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ABSTRACT 
Purpose Despite no broad, direct evidence in humans, there is a potential concern that surfactants alter active or passive 
drug intestinal permeation to modulate oral drug absorption. The purpose of this study was to investigate the impact of the 
surfactant polysorbate 80 on active and passive intestinal drug absorption in humans.
Methods The human (n = 12) pharmacokinetics (PK) of three probe substrates of intestinal absorption, valacyclovir, cheno-
deoxycholic acid (CDCA), and enalaprilat, were assessed. Endogenous bile acid levels were assessed as a secondary measure 
of transporter and microbiota impact.
Results Polysorbate 80 did not inhibit peptide transporter 1 (PepT1)- or apical sodium bile acid transporter (ASBT)-mediated 
PK of valacyclovir and CDCA, respectively. Polysorbate 80 did not increase enalaprilat absorption. Modest increases in 
unconjugated secondary bile acid  Cmax ratios suggest a potential alteration of the in vivo intestinal microbiota by polysorb-
ate 80.
Conclusions Polysorbate 80 did not alter intestinal membrane fluidity or cause intestinal membrane disruption. This finding 
supports regulatory relief of excipient restrictions for Biopharmaceutics Classification System-based biowaivers.
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Abbreviations
AME  Absorption-modifying excipient
ASBT  Apical sodium bile acid transporter
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CDCA  Chenodeoxycholic acid
CYP  Cytochrome P450
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Technical Requirements for Pharmaceuticals for 
Human Use

Ki  Inhibitory constant
MRP4  Multidrug resistance protein 4
OCT1  Organic cation transporter 1
PepT1  Peptide transporter 1
P-gp  P-glycoprotein
PK  Pharmacokinetics
PKC  Protein kinase C
WHO  World Health Organization

INTRODUCTION

Excipients are inactive ingredients in drug products and 
have the potential to modulate drug absorption in unde-
sirable ways (1). Such excipients have been conceived as 
“absorption-modifying excipients” (AMEs). AMEs in 
drug products have important regulatory implications dur-
ing formulation changes (e.g., scale-up and post-approval 
modifications, formation of a new generic product) (2, 3). 
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Specifically, the waiving of in vivo bioequivalence (BE) 
studies (i.e., biowaiver) for highly soluble drugs [i.e., Biop-
harmaceutics Classification System (BCS) Class I and III 
drugs] carries potential concerns. Hence, there are major 
limitations on quantitative and qualitative excipient changes 
for drug approval. For several common excipients, we have 
shown that such potential concerns did not have an in vivo 
impact in humans (4).

Despite no broad, direct evidence in humans, there is a 
potential concern that surfactants alter drug intestinal per-
meability to increase oral drug absorption (5). For exam-
ple, the nonionic surfactant polysorbate 80 (also known as 
Tween 80 or polyoxyethylene 20 sorbitan monooleate), has 
been shown in Caco-2 cell monolayers (6, 7) and mice (8) 
to modulate intestinal permeability. Polysorbate 80 has been 
shown in vitro to inhibit intestinal transporters, specifically 
peptide transporter 1 (PepT1, SLC15A1) and P-glycopro-
tein (P-gp, MDR1, ABCB1) (1, 6, 7, 9). Transporters are 
membrane-bound proteins in the dynamic lipid bilayer. The 
fluidity of the lipid bilayer and specific lipids that are tightly 
bound to transporters can impact transporter function in 
vitro (10). Surfactants can alter membrane fluidity and hence 
presumably change the structure/conformation and function 
of transporters in vitro (11, 12). Such changes have been 
associated in vitro with the inhibition of PepT1 and P-gp 
(6, 9). Surfactants can also inhibit protein kinase C (PKC) 
in vitro and modulate the function of several transporters 
that are regulated by PKC-dependent pathways, such as P-gp 
and apical sodium bile acid transporter (ASBT, SLC10A2) 
(13, 14). Polysorbate 80 was also shown in vitro to disrupt 
cytochrome P450 3A4 (CYP3A4) enzyme activity (15, 16). 
Polysorbate 80 has been demonstrated ex vivo in humans to 
disrupt the composition and function of intestinal microbiota 
(17), which could damage the epithelial barrier and contrib-
ute to inflammation of the intestinal tract (18). 

