Received: 30 July 2021

Revised: 14 March 2022

Accepted: 11 April 2022

DOI: 10.1111/cts.13294

ARTICLE

A randomized, cross-over trial of metoprolol succinate
formulations to evaluate PK and PD end points for
therapeutic equivalence

Scott A. Mosley"

| Sarah Kim?
Valvanera Vozmediano Esteban’ | Yan Gong'

| Nihal E1 Rouby'® | Karthik Lingineni’ |

| Yiqing Chen' | David Estores® |

Kairui Feng* | Hyewon Kim* | Minori Kinjo* | Taimour Langaee' | Zhichuan Li* |
Siegfried O. F. Schmidt® | Julie A. Johnson' | Reginald F. Frye' ® |
Lanyan (Lucy) Fang* | Liang Zhao* | Philip F. Binkley® | Stephan Schmidt® |

Larisa H. Cavallari!

'Department of Pharmacotherapy and Translational Research and Center for Pharmacogenomics and Precision Medicine, College of Pharmacy,
University of Florida, Gainesville, Florida, USA

“Department of Pharmaceutics, Center for Pharmacometrics and Systems Pharmacology, College of Pharmacy, University of Florida, Orlando,

Florida, USA

3Division of Gastroenterology, Hepatology, and Nutrition, College of Medicine, University of Florida, Gainesville, Florida, USA

“Division of Quantitative Methods and Modeling, Office of Research and Standards, Office of Generic Drugs, Center for Drug Evaluation and
Research, US Food and Drug Administration, Silver Spring, Maryland, USA

SDepartment of Community Health and Family Medicine, College of Medicine, University of Florida, Gainesville, Florida, USA

®Division of Cardiovascular Medicine, College of Medicine, The Ohio State University, Columbus, Ohio, USA

Correspondence

Larisa H. Cavallari, PO Box 100846,
Gainesville, FL 32610, USA.

Email: Icavallari@cop.ufl.edu

Present address

Scott A. Mosley, Department of Clinical
Pharmacy, University of Southern
California, Los Angeles, California, USA

Nihal El Rouby, Department of
Pharmacy Practice and Administrative
Sciences, University of Cincinnati,
Cincinnati, Ohio, USA

Funding information

Funding for this research was made
possible, in part, by the US Food and
Drug Administration through grant
1U01 FD005235. Views expressed

Abstract

There are limited comparison data throughout the dosing interval for generic
versus brand metoprolol extended-release (ER) tablets. We compared the phar-
macokinetics (PKs) and pharmacodynamics of brand name versus two generic for-
mulations (drugs 1 and 2) of metoprolol ER tablets with different time to maximum
concentration (T,,,,) in adults with hypertension. Participants were randomized to
equal drug doses (50-150 mg/day) administered in one of two sequences (brand-
drugl-brand-drug2 or brand-drug2-brand-drugl) and completed 24-h PK, digital
heart rate (HR), ambulatory blood pressure (BP), and HR studies after taking each
formulation for greater than or equal to 7days. Metoprolol concentrations were
determined by liquid chromatography tandem mass spectrometry, with noncom-
partmental analysis performed to obtain PK parameters in Phoenix WinNonlin.
Heart rate variability (HRV) low-to-high frequency ratio was determined per
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quartile over the 24-h period. Thirty-six participants completed studies with the
brand name and at least one generic product. Among 30 participants on the 50 mg
dose, the primary PK end points of area under the concentration-time curve
and C,,,, were similar between products; T,,,, Was 6.1+ 3.6 for the brand versus
3.5+4.9 for drug 1 (p = 0.019) and 9.6 +3.2 for drug 2 (p <0.001). Among all 36
participants, 24-h BPs and HRs were similar between products. Mean 24-h HRV
low-to-high ratio was also similar for drug 1 (2.04 +1.35), drug 2 (1.86 +1.35), and
brand (2.04 £1.77), but was more sustained over time for the brand versus drug
1 (drug x quartile interaction p = 0.017). Differences in T,,,, between metoprolol
ER products following repeated doses may have implications for drug effects on

WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?
Data from single dose pharmacokinetic studies in healthy volunteers were used
to establish the bioequivalence of generic metoprolol extended-release (ER)

This study examined whether generic metoprolol ER formulations maintain their

WHAT DOES THIS STUDY ADD TO OUR KNOWLEDGE?

