was a 4.5-fold increase in compounds with cLogP >
3 and TPSA > 75 A2, while an ~ 2-fold decrease in the number of compounds in the
opposite category (cLogP < 3 and TPSA < 75 A2) was observed.

3.4. Prodrug metabolism

The metabolism of 9 and 13 prodrugs from the established and newly approved drugs were
compared, and results are shown in Tables 1 and 2 of the ESM. Results show that prodrugs
in the established list were activated via hydrolases (78%) and demethylase (22%); however,
the newer drugs were converted to their active form through hydrolases (75%) and kinases
(25%).

3.5. Major biotransformation enzymes

Figure 6 and Table 2 summarize the major contribution of enzymes in the biotransformation
of small molecules from the two drug lists. A slight increase in CYP-mediated metabolism
of xenobiotics from 48% to 54% was observed, while non-CYP metabolism shifted from
24% to 28% in established vs. newly approved categories. The sequence of CYP isoforms as
the major metabolizing enzyme responsible for the biotransformation of established drugs is
ranked as: CYP3 A4 > CYP2D6 > CYP2C19 > CYP1A2 = CYP2C9 > CYP2C 8. This
sequence was changed in newly approved drugs as: CYP3A4 > CYP3A5 > CYP2D6 >
CYP2C9 > CYP2C8 > C YP2C19 = CYP1A2. Consequently, the percentage of drugs that
undergo major metabolism by CYP3A4 increased from 40 to 64%. In addition, the
contribution of CYP3AD5 increased from 3 to 10% from established vs. newly approved lists,
respectively. With the aid of CYP3cide, the CYP3A isoenzyme specificity has been clearly
evident and the relative contribution of CYP3A4 and CYP3AS5 in drug metabolism could be
easily distinguished [30]. The CYP3A5 polymorphism greatly affects the pharmacokinetics
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of tacrolimus in patients undergoing organ transplantation, which confirms the clinically
significant role of CYP3AS5 genotyping [31, 32]. If one considers the contribution of CYP3A
as CYP3A4 and CYP3A5 combined, the increase in the CYP3A contribution becomes even
larger from 43% in the established list vs. 74% in the newly approved list. Meanwhile, the
contributions of CYP2C19 and CYP2D6 decreased. Figure 6¢, f show the contribution of
different nonCYP enzymes to the major metabolism. The contribution of non-CYPs as
major enzymes contributing to biotransformation of established drugs was ranked as: UGTs
> other enzymes > esterase > sulfotransferases (SULTS) > alcohol dehydrogenases (ADH)/
aldehyde dehydrogenases (ALDH) = CES > aldehyde oxidase (AO)/xanthine oxidase (XO)
> FMO/monoamine oxidase (MAQ). The “other enzymes” category includes
biotransformation reactions such as oxidative dealkylation, acetylation, deiodinase, de-
ethylation, pyrimidine catabolism, dehydropeptidase, and thymidine phosphorylase. This
rank was slightly changed in newly approved drugs as: UGT > other enzymes > CES >
esterase > FMO/MAO > SULTs = AO/XO > ADH/ALDH.

3.6. Minor biotransformation enzymes

The minor contribution of enzymes to the metabolism of small molecules is summarized in
Fig. S1 of the ESM and Table 3. Minor contributing enzymes were not known for a large
majority of drugs in both lists. However, the contribution of CYP was 4.5- and 2.8-fold
higher than nonCYP enzymes as the minor enzymes contributing to drug metabolism in
established and newly approved drug lists, respectively. The contribution of CYP enzymes to
the minor metabolism of the established drugs is ranked as: CYP3A4 > CYP2D6 > CYP1A2
> CYP2C9 = CYP2C19 > CYP3A5 > CYP2B6 = CYP2C8. This contribution was changed
for the newly approved drugs as: CYP2C19 > CYP2D6 > CYP 3A4 = CYP2C9 > CYP2C8
> CYP1A2 > CYP2E1 = CYP2 B6 > CYP3A5. According to Figs. S1B and 1E of the ESM,
the percentage of drugs that undergo minor metabolism by CYP3A4 decreased from 32% to
14%, while the contribution of CYP2C19 and CYP2C8 increased from established to newly
approved drugs. Furthermore, CYP2EL1 is involved as a minor enzyme contributor in the
newly approved list, which was absent in the metabolism of the established list.