The primary objective of this study was to assess the 
effect of oral polysorbate 80 on the human (n=12) phar-
macokinetics (PK) of three probe substrates of intestinal 
absorption: valacyclovir, chenodeoxycholic acid (CDCA; 
also known as chenodiol), and enalaprilat. Valacyclovir is a 
PepT1 substrate (19, 20). CDCA is an ASBT substate (21). 
PepT1 and ASBT are active transporters in the intestine. 
Enalaprilat was employed as a very low passive permeability 
marker (22). Endogenous bile acid levels were assessed as 
a secondary measure of transporter and microbiota impact. 
We hypothesized that polysorbate 80 will not inhibit PepT1-
mediated and ASBT-mediated intestinal absorption of vala-
cyclovir and CDCA, respectively, and not increase passive 
intestinal permeability of enalaprilat. We further hypoth-
esized that polysorbate 80 will modify intestinal microbiota, 
leading to alterations in plasma secondary bile acids.

Plasma was assessed for changes in acyclovir (i.e., the 
active metabolite of valacyclovir), CDCA, enalaprilat, 

and endogenous bile acid PK, relative to placebo. Results 
showed that polysorbate 80 (400mg) BID had no impact on 
PepT1, ASBT, or passive intestinal membrane permeability. 
Polysorbate 80 increased the  Cmax ratio of unconjugated sec-
ondary bile acids compared to placebo, whereas AUC was 
not impacted. Hence, polysorbate 80 may have modulated 
intestinal microbiota, leading to a higher  Cmax of unconju-
gated secondary bile acids in the plasma.

MATERIALS AND METHODS

Materials

Polysorbate 80 (400mg) capsules were manufactured at 
the University of Maryland Good Manufacturing Practice 
(GMP) facility using Polysorbate 80, NF (Spectrum Chemi-
cal; New Brunswick, NJ). Placebo tablets were manufac-
tured at the University of Maryland GMP facility using 
 PROSOLV® EASYtab SP (JRS PHARMA; Weissenborn, 
Germany). Valacyclovir (500mg) tablets were obtained from 
Mylan Pharmaceuticals (Canonsburg, PA). CDCA (250mg) 
tablets (Chenodal; Lot #004949) were kindly supplied by 
Travere Therapeutics (San Diego, CA). Enalaprilat solution 
(2.5mg/2mL) was obtained from West-Ward Pharmaceu-
ticals (Berkeley Heights, NJ). LC-MS/MS grade solvents 
were purchased from Fisher Scientific (Pittsburgh, PA). 
Acyclovir was obtained from United States Pharmacopeia 
(Rockville, MD) and enalaprilat was obtained from Sigma 
Aldrich (St. Louis, MO). Acyclovir-d4 was obtained from 
Toronto Research Chemicals (North York, ON, Canada) 
and enalaprilat-d5 was obtained from CDN Isotopes (Pointe-
Claire, GC, Canada). Bile acid standards and stable isotope 
labeled standards were purchased from Sigma Aldrich (St. 
Louis, MO), Toronto Research Chemicals (North York, ON, 
Canada), Steraloids (Newport, RI), Cambridge Isotope Lab-
oratories (Tewksbury, MA), or CDN Isotopes (Pointe-Claire, 
QC, Canada). ISOLUTE PLD+ phospholipid depletion col-
umns were purchased from Biotage (Uppsala, Sweden).

Methods

Clinical Study

An open-label, randomized, single-dose, placebo-con-
trolled, fasted, crossover PK study was conducted in n=12 
healthy adult volunteers (ClinicalTrials.gov identifier: 
NCT04640571). The study was approved by the Institu-
tional Review Board at University of Maryland, Balti-
more and was conducted at the General Clinical Research 
Center at the University of Maryland. Informed consent was 
obtained from all participants in the study. Table SI (see 
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Supplementary Information) describes participant demo-
graphics. All volunteers received polysorbate 80 and placebo 
with a minimum washout period of 10 days and maximum 
washout period of 28 days. In this study, polysorbate 80 
(400mg) BID or placebo BID was administered orally for 
6 days. Volunteers were given a study schedule and journal 
to report adverse events. On day 7, after a minimum of 10h 
overnight fast, a single dose of valacyclovir (500mg), CDCA 
(250mg), and enalaprilat (20mg) were administered orally 
with 240mL water. Cocktail drug doses were selected based 
on Food and Drug Administration (FDA) approved doses 
and known risks, as well as doses where valacyclovir is a 
PepT1 substrate, CDCA is an ASBT substate, and enalaprilat 
exhibits very low passive permeability (19–22). A final dose 
of polysorbate 80 (400mg) was included in the polysorbate 
80 arm to assess for effects on the intestinal membrane and 
transporter inhibition. Pravastatin (80mg) was also adminis-
tered concomitantly in a cocktail approach for a correspond-
ing sub-study with a shared placebo arm; this separate and 
distinct sub-study assessed potential metformin impact. The 
four probes of the cocktail (i.e., valacyclovir, CDCA, enal-
aprilat, and pravastatin) were not expected to modulate one 
another (23–28). Nonetheless, cocktail was administered 
orally in the same fashion across all three arms to minimize 
the impact of potential interactions among the four probes 
in comparing polysorbate 80 arm to placebo arm.