Following repeated doses, autonomic balance, as assessed by the ratio of low-to-
high frequency heart rate variability (HRV), was more sustained throughout the
dosing interval with the brand name product compared to a generic formulation

HOW MIGHT THIS CHANGE CLINICAL PHARMACOLOGY OR

These data suggest that HRV should be further evaluated as a pharmacodynamic
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autonomic balance over the dosing interval.
Study Highlights
products.
WHAT QUESTION DID THIS STUDY ADDRESS?
therapeutic effects throughout the dosing interval.
with a differing time to maximum concentration.
TRANSLATIONAL SCIENCE?
measure for therapeutic equivalence.

INTRODUCTION

Autonomic imbalance, characterized by excessive sympa-
thetic activity and parasympathetic withdrawal, contrib-
utes to adverse outcomes in patients with cardiovascular
disease.! p-blockers reduce sympathetic activity, improve
autonomic balance, and are commonly prescribed to treat
cardiovascular disorders.>* Metoprolol extended-release
(ER), in particular, is indicated for the treatment of hy-
pertension and angina pectoris and is one of only two -
blockers indicated for heart failure based on evidence that
it improves disease survival.* The availability of generic
metoprolol ER provides an affordable alternative for pa-
tients requiring p-blocker therapy, and reports show that
generic metoprolol ER is dispensed over 70% of the time.’

Single dose pharmacokinetic (PK) studies in healthy
volunteers are generally conducted to assess bioequiv-
alence prior to approval of generic metoprolol ER

formulations. Products are considered bioequivalent when
differences in the area under the plasma concentration-
time curve (AUC) and peak plasma concentration (C,,,)
are viewed as clinically insignificant, generally defined as
a 90% confidence interval (CI) for the ratio of the popula-
tion geometric means of the PK measures for the generic
to brand formulation within the range of 80%-125%.° Data
in patients with cardiovascular disease are limited regard-
ing whether generic products maintain therapeutic equiv-
alence throughout the dosing interval. Alterations in drug
absorption or metabolic function secondary to disease
processes may lead to variable response as may patient-
specific factors, such as gastrointestinal motility, micro
environmental pH, or CYP2D6 genotype, which impacts
metoprolol metabolism.”*°

Heart rate variability (HRV) is a noninvasive measure
of autonomic balance that has been used to compare the
therapeutic effects of different B-blocker formulations.
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HRV is a function of inputs from the sympathetic and
parasympathetic nervous systems and expressed as the
fluctuation in the time intervals between adjacent heart-
beats within predetermined epochs (e.g., 5 min). The
ratio of low-to-high frequency (LF/HF ratio) HRV is an
indicator of the balance between sympathetic and para-
sympathetic activity.'! Therefore, increasing values of this
ratio indicate a predominance of sympathetic activity.'?
Clinically, HRV has prognostic value as a predictor for ar-
rhythmias in patients with post-myocardial infarction and
mortality in patients with heart failure, both populations
who continue to utilize f-blockers, including metoprolol
ER, as first-line therapy.B'15 An increased LF/HF ratio is
associated with higher risk for adverse cardiovascular out-
comes, whereas a decreased ratio is associated with a pre-
dominance of parasympathetic activity.'>'*'” Although
association studies by definition do not imply causality,
there is evidence that increases in low frequency compo-
nents of the R-R interval in response to sympathetic acti-
vation accompany increases in muscle sympathetic nerve
activity and plasma norepinephrine levels.'®"

B-blockers favorably affect HRV, represented by lower
measures of low-frequency HRV (decreased sympathetic
activity) and higher measures of high-frequency HRV (in-
creased parasympathetic activity).>**** Among patients
with heart failure, the metoprolol ER and immediate-
release (IR) formulation had similar effects on 24-h heart
rate (HR), but the ER formulation produced sustained
restoration of autonomic balance, whereas the IR did
not.? Metoprolol ER, but not IR, also reduces morbid-
ity and mortality from the disease.*** Taken together,
these data support the importance of sustained effects
on autonomic balance for the therapeutic effectiveness
of p-blockers, especially in terms of preventing adverse
outcomes. Ambulatory blood pressure (BP) and HR also
have prognostic significance,” and there is a clear rela-
tionship between metoprolol plasma concentrations and
HR response, but not BP response, supporting assessment
of both PK and pharmacodynamic (PD) parameters.>

Effective p-blocker therapy is critical to improve out-
comes in patients with cardiovascular disease. Therefore,
we set out to compare the PK and cardiovascular effects of
brand name and generic metoprolol ER tablet products in
patients with hypertension. In addition, we explored the
relationship between PK and PD time courses.

