










NMEs as Inhibitors

When NMEs were evaluated as inhibitors, 20 drugs were found to
show clinically relevant inhibition, with approximately 40 DDIs
presenting AUC ratios $2 and 50 DDIs presenting AUC ratios of
1.25–2 and triggering dose recommendations. Among these drugs, the
most represented therapeutic areas are anti-infective agents (N = 8),
including six antivirals, one antibacterial, and one antifungal, followed
by cancer treatments (N = 4), CNS drugs (N = 3), gastrointestinal agents
(N = 3), and metabolism disorder/endocrinology treatments (N = 2)
(Fig. 4A).
DDIs with AUC Ratios ‡5: Strong Clinical Inhibitors. Only two

drugs, the antiviral FDC drug Viekira Pak (paritaprevir, ritonavir,
ombitasvir, and dasabuvir; manufactured by AbbVie Inc., North
Chicago, IL) and the kinase inhibitor idelalisib, were found to cause
strong inhibition, increasing exposure of victim drugs $5-fold

(Supplemental Table 5; Table 3). CYP3Awas the only enzyme affected,
with partial contribution by P-gp. The largest change in exposure was
observed with Viekira Pak (paritaprevir/ritonavir 150/100 mg once daily
+ ombitasvir 25 mg once daily + dasabuvir 400 mg twice daily for
28 days), showing a drastic increase in tacrolimus exposure with an
AUC ratio of 57.07. Similarly, an approximately 5-fold increase in
cyclosporine (a CYP3A and P-gp substrate) exposure was observed
when coadministered with Viekira Pak. Considering the risks associated
with large increases in exposure of tacrolimus and cyclosporine,
significant dose adjustment and close monitoring of their blood
concentrations are recommended for both immunosuppressants when
coadministered with Viekira Pak (FDA, 2014m). Since the strong
inhibition by Viekira Pak was caused by ritonavir, which is not an NME,
this FDC drug was not counted as a strong inhibitor in this analysis. A
larger increase in tacrolimus exposure, 80-fold AUC increase, was

Fig. 3. Quantitation of NMEs acting as substrates of enzymes or transporters for drugs approved by the U.S. FDA between 2013 and 2016. (A) Drug-metabolizing enzymes
contributing to NME metabolism. Only parent drugs as substrates of enzymes are shown. Other CYPs were not specified by the authors; other phase II enzymes include
SULT2A1, other sulfotransferases, glutathione S-transferases, and unspecified conjugated enzymes; others include catecholamine pathway enzymes, epoxide hydrolase,
hydrolases, phospholipidase, phosphatase, proteinase, nucleases, nucleotidase, thymidine phosphorylase, and unspecified biotransformation enzymes. AO, aldehyde oxidase;
FMO, flavin-containing monooxygenase. (B) Transporters contributing to NME transport. Only parent drugs as substrates of transporters are shown. BSEP, bile salt export
pump.
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observed when ritonavir was combined with paritaprevir/ombitasvir or
paritaprevir/dasabuvir for 28 days. Idelalisib showed strong inhibition of
CYP3A, increasing the AUC of midazolam 5.15-fold. Consequently,
coadministration of idelalisib with CYP3A substrates should be avoided
(FDA, 2014o), and idelalisib is considered a strong inhibitor of CYP3A.
DDIs with 2 £ AUC Ratios < 5: Moderate Clinical Inhibitors.

WhenNMEs served as inhibitors, a total of 36 DDIs showed increases in
exposure of victim drugs of 2- to 5-fold perpetrated by 12 drugs
(including FDC drugs, so total NME = 15). Among these, five drugs
(including eight NMEs) are antivirals (Supplemental Fig. 3A). Detailed
DDI data are presented in Supplemental Table 5. In brief, transporters
including BCRP, OATP1B1/3, and P-gp seem to play an important role,
mediating half of the interactions (Supplemental Fig. 3B). However, due
to a lack of substrate specificity, many interactions cannot be attributed
to a specific transporter. CYP3Awas involved in the drug interactions of
four drugs, either as a single contributor or together with P-gp. In
addition to P450 enzymes, UGT1A1 also participated in two drug
interactions. It is worth noting that the three antiviral FDC drugs
identified as moderate inhibitors (Harvoni (manufactured by Gilead
Sciences, Inc., Foster City, CA), Viekira Pak, and Zepatier (manufac-
tured by Merck Sharp & Dohme Corp., Whitehouse Station, NJ))
presented complex inhibition scenarios because each component itself is
a clinical inhibitor of multiple enzymes and/or transporters.
DDIs with 1.25 £ AUC Ratios < 2 and Triggering Dose