The polysorbate 80 dosing design aimed to administer 
a large, allowable amount of polysorbate 80, where 418.37 
mg of polysorbate 80 is present in an approved capsule prod-
uct (29). Polysorbate 80 BID for 6 days, plus a morning 
dose at time of cocktail administration, aimed to allow for 
potential polysorbate 80 effects on the intestinal membrane 
and intestinal transporters (e.g., transporter inhibition and/
or induction).

Water was not allowed 1h before and 1h after administra-
tion of probe cocktail. Participants were provided standard-
ized lunch and a snack 4 and 7.5h after cocktail administra-
tion, respectively. Blood samples (~5cc, heparinized tubes) 
for PK analysis were drawn prior to cocktail administration 
and at 0.5, 1, 1.5, 2, 3, 4, 6, 8, and 10h post-dose. The blood 
samples were centrifuged at >2000rpm at 4°C for 10min 
within 15min of collection to produce plasma. Harvested 
plasma aliquots were stored at −80°C until assayed. The 
plasma concentrations of acyclovir, CDCA, enalaprilat, and 
endogenous bile acids were quantified by mass spectrometry. 

Computational Modeling

We conducted computational modeling to assess if CDCA 
or pravastatin were predicted inhibitors of PepT1, and if 
valacyclovir inhibits ASBT (Figure S1). Briefly, PepT1 
inhibition activity for 223 compounds was obtained from 
the ChEMBL dataset (www. ebi. ac. uk/ chembl). A Bayesian 

approach using Assay Central software was employed,(30, 
31) using a PepT1 model threshold of 100µM. The model 
exhibited favorable precision, recall, and specificity. CDCA 
and pravastatin were each predicted to be non-inhibitors of 
PepT1. Similarly, ASBT inhibition activity for 251 com-
pounds was obtained, and a model was developed using a 
threshold of 60nM. The model exhibited favorable precision, 
recall, and specificity. Valacyclovir was predicted to be a 
non-inhibitor of ASBT.

Quantification of Acyclovir and Enalaprilat

Drug concentrations in plasma were measured using a liq-
uid chromatography - tandem mass spectrometry (LC-MS/
MS) method. Acyclovir and enalaprilat were measured in 
human plasma using deuterated internal standard (IS) with 
extraction by simple acetonitrile-based protein precipitation. 
Briefly, acyclovir and acyclovir-d4 stock solutions were pre-
pared in dimethyl sulfoxide (DMSO). Similarly, enalaprilat 
and enalaprilat-d5 stock solutions were prepared by inde-
pendently weighing out reference material and dissolving 
in methanol. All stock solutions were stored at -20°C for 
the duration of the study. Fresh calibration standard samples 
were prepared at nine concentrations (5, 10, 50, 100, 500, 
1000, 2000, 4000 and 5000ng/mL for acyclovir; and 0.2, 
0.4, 1, 5, 10, 25, 100, 300, and 500ng/mL for enalaprilat) for 
each analytical batch. Quality control samples at four con-
centrations (15, 210, 2100 and 4200ng/mL for acyclovir; 
and 0.8, 8, 200 and 400ng/mL for enalaprilat) were used 
to assess assay reliability. All stock solutions were used 
within 2 months of preparation.  