METHODS
Study population

Adults (age > 18years) with a diagnosis of primary hyper-
tension (HTN) were included. Detailed exclusion criteria

are in the Supplementary Material and included a docu-
mented secondary form of HTN; history of cardiovascu-
lar disease, heart failure, diabetes mellitus, or conditions
potentially exacerbated by p-blockade (e.g., Raynaud's
phenomenon and asthma); pregnancy or breast-feeding;
treatment with medications that may cause bradycardia
(e.g., diltiazem, verapamil, and digoxin) or the CYP2D6
inhibitors fluoxetine and quinidine; systolic BP greater
than 170mm Hg; HR <55beats per minute (bpm) in the
absence of -blocker treatment; or an elevated fasting (i.e.,
>126mg/dl) or nonfasting (i.e., >200mg/dl) blood glu-
cose, serum creatinine (>1.5 mg/dl in men or >1.4 mg/dl
in women), or liver enzymes (>3 times the upper limit
of normal) on baseline screening. With the exception of
excluded medications, use of other antihypertensives was
allowed as long as therapy was held constant during study
participation. CYP2D6 genotype itself was not considered
an exclusion criterion, but may be evaluated in future
studies as a contributor to variability in PK or PD param-
eters among metoprolol ER formulations.

Study design

This was a prospective, randomized, crossover trial of the
brand name (Toprol XL; AstraZeneca Pharmaceuticals
LP, Wilmington, DE, USA) and two US Food and Drug
Administration (FDA)-approved generic formulations of
metoprolol ER tablets, one manufactured by Dr. Reddy's
Laboratories Ltd. (Telangana, India; hereafter referred
to as drug 1) and the second manufactured by Actavis
Pharma, Inc (Parsippany-Troy Hills, NJ; hereafter re-
ferred to as drug 2). The generic formulations were chosen
based on differences in time to maximum concentration
(T, following single dose studies in healthy volunteers
as compared to the brand name product. The study con-
sisted of four treatment phases and three overnight visits
(one after treatment phases 1, 2, and 4) for 24-h PD and
PK studies (Figure 1). The brand name drug was adminis-
tered for 7 to 28 days in phases 1 and 3, and generics were
administered for 7days in phases 2 and 4, the order of
which was randomized. This study aimed to capture drug
PK and therapeutic effects soon after a switch between
formulations occurred rather than at steady-state given
that patients commonly switch from brand name to ge-
neric products or from one generic to another. Therefore,
treatment with the brand name drug (phases 1 and 3) was
required prior to treatment with each generic formulation.
Treatment durations were chosen to allow up-titration, if
needed, in phase 1, and flexibility in scheduling overnight
study visits in phase 3. A 7-day duration was chosen for
phases 2 and 4 based on evidence that the therapeutic ef-
fect of p-blockers is fully evident within a 7-day period.*>*
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(a)
Brand Drug 1 Brand Drug 2
(b)
Brand Drug 2 Brand Drug 1
Q )L L JL =
RS e e T
Phase 1 Phase 2 Phase 3 Phase 4
7 - 28 days 7 days 7 - 28 days 7 days
PK/PD PK/PD PK/PD
Study 1 Study 2 Study 3

FIGURE 1 Study design. The brand name drug was administered for 7 to 28 days (phase 1) and overnight visits were conducted for
pharmacokinetc and pharmacodynamic (PK/PD) studies. This was followed by 7-day treatment with either generic drug 1 (a) or generic
drug 2 (b) (phase 2) and the second overnight PK/PD study. The brand name drug was resumed for 7-28 days (phase 3), followed by 7 days of

drug 2 (a) or drug 1 (b) (phase 4) and a final overnight PK/PD study.

We have also shown that this is a sufficient period to docu-
ment a difference between metoprolol formulations.*

Procedures
Screening, enrollment, and randomization

Following an initial screening visit at the University
of Florida Clinical and Translational Science Institute
Clinical Research Center (CRC) for each participant, a
study coordinator collected demographic and clinical
data, determined height and weight, and collected a ve-
nous blood sample for baseline screening. A urine preg-
nancy test was done to rule out pregnancy in women of
childbearing potential. In the absence of exclusion crite-
ria, participants were scheduled for a physical examina-
tion with the study physician. Participants continuing to
meet eligibility criteria were randomized to receive drug
sequence A (Brand-Drug 1-Brand-Drug 2) or B (Brand-
Drug 2-Brand-Drug 1) using a block randomization with
a block size of four generated by the study statistician
(Figure 1).