The contribution of non-CYP enzymes in the metabolism of therapeutic agents varied
significantly from 4% to 11% in established vs. newly approved drug lists. Figures S1C and
S1F of the ESM show the contribution of non-CYPs in the major metabolism of established
drugs ranked as: UGTs > SULTs > CES. This sequence changed in newly approved drugs to:
UGTs > FMO/MAQ > SULTs > ADH/ ALDH = CES.

3.7 Contribution of Uptake and Efflux Transporters in Drug Disposition

Figure S2 of the ESM and Table 4 show the role of uptake and efflux transporters in the
disposition of the small molecules. According to DIDB®, the data on the involvement of
xenobiotic transporters were mainly adopted from in vitro studies using Madin-Darby canine
kidney cell lines. As such, it is not clear that the result of in vitro studies directly translates
to the same transporters in the human body. Moreover, no information was available on
transporters for 69% of established drugs and 58% of newly approved drugs. Nevertheless,
the available results indicate that organic anion transporting polypeptide 1B1 (OATP1B1) is
the highest contributing uptake transporter with 44% and 30% for both the established and
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newly approved drugs, respectively. Figure S2 of the ESM shows the contribution of uptake
transporters in the disposition of the established drugs ranked as: OATP1B1 > OATP1B3 =
OATP2B1 = OAT1 > organic cation transporter (OCT) N1 = OCT2 = OAT3 > OATP. The
contribution of uptake transporters to the disposition of newly approved drugs is ranked as:
OATP1B1 > OAT3 > OAT1=0OAT > OATP1 B3>0 CT1=0CT2 > OATP2B1 =
OATP1A2 = LAT1 = OCTNL1 = apical sodium dependent bile acid transporter. Figures S2C
and SF of the ESM show the contribution of efflux transporters to the disposition of
established drugs ranked as: P-glycoprotein (P-gp) > Breast Cancer Resistance Protein
(BCRP)> Multidrug Resistance-associated Protein (MRP)-2. The contribution of efflux
transporters to the disposition of newly approved drugs is ranked as: P-gp > BCRP > Bile
Salt Export Pump (BSEP) = MRP2 > MRP4.

4 Discussion

The goal of this systematic review was to determine if there has been a shift in the routes of
administration, lipophilicity, enzyme-mediated metabolism (major and minor), and the role
of xenobiotic transporters in drug disposition between the most prescribed drugs in the US
market vs. medications that received FDA approval between 2005 and 2016. To achieve this
goal, the portions of drugs administered via oral or intravenous routes in both established
and newly approved lists were compared. No significant change was found in the percentage
of drugs administered via oral and intravenous routes between the established and newly
approved lists. Meanwhile, drugs with the newly approved route of administration including
buccal, nasal, local injection, and subcutaneous was not found in the established list.

Lipophilicity is one of the most important physicochemical characteristics of
pharmaceuticals, which control their absorption, distribution, metabolism, and excretion
properties in the body. Trends have been reported between an increase in lipophilicity and a
higher propensity of adverse drug reaction [33-35]. Price et al. proposed thresholds for
cLogP and TPSA at 3.0 and 75 A2, respectively, as a unique predictor for drug-related
toxicity in vivo [23]. He suggested that compounds with high-cLogP (cLog P > 3) and low
TPSA (< 75 A2) were ~ 2.5 times more likely to show an adverse reaction in vivo. However,
some reports stated that the fundamental physiochemical properties of drugs have not
changed over time [36]. To understand the conflicting information in the literature, we
explored if any shift is present in the physiochemical properties of pharmaceuticals.

In our analysis, we have noted that a larger number of the newly approved drugs had Mw>
500 Da, suggesting an increased probability of hepatic/biliary vs. renal elimination [37, 38].
We also noticed a significant increase in newly approved drugs with cLogP > 3 and TPSA >
75 A2, illustrating a trend towards an increase in newer compounds compared with older
drugs under this category. A small decrease in compounds with high-cLogP and low TPSA
(23% vs. 16% in established and newly approved lists, respectively) was found, which may
be a testimony to the concerted effort by the pharmaceutical industry to market less toxic
drugs. These observations suggest that newer drugs are more likely to exhibit an improved
safety profile.
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Cerny evaluated the contribution of CYP and non-CYP enzymes in the metabolism of newly
FDA-approved drugs based on major metabolite formation [14]. However, this analysis
focused on the FDA-approved drugs in the preceding 10 years. Furthermore, prodrugs were
excluded from the overall contribution of metabolic enzymes. Similarly, Rendic and
Guengerich discussed the role of UGTSs and esterases in non-CYPs accounting for 25% of
major metabolism [39]. Nevertheless, they focused mainly on the chemical carcinogens and
their metabolic biotransformation. According to the review presented by Williams et al., the
prominent role of UGT in non-CYPs was reported to contribute to oneseventh of the overall
major metabolism of the top 200 most prescribed drugs from 2002 (1 in 13 compounds) [3].
However, again, the assessment had been made 15 years prior to this review, and it was
critical to summarize and compare the trend with newer compounds. Furthermore, among
the reported literature accounting for metabolism, data are driven by different approaches
and criteria making it challenging to compare the analysis between different publications.
This warranted a more systematic assessment, comparing the established vs. newly approved
drugs using similar criteria, which we have addressed within this evaluation.