Recommendations: Weak Clinical Inhibitors. Compared with the
number of drugs that showed strong and moderate inhibition, more drugs
showed weak inhibition and triggered dose recommendations. Indeed, from
approximately 50DDI studies, a total of 20NMEs (including threeFDCdrugs)
showed less than 2-fold increases in exposure of victim drugs, and labeling
recommendations were made based on these observations (Supplemental
Table 5). The most represented drugs were anti-infective agents, including six
antivirals, one antibacterial, and one antifungal (Supplemental Fig. 3C).
Transporters mediated half of these weak interactions, most of them

attributable to inhibition of P-gp, followed by OATP1B1/3 (Supple-
mental Fig. 3D). Increases in plasma exposure of digoxin, a clinical
substrate of P-gp and a narrow therapeutic range (NTR) drug, appear to
be a major concern for DDIs relevant to inhibition of P-gp. Eight drugs,
including daclatasvir, eliglustat, flibanserin, isavuconazonium sulfate
(prodrug), rolapitant, simeprevir, suvorexant, and velpatasvir, increased
the exposure of coadministered digoxin, withAUC andCmax ratios of 1.25–
1.93. Consequently, it has been recommended tomonitor digoxin (and other
P-gp substrates with an NTR) concentrations and adverse reactions, and
adjust digoxin doses if necessary, upon coadministration with any of these
drugs (FDA, 2013i, 2014b,c, 2015a,e,f,o, 2016b). Regarding OATP1B1/3-
mediated interactions, most involved the 3-hydroxy-3-methylglutaryl–CoA
reductase inhibitors atorvastatin, pravastatin, rosuvastatin, and simvastatin
as victims. Increased risk of myopathy associated with higher statin
concentrations is the main reason triggering labeling recommendations.
Dose reduction of statins and close monitoring for statin-associated adverse
reactions are recommended for the following drugs: daclatasvir, elbasvir/
grazoprevir, eluxadoline, grazoprevir, simeprevir, and Viekira Pak (FDA,
2013i, 2014m, 2015f,p, 2016f). The second-largest group of DDIs was
mediated by CYP3A. For example, midazolam exposure was increased by
58%, 43%, and 47% when coadministered with palbociclib, simeprevir, or
suvorexant, respectively. Consequently, a dose reduction is recommended
for palbociclib, whereas caution and close monitoring of patients are
warranted for simeprevir and suvorexant, when coadministered with
sensitive CYP3A substrate with an NTR (FDA, 2013i, 2014b, 2015h).
As discussed earlier, isavuconazonium sulfate (prodrug) was identified as a
moderate inhibitor of CYP3A, with 103% and 125% increases observed in
the exposure of coadministeredmidazolam or tacrolimus, respectively (both
sensitive CYP3A substrates). A smaller increase (84%) was observed in

sirolimus exposure (also a sensitive CYP3A substrate), whereas relatively
weaker inhibition was observed when it was coadministered with
atorvastatin (a moderate sensitive CYP3A substrate) or cyclosporine (a
CYP3A substrate with an NTR), with 40% and 30% increases in victim
drug exposure, respectively.
In Vitro–In Vivo Considerations for NMEs as Inhibitors. Over-

all, when all NMEs were evaluated as inhibitors, CYP3A and P-gp
played a dominant role mediating approximately 60% (30% each) of all

Fig. 4. Quantitation of NMEs acting as perpetrators in inhibition DDIs for drugs
approved by the U.S. FDA between 2013 and 2016 and quantitation of those DDIs.
(A) Therapeutic classes of NMEs acting as perpetrators in inhibition DDIs (N =
20 NMEs). The percentage of the total number of NMEs represented in each
therapeutic class is shown. (B) Mechanisms of inhibition DDIs with NMEs acting as
the perpetrator (N = 46 DDIs). The percentage of the total number of DDIs mediated
by each mechanism is shown.
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the interactions, followed by OATP1B1/3. As observed in previous
years (Yu et al., 2014, 2016, 2017), the majority of the NMEs were
extensively evaluated in vitro for their inhibition potential of DMEs and
transporters. If an inhibitory effect was observed within the tested
concentration range as provided in the NDA reviews, the NME was
considered to show positive inhibition in vitro. Following regulatory
recommendations described in the FDA draft guidance (FDA, 2012a),
an in vitro to in vivo prediction estimate was calculated for major DMEs
and transporters. Most drugs with higher [I]/IC50, [I]/Ki, or R values than
the cutoff were moved forward for clinical evaluations or alternative
PBPK simulations. Not surprisingly, CYP3A was the most-often
inhibited enzyme in vitro. However, whereas 47 NMEs showed positive
inhibition of CYP3A in vitro (Fig. 5A), only 15 drugs (32%) presented
clinical inhibition with $1.25-fold increase in the exposure of
coadministered CYP3A substrate. With regard to transporters, 41 were
in vitro inhibitors of OATP1B1 and 34 were inhibitors of OATP1B3