For extraction, 100µL of plasma was mixed with 25µL of 
internal standard solution (4000ng/mL of acyclovir-d4 and 
700ng/mL of enalaprilat-d5) and were extracted with 500µL 
of acetonitrile. The samples were shaken for 3min and were 
centrifuged at 15000rpm for 10min at 5°C.  Supernatant 
was collected and evaporated to dryness. The residue was 
reconstituted in 100µL of water and methanol (50:50, v/v) 
and a 2µL aliquot was injected. 

LC-MS/MS was performed on a Waters H-Class ultraper-
formance liquid chromatography system coupled to a Waters 
TQ-XS tandem quadrupole mass spectrometer (Waters Cor-
poration, Milford, MA, USA). The chromatographic separa-
tion was achieved on a Phenomenex (Torrance, CA, USA) 
Kinetex C18 column (2.1×100 mm, 2.6μm) at a column tem-
perature of 45 ± 2°C. Acetonitrile was used as mobile phase 
A and 5 mM ammonium acetate with 0.1% formic acid was 
used as mobile phase B.  The gradient program was per-
formed over 6min, starting with 99.9% B, ramping to 80% B 
over 0.5min, continuing to ramp to 20% B over 2.0min, hold-
ing at 80% B for 1min and then equilibrating the column for 
2.5min. Flow rate was 0.400mL/min. The mass spectrom-
eter was operated in electrospray ionization (ESI) positive 
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ion mode for the analysis with m/z transitions of 225.6 → 
151.9 for acyclovir; 229.6 → 151.9 for acyclovir-d4; 348.8 
→ 206.1 for enalaprilat and 354.1 → 211.0 for enalaprilat-
d5. Parameters were: capillary voltage 1.5kV; desolvation 
temperature 600°C; desolvation flow 1000L/hr; cone flow 
150 L/hr; nebulizer 7Bar; collision gas flow 0.15mL/min; 
source temperature 150°C; dwell time 30msec; cone volt-
age: acyclovir 4V, acyclovir-d4 8V, enalaprilat 2V, and enal-
aprilat-d5 14V; collision energy: acyclovir 16V, acyclovir-d4 
22V, enalaprilat 22V, and enalaprilat-d5 24V.  

Analyte quantification was achieved in the concentration 
range of 5-5000ng/mL of acyclovir  and  0.2-500ng/mL of 
enalaprilat in plasma. Batches were considered acceptable 
if standards and QCs met the acceptance criteria as detailed 
by the FDA Guidance for Bioanalytical Method Validation 
(32). All data was acquired using MassLynx (v 4.1). Stand-
ard regression was performed using TargetLynx (v 4.1) and 
all analytes used linear 1/x2 weighting. AUC was calculated 
between 0 and 10h using the trapezoidal rule. 

Quantification of CDCA and Endogenous Bile Acids

Bile acids were quantified using a method previously 
described with minor adjustments (33). Briefly, stock solu-
tions were prepared by independently weighing out refer-
ence material and dissolving in methanol. The concentra-
tion of the resulting stock solution considered salt form and 
purity from the certificate of analysis, as necessary. All stock 
solutions were stored at -20°C for the duration of the study. 
Fresh calibration standard samples were prepared at nine 
concentrations (1, 5, 10, 50, 100, 200, 500, 900, and 1000ng/
mL) for each analytical batch. Quality control samples at 
three concentrations (15, 400, and 800ng/mL) were used to 
assess assay reliability. All stock solutions were used within 
2 months of preparation. No significant decrease in response 
was noted and slope was consistent for all analytical runs.  

For extraction, 100µL of plasma was loaded directly onto 
the ISOLUTE PLD+ column per manufacturer’s instruc-
tions and then 5µL of internal standard mixture (1000ng/mL 
stable isotope labeled bile acid cocktail) was added to each 
tube. Samples were then spiked with 400µL of acetonitrile 
and independently vortexed for 30s to precipitate proteins. 
Sample flow through was collected by applying approxi-
mately 4psi via positive pressure manifold. Eluent was dried 
down under nitrogen stream at 40°C and the samples were 
reconstituted with 50:50 water/acetonitrile with 0.01% for-
mic acid. Samples were then transferred to glass autosampler 
vials with conical inserts for analysis. 