In this review, we have also included the metabolism of the active form of prodrugs in major
and minor pathway assessments. Additionally, the contribution of CYP and non-CYP
enzymes in major and minor metabolism were accounted for using DIDB® monographs.
Regardless of the different approach employed, comparisons were made with other literature
based on major metabolism. We observe the contribution of CYPs and non-CYPs (54% and
28%) in newly approved compounds is consistent with the reported literature [14]. As
reported previously, the main CYPs are still 3A4, 2D6, 2C8, 2C9, 2C19, and 1A2 [3, 39].
However, a predominant role of CYP3A5 in major metabolism was observed in the newer
drugs. Prominence of CYP3ADS could be the result of increased awareness and/or
differentiating reagents not previously available [30-32, 39]. Within the non-CYP enzymes,
glucuronidation plays a major role in metabolism. However, among the newly approved
drugs, the role of UGT as major metabolizing enzymes was decreased by 7% while a
significant increase (16%) in the role of “other enzymes” was noted.

With regard to minor metabolism, there is a significant shift in CYPs from 18% to 31% and
non-CYPs from 4 to 11% in established vs. newly approved drug categories, respectively.
All effective non-CYPs involved in the metabolism of established drugs correspond to phase
I drug metabolizing enzymes such as UGTs and SULTs. However, among the newly
approved drugs, metabolism by FMO/MAO has exceeded that of SULT enzymes with ~
22% of minor metabolism by non-CYPs that can be attributed to FMO/MAQO enzymes.

Among 156 and 237 compounds in established vs. newly approved drug lists, 21 and 74
drugs were substrates for xenobiotic transporters, respectively. OATP1B1 emerged as the
most characterized uptake transporter. The number of active agents that were the substrate
for OATP1B1 were 8 and 9 for the established and newly approved drugs, respectively.
Among the efflux transporters, P-gp played a pivotal role in drug transport followed by
BCRP and MRP. The OATP1B1 influx transporter is hepatocytes and consists of 691 amino
acids, which is encoded by the solute carrier family 1B1 (SLCO1B1) gene [40]. Two
common and clinically relevant single nucleotide polymorphisms have been reported for
SLCO1B1 that may play a significant role in drug—drug interactions [41]. The ¢.521T>C
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(p-Vall74Ala) and ¢.388A>G (p.Asn130Asp) variant alleles have been shown to alter the PK
parameters of several statins [42]. A higher contribution of OATP1B1 in the metabolism of
drugs may arise from the SLCO1B1 polymorphism, which can affect the pharmacokinetics
of a wide range of drug substrates including statins, antidiabetic agents (e.g., repaglinide),
and antihistamines (e.g., fexofenadine).

OATP and P-gp were considered as the highest uptake and efflux transporters in both drug
lists not only owing to the availability of well-characterized assays in comparison to the
other transporters, but also because of their broad range of substrate specificity [40, 43-45].
Because of limited available in vivo data on transporters, in vitro transport studies conducted
on Madin—Darby canine kidney MDR1 multidrug resistance gene 1 (MDCK-MDR1) and
Caco-2 cell lines were employed to show the contribution of different transporters. Notably,
the MDCK-MDR1 cell line represents superior advantages in the expression of active P-gp
and circumvents the complexities of multiple transporters that are present in Caco-2.