Drug dosing

Participants taking metoprolol ER at the time of randomiza-
tion were switched to the same dose of the study drug for the
duration of the study. Those taking a -blocker that was not
metoprolol ER on enrollment were switched to a clinically
equivalent metoprolol ER dose (e.g., 200 mg metoprolol ER

for 100 mg atenolol or 50 mg carvedilol daily). Participants
not currently taking a p-blocker had metoprolol ER added
if not at goal BP or substituted for another antihypertensive
medication. In either case, metoprolol ER was started at a
dose of 50mg/day, titrated weekly to a maximum dose of
200mg/day or BP less than 140/90mmHg at the discretion
of the study physician. Once titrated, participants remained
on the same dose throughout the study and were instructed
to take their dose at 9 a.m. each morning. Study drug was
provided by the University of Florida Investigational Drug
Service, with review of drug dispensing records conducted
by an FDA monitor.

Home blood pressure monitoring

Before the first treatment phase, participants were pro-
vided with a home BP monitor (Microlife 3 AC1-PC,
Minneapolis, MN, USA) and instructions to monitor their
BP each morning and evening throughout the study. They
were instructed to contact the study team if two consecu-
tive resting measurements taken 5 min apart were greater
than 170 or less than 100mmHg for systolic BP and/or
greater than 110 mmHg for diastolic BP, or if HR was less
than 50 bpm at any time during the study.

24-h PD and PK assessments

At the end of treatment phases 1, 2, and 4, participants were
admitted to the CRC for an overnight PK and PD study visit.
Participants were instructed to abstain from caffeine and
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alcohol beginning at 8 p.m. the night before the study and for
the entire study day, and to fast (no food or beverage except
water) beginning at midnight before the study. On admis-
sion, an indwelling venous catheter was placed, and partici-
pants were fitted with an ambulatory BP monitor (Spacelabs
Healthcare 90,227 OnTrak, Snoqualmie, WA, USA) and
Mobile Cardio/GSR digital 24h HR monitor (MindWare
Inc., Gahanna, OH, USA). The BP monitor was programmed
to automatically measure BP four times per hour (every
15min) during the day (6 am. to 11 p.m.) and two times
per hour (every 30min) during the night (11 p.m. to 6 a.m.).
The metoprolol dose was administered at 9 a.m. or once the
monitors were fitted. A 6-ml blood sample was drawn from
the venous catheter into EDTA collection tubes immediately
before the dose (baseline), and at 30 min=+ 5 min, 60 min+5
min, 2 h+10 min, 3 h+10 min, 4 h+10 min, 6 h+20 min,
8 h+20 min, 12h +30 min, 16 h +30 min, 20h +30 min, and
24h +30 min after the dose.

The monitors were removed after 24h. Participants
were given another dose of their metoprolol ER and un-
derwent exercise treadmill testing 2 h later. The study visit
concluded after completion of exercise testing, and the
participant was provided with a supply of the next sched-
uled metoprolol ER formulation. Of note, most patients
stopped the treadmill test prior to reaching target HR be-
cause of shortness of breath or other symptoms, and thus
these results are not described. The study was approved
by the University of Florida Institutional Review Board
in Gainesville, Florida and the FDA Research Involving
Human Subject Committee and conducted in accordance
with the FDA Good Clinical Practice standards. All par-
ticipants provided written informed consent. The full trial
protocol is available through ClinicalTrials.gov (https://
clinicaltrials.gov/ct2/show/NCT02417246).

Analytical methods

Blood samples for PK analysis were immediately placed
on ice until centrifuged at 2500 g for 10 min. The resulting
plasma was removed and stored at —80°C until analysis.
Metoprolol enantiomer concentrations, with a calibration
range of 4-250ng/ml (linear model), were determined by
a validated chiral high-performance liquid chromatogra-
phy (HPLC) tandem mass spectrometric (MS) method at
the University of Florida. The complete analytical meth-
ods are described in the Supplementary Materials.