LC-MS/MS was performed on a Waters I-Class ultraper-
formance liquid chromatography system coupled to a Waters 
TQ-XS tandem quadrupole mass spectrometer (Waters 
Corporation, Milford, MA, USA). Chromatographic sepa-
ration was performed using 0.01% formic acid in water as 

mobile phase A and 0.01% formic acid in acetonitrile as 
mobile phase B. The column used was Acquity BEH C18 
(150×2.1mm, 1.7µm;Waters Corporation, Milford, MA, 
USA) and the column temperature was set to 55°C. The gra-
dient program was performed over 32min, starting with 25% 
B, ramping to 40% B over 12min, continuing to ramp to 75% 
B over 14min, followed by 100% B for 3min and then equili-
brating the column for 4min. The flow rate was 0.350mL/
min. Of note, the strong needle wash was changed from the 
original study to acetonitrile:2-propanol:methanol:formic 
acid/30:30:40:0.5/v:v:v:v in order to alleviate carry over 
from taurine conjugated bile acids. 3µL was injected for each 
sample. Tandem mass spectrometry analysis was carried out 
in ESI negative ion mode due to the acidic group on bile 
acids. Parameters were: capillary voltage 2.5kV; desolva-
tion temperature 500°C; desolvation flow 800L/hr; cone flow 
150L/hr; nebulizer 7Bar; collision gas flow 0.15mL/min; and 
source temperature 150°C. 

Three scheduled periods were used to monitor the elution 
from the column: Period 1 (4-10min) monitored for gly-
coursodeoxycholic acid (GUDCA), glycocholic acid (GCA), 
tauroursodeoxycholic acid (TUDCA), and taurocholic acid 
(TCA); Period 2 (10-16min) monitored for ursodeoxycholic 
acid (UDCA), cholic acid (CA), glycochenodeoxycholic 
acid (GCDCA), glycodeoxycholic acid (GDCA), tauroche-
nodeoxycholic acid (TCDCA), and taurodeoxycholic acid 
(TDCA); Period 3 (16-24min) monitored for lithocholic 
acid (LCA), deoxycholic acid (DCA), chenodeoxycholic 
acid (CDCA), glycolithocholic acid (GLCA), and tauro-
lithocholic acid (TLCA). Mass transitions, cone voltage, and 
collision energy are provided in Table SII. Batches were 
considered acceptable if standards and QCs met the accept-
ance criteria as detailed by the FDA Guidance for Bioana-
lytical Method Validation (32). All data was acquired using 
MassLynx (v 4.1). Standard regression was performed using 
TargetLynx (v 4.1) and all analytes used linear 1/x2 weight-
ing except for UDCA, which used quadratic 1/y2 weight-
ing as recommended by Gu et al. (34). AUC was calculated 
between 0 and 10h using the trapezoidal rule. 

Statistical Analysis

All numerical results were expressed as mean of three repli-
cates ± SEM. Differences were determined to be statistically 
significant using Student’s t-test. 

Non-compartmental analysis was used to calculate the 
PK parameters  Cmax and AUC for drugs within cocktail (i.e., 
valacyclovir, baseline-corrected CDCA, enalaprilat, and 
pravastatin) and endogenous plasma bile acids. Valacyclovir 
is the pro-drug of the active moiety acyclovir. Differences 
between polysorbate 80 and placebo arms were considered 
statistically significant when p < 0.05 for acyclovir, CDCA, 
enalaprilat, and endogenous bile acids using an unpaired 
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one-tailed Student’s t-test. Differences in  Cmax and AUC 
point estimate ratios (i.e., means of the ratios of polysorb-
ate 80/placebo) were considered statistically significant 
from a value of one when p < 0.05 for acyclovir, CDCA, 
enalaprilat, and endogenous bile acids, using a one sample, 
unpaired one-tailed Student’s t-test.

RESULTS

Participant Adverse Events

Polysorbate 80 (400mg) BID was well-tolerated among all 
participants with only two participants exhibiting adverse 
events. One participant had easy bowel movements on 
day 7 after cocktail administration and one participant 
exhibited an itchy rash following the polysorbate 80 round 
(i.e., during the washout period). In the placebo arm, one 

participant exhibited diarrhea on day 1, one participant 
exhibited lightheadedness and vision tunnelling following 
the pre-dose blood draw, and one participant had vasovagal 
syncope due to intravenous insertion. All adverse events 
resolved without sequalae.