It is important to acknowledge the limitations of this analysis. For several established drugs,
only a portion of the mass balance studies was reported, or the available metabolism data
were incomplete owing to a lack of in-depth screening of the drugs in the earlier years. In
the absence of mass-balance studies, in vitro data reported in the literature, as well as from
DIDB® were used for the analysis of metabolic pathways. Glucuronide conjugates are not
stable in feces, and therefore, their contribution to the total metabolism may be
underappreciated. Moreover, some drugs, such as buprenorphine, are metabolized by
multiple UGTs such as UGT1A1, UGT1A3, and UGT2B7 as well as CYP3A4. As a result,
all enzymes are given an equal weight of 1 when assigning major and minor metabolic
pathways. However, this could introduce a bias towards overestimating the role of UGTs and
underestimating the role of CYP3AA4. This issue could be mitigated if information on the
fraction metabolized was available; however, the fraction metabolized value for each enzyme
was not available for the majority of the drugs included in this review. In addition, special
case scenarios such as compounds with low metabolism have not been addressed because of
the sparse information available for most drugs. In the case of transporters, it is important to
note that older drugs were evaluated in Caco-2, while MDCK may have been used for newer
drugs. This shift in in vitro assays could introduce a bias in evaluation. However, this
represents a preliminary evaluation, as the information obtained is not from in vivo systems
and hence their tissue-specific role is yet to be explored.

5 Conclusion

Our systematic analysis demonstrates the growing significance of protein-based therapeutics
in recent years with a clear majority of monoclonal antibodies approved in the last decade
for the treatment of cancer, inflammatory disorders diseases, and rare diseases. Our analysis
confirmed a 4.5-fold increase in drugs with cLog P > 3 and TPS A = 75 A2 along with a
threefold increase in drugs with a Mw > 500 Da in established vs. newly approved drug lists.
With this analysis, we anticipate that the newly approved drugs may show a decreased
incidence of adverse effects in vivo. Our analysis also shows an increase in the CYP3A4/5-
mediated major metabolism in recent years, along with the increased involvement of non-
CYP-mediated metabolism in drugs approved from 2005 to 2016. Other results show the
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role of transporters from in vitro data with OATP1B1 being the main uptake transporter in
both lists and P-gp as the most widely studied efflux transporter. With this analysis, we
maintained the same set of criteria to compare the older drugs and more recently approved
drugs in the market. However, this analysis is focussed on the approved drugs in the market,
whose drug development and design are at least a decade behind that of molecules currently
undergoing drug development. Therefore, further reviews on the investigational agents are
warranted to establish the future direction of pharmaceutical products with respect to
clearance pathways.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Key points

Routes of administration, metabolism/physicochemical properties, and transporter-
mediated disposition of the top 200 most prescribed drugs in 2014 (established drugs)
were compared with the drugs that had received Food and Drug Administration (FDA)
approval between 2005 and 2016 (newly approved drugs).

The higher rate of small molecules with a molecular weight >300 in the newly approved
list confirmed that the newer drugs are more prone to undergo hepatic clearance than the
established drugs.

The newly approved drugs showed a lower probability to be toxic than the established
drugs based on their physicochemical properties (cLogP and total polar surface area).

The contribution of cytochromes P450 (CYPs), as major metabolizing enzymes, showed
an increase in newly approved drugs in comparison to established drugs.

A greater contribution of CYPs, as minor metabolizing enzymes, was identified in the
newly approved lists, with CYP3A4 and CYP2C19 being most prominent, for the
established and newly approved drugs, respectively.

The emerging role of flavin-containing monooxygenase/monoamine oxidase (FMO/
MAO), as the minor non-CYP enzymes, in the newly approved drug list, was notable.

The uptake transporter, Organic Anion Transporting Polypeptide 1B1 (OATP1B1) and
the efflux transporter, P-glycoprotein were the most prevalent transporters in both lists.
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Figure 1.

The workflow for inclusion of drugs in established and newly-approved drug lists. The
metabolism pathways were analyzed using the unique compounds from “top 200” most
prescribed medications in 2014 (established drugs; 7=165) as well as FDA approved drugs
from “2005-2016" (newly-approved drugs; 7=249). n, denotes the number of compounds

analyzed at each stage.
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Figure 2.
The contribution of small molecules versus biological therapeutics to the established (A) and

newly-approved (B) drugs lists.
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Top 200 Most Prescribed Drugs

FDA Approved Drugs (2005-16)

Figure 3.
The systemic and non-systemic routes of drug administration illustrated for the “top 200”

(established) and “2005-16" (newly-approved) lists in panels A/B and C/D, respectively.
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Figure 4.