in vitro (Fig. 5B). When evaluated in vivo, only 10 of these drugs
were identified as clinical inhibitors of OATP1B1/3, increasing the
exposure of OATP1B1/3 substrate by $25%. In terms of P-gp,
37 NMEs were found to inhibit P-gp in vitro (Fig. 5B), and 23 drugs
were further evaluated in vivo (including one that was evaluated
using PBPK simulations). Only 14 drugs showed positive inhibition
in vivo, with $1.25-fold increase in the exposure of coadministered
P-gp substrate. Likewise, for BCRP, a total of 34 NMEs were found
to be inhibitors of BCRP in vitro (Fig. 5B), whereas only 10 were
confirmed to inhibit this transporter to a clinically relevant extent,
with an AUC ratio $1.25 when coadministered with a BCRP
substrate. These observations highlight the gap between in vitro–
based predictions and clinical evaluation results, since quite a few
drugs with a predicted potential risk were not clinically relevant
inhibitors, suggesting a need to improve the current prediction
models.

Fig. 5. Quantitation of NMEs acting as inhibitors of enzymes or transporters for drugs approved by the U.S. FDA between 2013 and 2016. (A) Drug-metabolizing enzymes
inhibited by NMEs (open bars) and metabolites (closed bars). (B) Transporters inhibited by NMEs (open bars) and metabolites (closed bars). ASBT, apical sodium dependent
bile acid transporter; BSEP, bile salt export pump; NTCP, sodium-taurocholate cotransporting polypeptide.
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NMEs as Inducers

As perpetrators, only seven NMEs (including one FDC drug) showed
clinically relevant induction (Supplemental Table 6; Table 4). Among
them, three drugs are anti-infectives, including one antibacterial
(oritavancin), one antifungal (isavuconazonium sulfate), and one
antiviral (Viekira Pak) (Fig. 6A). The largest change in victim drug
exposure was observed with lumacaftor, which significantly decreased the
AUC of ivacaftor, a sensitive CYP3A substrate (FDA, 2012b), by 80%
(lumacaftor and ivacaftor are two components of a combination drug for
the treatment of cystic fibrosis). Interestingly, a similar exposure change

was observed in itraconazole when it was coadministered with ivacaftor/
lumacaftor (250/200 mg twice daily for 7 days). Based on this observation,
coadministration of this combination drugwith sensitive CYP3A substrates
or CYP3A substrates with an NTR is not recommended. Additionally,
hormonal contraceptives (CYP3A substrates) should not be relied upon as
an effective method of contraception (FDA, 2015k). The second-largest
induction was presented by dabrafenib, reducing the AUC of midazolam
by 74%. Consequently, it was noted in the label that concomitant use of
dabrafenib with drugs that are sensitive substrates of CYP3Amay result in
loss of efficacy (FDA, 2013m). In accordance with the FDA guidance
(FDA, 2012a), lumacaftor and dabrafenib were identified as strong and
moderate CYP3A inducers, respectively. Five drugs, eslicarbazepine
acetate, isavuconazonium sulfate, lesinurad, oritavancin, and Viekira Pak
(induction mainly caused by ritonavir, which is not an NME), were found
to show weak induction (AUC ratios of 0.5–0.8) but still triggered labeling
recommendations. Not surprisingly, most of the interactions weremediated
by CYP3A. However, induction of other P450s was also observed with the
three anti-infective drugs, isavuconazonium sulfate (200 mg once daily),
Viekira Pak (paritaprevir/ritonavir 150/100 mg once daily + ombitasvir
25 mg once daily + dasabuvir 250 mg twice daily for 19 days), and
oritavancin (1200 mg intravenously), which decreased the AUC of
coadministered bupropion (CYP2B6 sensitive substrate), omepra-
zole (CYP2C19 sensitive substrate), and dextromethorphan
(CYP2D6 sensitive substrate) by 42%, 38%, and 31%, respectively
(concentration ratio of dextromethorphan to dextrorphan in urine).
Interestingly, eslicarbazepine acetate caused a 35% reduction in
rosuvastatin AUC and Cmax, which maybe attributable to induction
of OATP1B1/3 and/or BCRP. However, there is no in vitro evidence
available to fully understand the mechanism.
In vitro evaluation showed that 24 NMEs induced CYP3A, whereas

15 and eightNMEs inducedCYP2B6 andCYP1A2, respectively.Activation
of the pregnane X receptor was evaluated for some drugs, and eight NMEs
were found to activate this nuclear receptor to some extent (Fig. 7).
Dabrafenib, lesinurab, and paritaprevir all showed induction of CYP3A,
whereas isavuconazole (the active metabolite of isavuconazonium sulfate)
induced both CYP2B6 and CYP3A at clinically relevant concentrations.
However, the in vitro enzyme induction potential of eslicarbazepine was not
conclusive based on the available data (Bialer et al., 2007; Bialer and Soares-
da-Silva, 2012; FDA, 2013c; Zaccara et al., 2015).