Data analysis

The primary PK end points were C,,,, AUC from dos-
ing to time at which the last observation occurred

(AUC . 1156t), and AUC from dosing to 24 h after dose
(AUC.,4). Thax Was also assessed. We conducted a re-
peated measures analysis of variance (ANOVA) test,
taking the time course of the mean concentration-time
profile for each participant receiving three different
metoprolol formulations into consideration. Given
evidence of the importance of sustained autonomic
balance with f-blocker therapy,” and the availability
of HRV as an established noninvasive tool to measure
autonomic balance,?”*® HRV was used as a PD meas-
ure in addition to 24-h BP and 24-h HR. Based on an
alpha of 0.025, two-sided paired ¢-test, and mean val-
ues of Cp,, (163 +34ng/ml), AUC (3230 £993 ng*h/
ml), and HRV (13,886 + 1479 msz), a sample size of 38
provided greater than 80% power to detect an 11% dif-
ference in Cp,,, 16% difference in AUC, and 6% differ-
ence in HRV.**? A sample size of 29 was estimated to
provide 80% power to detect a 14% difference in C,,
and 18% difference in AUC. HRV data were analyzed
by an investigator at the Ohio State University blinded
to treatment assignment. Analyses of analytical assay
and BP monitor data were completed by investigators
at the University of Florida, also blinded to treatment
assignment.

Pharmacokinetic analysis

Noncompartmental analysis was performed in Phoenix
WinNonlin 8.2 (Certara USA Inc., Princeton, NJ, USA)
to obtain the PK parameters of the brand name and
two generic formulations per each dose group. The
total concentration was used in the PK analysis, which
is the sum of R- and S-metoprolol concentrations.
Using the summary-level PK parameters (i.e., Cp
T max> Thasts AUC o m1astr AUC .24 and elimination half-life
[t,,,]) obtained from noncompartmental analysis, we
conducted the paired t-test for statistical comparison
of each generic to the brand name formulation. To an-
alyze concentrations over time between each generic
and the brand, we conducted a general linear mixed
model with repeated measures to compare drug effect
controlling for time after dose, using SAS version 9.4
(Cary, NC, USA). Log-transformed values of PK pa-
rameters were used for bioequivalence testing. Ratios
of geometric means with 90% CIs were computed.
Bioequivalence was declared when a 90% CI for the
ratio of the population geometric means parameters
for each generic to the brand fell within 0.80-1.25.%%
AUC,,, values were obtained by interpolation when
the last observations occurred before or after 24 h for
comparison between formulations but not for bio-
equivalence testing.
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Pharmacodynamic analysis

For digital HR monitor analysis, the first 5-min epoch of
each hour without ectopy was selected. The HRV analy-
ses of Holter data were divided into quartiles: 9 a.m. to
3 pm., 3 p.m.to 9 p.m., 9 p.m. to 3 a.m., and 3 a.m. to 9
a.m. Spectral measures of HRV were calculated over each
5-min interval and averaged over each quartile. These
absolute measures included high-frequency variability
(parasympathetic activity) and low-frequency variability
(primary sympathetic activity).** The LF/HF ratio (sympa-
thetic/parasympathetic balance) for HRV was compared
between the brand name and each generic formulation,
and over quartiles of the day using a mixed effect model
for repeated measures. A drug X quartile interaction term
was tested to evaluate the difference in slope between
formulations.

The BP and HR data were analyzed as previously de-
scribed.?® The 24-h ambulatory data were cleaned for arti-
factual readings, and then hourly averages taken. BP and
HR were compared between the brand name and each ge-
neric formulation over each of the 24-h recording periods
and over quartiles of the day using a mixed effect model
for repeated measures.

RESULTS
Study population

Between November 2015 and May 2018, 68 patients were
screened for enrollment, with 39 completing studies with
the brand name and at least one generic formulation
(Figure S1). Three were withdrawn leaving data from
36 participants for analysis, including 34 who completed
studies with all three formulations, one who completed
studies with the brand name and drug 1 only, and one
who completed studies with the brand name and drug 2
only.

The mean age of the 36 study participants was
53+ 12years, with 17 (47%) women, 23 (64%) participants
of European ancestry, 12 (33%) of African ancestry, and
one (3%) of Asian ancestry. The majority (n = 30, 83%)
received the 50 mg dose of study drug, with four receiving
the 100 mg dose and two receiving the 150 mg dose.

Pharmacokinetic analysis
The PX analyses were limited to the 30 participants who

received the 50 mg dose because of limited sample size for
the other dose groups. There was no significant difference

ASCPT
TABLE 1 Pharmacokinetic parameters and statistical
comparison of metoprolol ER generic formulations to the brand
name drug for 30 participants who received the 50 mg dose

Brand Drug1 Drug 2
Conax (ng/ml) 36.6 £23.9 39.9 £22.9 35.0 £26.9
T (1) 6.1+3.6 3.5+4.9% 9.6 +3.2°
Tast () 22.5+33 23.6 £0.8 22.5+2.7
AUC, 11ast 630.8 +464.2  648.9 +443.5 601.5 £525.8
(h-ng/ml)
AUC 4 645.5 £461.4 654.0 £446.0 633.0 £523.3
(h-ng/ml)
ty/, (h) 22.8 £18.7 24.6 £15.7 22.7 £20.2

Note: Mean = standard deviation.