Valacyclovir

Mean profiles of acyclovir in the polysorbate 80 and pla-
cebo arms are shown in Fig. 1.  Polysorbate 80 had no effect 
on acyclovir plasma exposure, as hypothesized. Mean PK 
parameters of acyclovir after polysorbate 80 and placebo 
arms are shown in Table I. Polysorbate 80 had no effect on 
the  Cmax (p=0.4) or AUC (p=0.4) of acyclovir compared 
to placebo. Acyclovir  Cmax and AUC ratios for polysorb-
ate 80 versus placebo were 1.10 and 1.03, respectively, and 
were not statistically different than unity (p=0.1 and 0.3, 
respectively). 

Fig. 1  Mean concentration ver-
sus time profile of acyclovir in 
n = 12 participants in the poly-
sorbate 80 and placebo arms. 
Participants took 400 mg poly-
sorbate 80 or placebo BID for 
6 days. On day 7, participants 
were administered a single dose 
of 500 mg valacyclovir, 250 mg 
CDCA, and 20 mg enalaprilat, 
as well as 400 mg polysorb-
ate 80 in polysorbate 80 arm. 
Polysorbate 80 had no effect on 
the plasma concentrations of 
acyclovir. Data are expressed as 
mean ± SEM.

Table I  Pharmacokinetic 
parameters of acyclovir, 
baseline-corrected CDCA, and 
enalaprilat in n = 12 participants 
on day 7 after polysorbate 80 
and placebo treatment for 6 days

Participants took 400 mg polysorbate 80 or placebo BID for 6 days. On day 7, participants were adminis-
tered a single dose of 500 mg valacyclovir, 250 mg CDCA, and 20 mg enalaprilat, as well as 400 mg poly-
sorbate 80 in polysorbate 80 arm. Acyclovir, CDCA, and enalaprilat were measured 0-10 h post-dose. Poly-
sorbate 80 had no effect on the PK parameters of acyclovir, baseline-corrected CDCA, or enalaprilat. There 
was no statistical significance between polysorbate 80 and placebo. Data are expressed as mean ± SEM

Drug Cmax (ng/mL) Ratio AUC (ng/mL x h) Ratio

Polysorbate 80 Placebo Polysorbate 80 Placebo

Acyclovir 3363 ± 348 3230 ± 367 1.10 ± 0.09 10,039 ± 903 9839 ± 782 1.03 ± 0.05
Baseline-

Corrected 
CDCA

2960 ± 276 2881 ± 351 1.12 ± 0.13 4964 ± 300 4665 ± 370 1.10 ± 0.07

Enalaprilat 1.720 ± 0.480 2.080 ± 0.540 1.02 ± 0.22 10.98 ± 3.05 12.10 ± 2.71 1.10 ± 0.25
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CDCA

Mean profiles of CDCA in the polysorbate 80 and placebo 
arms are shown in Fig. 2.  Polysorbate 80 did not alter CDCA 
plasma exposure, as hypothesized. Mean PK parameters of 
baseline-corrected CDCA after polysorbate 80 and placebo 
arms are shown in Table I. Polysorbate 80 had no effect 
on the  Cmax (p=0.4) or AUC (p=0.3) of baseline-corrected 
CDCA compared to placebo. Baseline-corrected CDCA 
 Cmax and AUC ratios for polysorbate 80 versus placebo were 

1.12 and 1.10, respectively, and were not statistically differ-
ent than unity (p=0.2 and 0.1, respectively).

Enalaprilat

Mean profiles of enalaprilat in the polysorbate 80 and 
placebo arms are shown in Fig. 3.  Polysorbate 80 had 
no effect on enalaprilat plasma exposure, as hypoth-
esized. Mean PK parameters of enalaprilat after pol-
ysorbate 80 and placebo arms are shown in Table  I. 

Fig. 2  Mean concentration 
versus time profile of CDCA in 
n = 12 participants in the poly-
sorbate 80 and placebo arms. 
Polysorbate 80 had no effect on 
the plasma concentrations of 
CDCA. Data are not baseline 
corrected. Data are expressed as 
mean ± SEM.

Fig. 3  Mean concentration ver-
sus time profile of enalaprilat in 
n = 12 participants in the poly-
sorbate 80 and placebo arms. 
Polysorbate 80 had no effect on 
the plasma concentrations of 
enalaprilat. Data are expressed 
as mean ± SEM.
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Polysorbate 80 had no effect on the  Cmax (p=0.3) or 
AUC (p=0.4) of enalaprilat compared to placebo. Enal-
aprilat  Cmax and AUC ratios for polysorbate 80 versus 
placebo were 1.02 and 1.10, respectively, and were 
not statistically different than unity (p=0.5 and 0.4, 
respectively). 