Discussion and Conclusion

A detailed analysis of PK-based DDI data contained in the NDAs
approved by the U.S. FDA in the past 4 years (from 2013 to 2016) was
performed. Drug interaction profiles and clinical relevance of the outcomes
were characterized. CYP3A was confirmed to be a major contributor to
clinical DDIs involving NMEs as victims and/or perpetrators, which is
consistent with what was found with all the drugs marketed in the past
decades. Interestingly, it was found that transporter-based DDIs represented
a significant number of all observed drug interactions (about 50%, with
NMEs as either victims or inhibitors), although most of these were weak-
to-moderate interactions. This also reflects the degree of involvement of
transporters in DDI evaluations in the past few years.
Overall, when considered as victims, 13NMEswere identified as sensitive

substrates of CYP1A2 (pirfenidone and tasimelteon), CYP2C8 (dasabuvir),
CYP2D6 (eliglustat), CYP3A (cobimetinib, ibrutinib, isavuconazole, ivab-
radine, naloxegol, paritaprevir, simeprevir, and venetoclax), or OATP1B1/3
(grazoprevir), with changes in exposure equal to or greater than 5-fold when
coadministered with a strong inhibitor. Among these sensitive substrates,
approximately 40% are anti-infective agents and 22% are cancer treatment
drugs, suggesting a significant risk of clinically relevant DDIs in these patient
populations in which therapeutic management is already complex due to

Fig. 6. Quantitation of NMEs acting as perpetrators in induction DDIs for drugs approved
by the U.S. FDA between 2013 and 2016 and quantitation of those DDIs. (A) Therapeutic
classes of NMEs acting as perpetrators in induction DDIs (N = 7 NMEs). The percentage of
the total number of NMEs represented in each therapeutic class is shown. (B) Mechanisms
of induction DDIs with NMEs acting as the perpetrator (N = 10 DDIs). The percentage of
the total number of DDIs mediated by each mechanism is shown.
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polytherapy. These two classes of drugs are also the most represented
therapeutics approved in the past 4 years, comprising approximately 40% of
all the approved drugs. As expected, approximately 75% of drugs identified
as CYP3A substrates were also substrates of P-gp, consistent with previous
findings (Christians et al., 2005; Zhou, 2008). As perpetrators, most clinical
DDIs involvedweak-to-moderate inhibition or induction, with only one drug
(idelalisib) showing strong inhibition of CYP3A, and one NME (lumacaftor)
behaving as a strong clinical CYP3A inducer.
Not surprisingly, all the DDIs with exposure changes $5-fold in the

victim drug were clearly addressed in their labels, mostly as contraindi-
cations and coadministration avoidance. There were approximately
125 DDIs with exposure changes (increases or decreases) of 2- to 5-fold
with NMEs either as substrates or perpetrators, and over 80% of these
effects triggered dose recommendations in the labels. Interestingly, most of
the DDIs that were not reflected in the label pertained to antiviral
comedications and were mediated by transporters, such as P-gp and
BCRP, functioning as a main or partial factor. For example, coadminis-
tration of sofosbuvir with simeprevir, valtapasvir, darunavir/ritonavir +
emtricitabine + tenofovir DF, raltegravir + emtricitabine + tenofovir DF, or
atazanavir/ritonavir + emtricitabine + tenofovir DF increased the AUC of
sofosbuvir 2- to 4-fold. However, considering the safety margins of
sofosbuvir, the increase in sofosbuvir exposure was not considered
clinically relevant by the sponsor; therefore, no dose adjustment is needed.
It is worth noting that approximately 100 DDIs with AUC ratios of 1.25–2
(for inhibition) or 0.5–0.8 (for induction) resulted in labeling impact, with
52% related to drugs as substrates, 36% as inhibitors, and 12% as inducers.
This is understandable because themajority of these interactions wereNTR
drugs for which small changes in drug exposure may increase the risk of
adverse reactions or result in loss of efficacy. The number of DDIs of this
group is comparable to that with AUC changes 2- to 5-fold that triggered
dose recommendations. Given that a significant number of DDIs with
smaller exposure changes triggered label recommendations, special
attention should be given to DDIs for NTR drugs. Finally, 14 of the
103 recently approved drugs were combination drugs with highly complex
drug interaction profiles in some cases, highlighting the continuous
challenge of managing DDIs in clinical practice.
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