Abbreviations: AUC, 1, area under the curve from dosing time to time

at which the last observation occurs; AUC,,,,, area under the curve from
dosing time to 24 h after dose (AUC,.,, were calculated by interpolation);
Cpae maximum concentration; ER, extended release; Ty, time at which
the last observation occurs; Ty, time at Cp . £, elimination half-life. The
p values were obtained by paired ¢-test.

4p<0.019 vs. brand.
5p <0.001 vs. brand.

in AUC or C,,,, between the brand name and either ge-
neric formulation (Table 1). However, the time course
of brand and generic products differed; T,,,, was signifi-
cantly lower with drug 1 and higher with drug 2 versus
the brand name product (Table 1). These differences in
T..x Were reflected in the results of our repeated meas-
ures ANOVA, which showed that the time course of the
concentration means within each participant differed be-
tween the brand name drug and drug 1 (p = 0.0323), and
between the brand name drug and drug 2 (p = 0.0009), as
shown in Figure 2.

The bioequivalence analysis also focused on partici-
pants who took the 50 mg dose (n = 30). All were included
in the bioequivalence testing with C,,,,. Nine participants
were excluded from bioequivalence testing using AUC
because plasma concentrations in the terminal phase for
one or more formulations were below the limit of detec-
tion (n = 7) or missing (n = 2). The point estimate of the
ratio of the geometric mean and its 90% CI was within
the bioequivalence limit for C,,,, AUC 11,5 and AUC, 54
for drug 1. The 90% CI crossed the lower bioequivalence
limit for Cp,,,, AUC 1.5 and AUC, ,, for drug 2 (Figure 3,
Table S1).

Pharmacodynamic end points
Twenty-four-h HRV, BP, and HR were assessed for

all 36 participants receiving any dose of metoprolol
ER. The mean 24-h LF/HF ratio was similar for drug
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£ 251 Drug 2: p = 0.0009
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Time after dose (hours)

FIGURE 2 Total metoprolol ER concentrations versus time profiles for 30 participants who completed studies with the 50 mg dose of
the brand name drug and at least one of the generic formulations. Solid line with triangles, dashed line with squares, and dashed/dotted line
with circles, represent the mean concentrations of the brand name drug (brand), generic drug 1, and generic drug 2, respectively. The error
bars represent the standard error of the mean. For statistical comparison of metoprolol ER generic formulations to the brand name drug,

p values were obtained by a mixed effect model for repeated measures to compare the time course of the concentration means within each

subject by formulation. ER, extended-release.

Cmax AUCO—TIast AUC0—24
: | : | : |
Drug 2 : n=29, Drug2{ F n=20. Drug2{ n=20
: I : | I |
I 1 1 1 I I
1 1 1 1 1 I
Drug 11 En=29 I—O—li Drug 1+ E —o—] n=21i Drug 11 E —o—] n=21i
1 1 1 1 1 I
0.80 1.00 1.25 080 1.00 1.25 0.80 1.00 1.25
BE limits BE limits BE limits

FIGURE 3 BE test results based on total (R + S) metoprolol ER concentrations for participants who completed studies with the 50mg
dose of the brand name drug and at least one of the generic formulations. The shaded area designates the 0.8 to 1.25 BE limits. The point
estimates of the ratio of the geometric means and its confidence intervals are represented with the red (drug 1 vs. brand) and orange (drug 2

vs. brand) dots and error bars. AUC 1., area under the curve from dosing time to Tj,,; AUC.,,, area under the curve from dosing time

to 24 h after dose, which was calculated by interpolation; BE, bioequivalence; C,,,,, maximum concentration; ER, extended-release;

N = number of the participants included in each bioequivalence test; T}, time at which the last observation occurs.

1 (2.04+1.35), drug 2 (1.86+1.35), and the brand
name product (2.04 + 1.77). However, compared to the
brand name product, the mean 24-h HRV LF/HF ratio
increased over the 24-h period with drug 1 (p for inter-
action of quartile X medication = 0.0168) and tended
to increase with drug 2 (p for interaction of quar-
tile X medication = 0.0858) based on a mixed effect
model analysis with repeated measures (Figure 4).
There were no significant differences in 24-h BP or

HR between the brand and either generic formulation
(Figure 5).