The physicochemical properties of drugs from the “top 200” (established) and “2005-16"
(newly-approved) lists, such as Log P, total polar surface area (TPSA), and molecular weight
(Mw), were compared. Panel A (cLog P), B (TPSA), and C (Mw) illustrate the relative
abundance of drugs in each list according to the criteria suggested by Price et al. [23].
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The lipophilicity was compared between the “top 200” most prescribed drugs (established)
and newly-FDA approved (newly-approved) drugs “2005-16". According to Price et al. [23],
a cut-off criterion of 3 for cLog P and 75 A2 for TPSA were established states that the
compounds with high cLog P/low TPSA are ~ 2.5 times more likely to cause toxicity.

Clin Pharmacokinet. Author manuscript; available in PMC 2020 October 01.




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Saravanakumar et al.

Page 20

Overview CYP metabolism Non CYP-metabolism
8 ciiod
1S CYP3AS " Cyp | Other CYP A0 XO
E] 3% 1% %
(-]
o
3
=
&
E Other
g Non- GYF cvpacts
specified CYP1A2 2%
8 2%
g
&|
2
[=]
g

Figure®6.

The contribution of major enzymes (A, D), major cytochrom P450s (CYPs) (B, E), and
major non-CYP enzymes (C, F) contributed in the metabolism of “top 200 most prescribed”

and "2005-2016" FDA approved drugs.
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Table 2.

The contribution of cytochrom P450s (CYPs) and non-CYPs in the major metabolism of drugs

Metabolizing enzymes The number of drugs

Established (n=156) Newly-approved (n=237)
Overall metabolism

CYP 83 136
Non-CYP 42 69
Unknown 48 46
CYP metabolism

CYP1A2 11 3
CYP2C8 5 5
CYP2C9 11 7
CYP2C19 13 3
CYP2D6 25 10
CYP3A4 48 85
CYP3A5 3 13
Non-specified CYPs 2 1
Other CYPs 1 6

Non-CYP metabolism
ADH ALDH

AO XO

CESs

FMO MAO
SULTs

UGTs 19 26
Unknown 6 21

N A OO NN

3
1
3
Esterase 5
1
4

*
Top 200 most prescribed drugs (Established) and newly-FDA approved drugs from 2005 to 2016 (Newly-approved).

Drugs that are weighed once under CYP metabolism can be metabolized by multiple CYP isoforms like CYP3A4, CYP2C9 and CYP2C19. Hence,
the CYP subtypes did not add up to the overall CYP and non-CYP mediated metabolism.
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The contribution of CYPs and non-CYP enzymes in the minor metabolism of drugs

Metabolizing enzymes

Thenumber of drugs

Overview Established”  Newly-approved”
cyp 28 8
Non-CYP 6 2
Unknown 124 144
CYP metabolism

CYP1A2 5 un
CYP2B6 2 4
CYP2C8 2 15
CYP2CY 3 20
CYP2C19 3 26
CYP2D6 8 23
CYP3A4 14 19
CYP3A5 2 3
Non-specified CYPs - 3
Other CYPs 3 11
Non-CYP metabolism

ADH ALDH - 1
CESs 1 1
FMO MAO - 6
Unknown - 1
SULTSs 1 2
UGTSs 4 16

*
Top 200 most prescribed drugs (established) and newly FDA approved drugs from 2005 to 2016 (newly-approved)

Table 3.

Page 23

Drugs, that are weighed once under P450 metabolism can be metabolized by multiple CYP isoforms like CYP3A4, CYP2C9 and CYP2C19. Hence

the P450 subtypes will not add up in most cases to overall P450 and non-P450 mediated metabolism.
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The contribution of uptake and efflux transporters in the disposition of drugs

Transporters The number of drugs
Overview Established”  Newly-approved®
Uptake 18 30
Efflux 30 68
Unknown/no transporter 108 139
Uptake

OCT1 - 1
OCT2 1 1
Non-specified OCT - 1
ASBT - 1
LAT1 - 1
OATP1A2 - 1
OATP1B1 8 9
OATP1B3 2 2
OATP2B1 2 1
Non-specified OAT 3
OAT 1 2 3
OAT3 1 5
Non-specified OATP 1 -
OCTN1 1 1
Efflux

P-gp 23 49
BCRP 5 14
BSEP - 2
MRP2 2 2
MRP4 - 1

*
Top 200 most prescribed drugs (established) and newly FDA approved drugs from 2005 to 2016 (newly-approved).

Table 4.
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