Figure 6 depicts the relationship between HRV and
total metoprolol plasma concentration for the 30 patients
who received the 50 mg dose of the brand and at least one
generic formulation. As shown, the LF/HF ratio for HRV
appears to be sustained during the entirety of the 24-h
dosing interval for the brand name drug, whereas it in-
creases after initial suppression for drug 1 and to a lesser
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FIGURE 4 Low-to-high frequency ratio for HRV for 36 participants who completed studies with the brand name drug and at

least one of the generic metoprolol ER formulations. Comparison shown of low-to-high frequency HRV ratios (index of sympathetic to
parasympathetic balance), divided into quartiles beginning with the time the dose was administered: quartile 1 (9 a.m. to 3 p.m.), quartile
2 (3 p.m. to 9 p.m.), quartile 3 (9 p.m. to 3 a.m.), and quartile 4 (3 a.m. to -9 a.m.). Triangles, squares, and circles represent the mean values
for the brand name drug, generic drug 1, and generic drug 2, respectively. Error bars represent standard error of the mean. The p values for
the drug x quartile interaction terms for HRV were tested to evaluate the difference in HRV across the quartiles between formulations. ER,
extended-release; HRV, heart rate variability.

SBP - Brand DBP HR
- -=Drug 1
150 -o-Drug 2
140
Q0 )
T
€ 130-
€
120
110 rrrrrrrrrrrrrvrrrrrrrrrrT

OTrNMIONINOTNMINONONOTN®

O ANMINONONOT—NMmT
e

Hour Hour

15
16
17
18
19
20

Hour

Drug 1 vs. Brand: p=0.094
Drug 2 vs. Brand: p=0.283

Drug 1 vs. Brand: p=0.242
Drug 2 vs. Brand: p=0.210

Drug 1 vs. Brand: p=0.106
Drug 2 vs. Brand: p=0.581

FIGURE 5 The 24-h ambulatory systolic blood pressure (SBP, left panel), diastolic blood pressure (DBP, middle panel), and heart

rate (HR, right panel) profiles for the 36 participants who completed studies with any dose of the brand name drug and at least one of the
generic formulations. Triangles, squares, and circles represent the mean values for the brand name drug, generic drug 1, and generic drug 2,
respectively. Error bars represent standard error of the mean. Timepoint zero represents time of metoprolol ER administration. The p values
were obtained by a mixed effect model for repeated measures. bpm, beats per minute.

extent after a slower onset for drug 2. These changes in
HRV seem to correlate with the corresponding PK pro-
files for all three drug products. That is, concentrations
peaked faster for drug 1 resulting in lower concentrations
in the terminal phase of the dosing interval compared to
the brand, whereas they peak slower for drug 2 resulting
in lower concentrations in the initial phase of the dosing
interval. As the plasma concentrations of the generic for-
mulations begin to decline, the HRV LF/HF ratio appears
to increase.

DISCUSSION

Data from administrative healthcare claims point to po-
tential effectiveness issues with generic versus brand
name metoprolol succinate.” The current study was un-
dertaken to specifically compare the PK and PD of meto-
prolol ER formulations in a patient population. Following
repeated doses of metoprolol ER to simulate a switch
from the brand to a generic formulation in patients on
maintenance p-blocker therapy, there were no differences
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FIGURE 6 Total metoprolol ER plasma concentration profiles and low-to-high frequency ratio of HRV for 30 participants who

completed studies with the 50mg dose of the brand name drug and at least one of the generic formulations. Circles represent the mean

profiles of drug concentration and triangles represent the low-to-high frequency ratio of HRV. The error bars represent the standard error of

the mean. ER, extended-release; HRV, heart rate variability.

in AUC or C,,,, between either generic and the brand
name formulation. However, we observed apparent for-
mulation differences in other PK parameters and HRV.
In terms of HRV, the quartile X medication interaction
was statistically significant when considering the LF/HF
ratio for drug 1 versus the brand name drug, indicating
more sustained sympathetic to parasympathetic balance
throughout the 24-h period with the brand. Differences
in HRV between metoprolol formulations occurred in the
presence of similar 24-h HRs, consistent with a previous
report.22

We also observed differences in time-dependent PK
measures. Following administration of an IR formulation,
metoprolol is absorbed in the small intestine as well as the
ascending colon.*® With the ER formulation, the primary
absorption site shifts toward the ascending colon, which
has implications if differences in in vivo release exist. In our
study, drug 1 seemed to release faster than the brand result-
ing in an earlier T,,,,, and drug 2 seemed to release more
slowly, resulting in a later T,,,. These differences in drug
release did not result in significant differences in AUC_,,.
However, the time course of concentration means within
each participant differed between the brand and each ge-
neric. The lower concentrations in the terminal phase of
the dosing interval with drug 1 are particularly notable as
sufficient p-blocker exposure throughout the dosing inter-
val, and especially during the vulnerable morning period,
is essential to reduce the risk for ischemic events.>”**

Whether the T,,, shift affected the LF/HF ratio for
HRV or causes safety concerns needs further investiga-
tion. However, whereas the LF/HF ratio for HRV appeared
to be sustained for the entirety of the 24-h dosing inter-
val for the brand, it increased for drug 1 (and to a lesser
extent for drug 2) toward the end of the dosing interval,
consistent with the apparent lower drug concentrations

and diminishing p-blocking activity. This increase in
sympathetic-to-parasympathetic balance occurred late in
the dosing interval, corresponding to the early morning
period for those taking their dose each morning.

Findings from the current study suggest more sustained
maintenance of favorable autonomic balance with the
brand name drug. These PD and PK differences between
formulations may have important implications for drug
effectiveness in preventing ischemic events. In particular,
there is circadian variation in the occurrence of ischemic
events, with a peak incidence in the early morning, after
awakening and beginning the day's activities.*® This is at
least partially attributed to activation of the sympathetic
nervous system.*’ f-blockers reduce sympathetic nervous
system activity, improve autonomic balance as demon-
strated by effects on HRV, and attenuate the morning
peak in ischemic events.>**** Increases in sympathetic-
to-parasympathetic balance in the early morning period
with generic formulations, as suggested in our study, thus
may have important implications for cardiovascular event
risk. The use of more granular PK metrics, such as par-
tial AUCs, may be explored when comparing different
drug products to ensure sufficient drug concentrations
throughout the 24-h dosing interval >*

A unique aspect of our study design was that data were
captured soon after the switch from the brand to generic
product. Under these circumstances, we identified vari-
able effects on HRV and metoprolol ER plasma concen-
trations between the generic and brand name products,
which may contribute to problems when switching from
the brand name to generic formulation, or from one ge-
neric to another. Although HRV is associated with adverse
cardiovascular events, including death, in multiple stud-
ies,"*!>#243 it is not considered a valid PD end point from
a regulatory standpoint because the association data were
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derived from observational studies, which may be con-
founded by limited or missing data. There are also data
that the R-R interval (but not the LF/HF ratio) is influ-
enced by age and gender***; however, both were con-
trolled for with our crossover study design.

We acknowledge several limitations. The final sample
size was lower than what was originally planned, so these
data do not support any conclusion of bioequivalence or
inequivalence between products. Although participants re-
ceived multiple doses of metoprolol ER prior to the PK/PD
studies, we did not document attainment of steady-state
by repeated trough sample collection prior to PK analy-
sis. However, with a half-life of ~3-7 h, and data showing
that the therapeutic effects of metoprolol are fully evident
within 7days,”>*® steady-state would be expected to be
achieved, and the therapeutic effects of metoprolol were
expected to be fully evident by the time of the 24-h PK/PD
studies. By design, there was no washout period as the goal
was to capture the PK and PD soon after the switch from
brand to generic formulation. Additionally, our evaluation
of the therapeutic equivalence, utilizing HRV as it related
to T,,.x and concentration over time, was exploratory and
not predefined. The study also required multiple lots of
each formulation. We recognize that other variables, such
as food and liquid intake, could have influenced metopro-
lol PK, but were not measured during the study. Further,
patients with heart failure, a common indication for me-
toprolol succinate, were excluded, and the influence of
heart failure-related effects (e.g., hypoperfusion and intes-
tinal edema) on differences in PK across metoprolol ER
formulations remains to be determined.*®

In summary, whereas BP, HR, AUC, and C,,,, were sim-
ilar between the brand name and generic formulations in
patients with HTN, differences in T, were observed, as
were effects on autonomic balance over the dosing interval.
Whether this translates into meaningful clinical outcomes
remains to be determined. Future research should further
define the relationship between HRV and metoprolol ER PK
profiles to evaluate the role of HRV as a PD response measure
for comparing therapeutic equivalence between products.
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