Endogenous Bile Acids

Profiles of all 15 bile acids in the polysorbate 80 and 
placebo arms are shown in Figure S2. Mean PK param-
eters of each bile acid is summarized in Table  II. In 
comparing PK metrics from polysorbate 80 arm versus 
placebo arm, polysorbate 80 did not have a statistically 
significant effect on the  Cmax or AUC of any bile acid 
(p>0.1 and 0.2, respectively). Average  Cmax ratios (poly-
sorbate 80/placebo) of unconjugated bile acids CA, DCA, 
LCA, and UDCA were statistically different than unity 
(p=0.04, 0.02, 0.03, and 0.04, respectively). Meanwhile, 
 Cmax ratios of the other 11 bile acids were not statistically 
significant. Average AUC ratio of GCA was statistically 
different than unity (p=0.03), while all other bile acids 
were not statistically significant.

Other Cocktail Probes

Mean PK parameters from the other drug cocktail probe 
(i.e., pravastatin in a separate sub-study) after polysorbate 
80 and placebo arms are shown in Table SIII. There was no 
statistically significant effect of polysorbate 80 on pravas-
tatin  Cmax,  Cmax ratio, AUC, and AUC ratio (p=0.3, 0.08, 
0.2, and 0.07, respectively). Mean profile of pravastatin in 
the polysorbate 80 and placebo arms is shown in Figure S3. 
Polysorbate 80 had no effect on pravastatin plasma exposure.

DISCUSSION

Potential Drug‑Excipient Interaction

Polysorbate 80 capsules contained 400mg of polysorbate 80 
and were administered BID for 6 consecutive days to allow 
for potential modulation of intestinal membrane fluidity and 
intestinal membrane disruption. On the next day, cocktail 
(i.e., valacyclovir, CDCA, and enalaprilat, along with pravas-
tatin for a separate sub-study that shares the placebo arm) 
was administered with an additional 400mg dose of poly-
sorbate 80 to allow for potential direct transporter inhibition. 

Table II  Cmax,  Cmax ratio, AUC, 
and AUC ratio of endogenous 
plasma bile acids in n = 12 
participants on day 7, after 
polysorbate 80 and placebo 
treatment for 6 days

*  p < 0.05 (ratio compared to one), one tail
+  Data includes administered CDCA
Endogenous bile acids were measured 0-10 h post-dose. Polysorbate 80 had no effect on most bile acids. 
Data are expressed as mean ± SEM

Bile Acid Cmax (ng/mL) Ratio AUC (ng/mL x h) Ratio

Polysorbate 80 Placebo Polysorbate 80 Placebo

CA 91.16 ± 21.41 123.8 ± 51.0 1.58 ± 0.30*
p = 0.04

264.3 ± 50.6 259.7 ± 64.6 1.38 ± 0.22

GCA 291.3 ± 35.5 263.9 ± 44.8 1.33 ± 0.20 1171 ± 185 1053 ± 187 1.17 ± 0.08*
p = 0.03

TCA 77.80 ± 10.81 67.64 ± 12.96 1.58 ± 0.33 280.8 ± 40.9 248.1 ± 39.5 1.24 ± 0.13
DCA 270.9 ± 49.4 199.7 ± 28.6 1.44 ± 0.19*

p = 0.02
1451 ± 242 1222 ± 158 1.31 ± 0.20

GDCA 385.7 ± 43.5 375.7 ± 50.9 1.25 ± 0.25 1655 ± 183 1507 ± 200 1.17 ± 0.14
TDCA 92.58 ± 13.42 86.14 ± 16.50 1.69 ± 0.42 346.7 ± 38.6 329.3 ± 53.1 1.32 ± 0.19
CDCA+ 3049 ± 280 2982 ± 359 1.12 ± 0.13 5718 ± 409 5552 ± 471 1.07 ± 0.06
GCDCA 1396 ± 175 1667 ± 234 0.93 ± 0.11 7172 ± 852 7386 ± 847 0.99 ± 0.07
TCDCA 332.6 ± 47.4 349.8 ± 69.7 1.23 ± 0.21 1467 ± 204 1393 ± 195 1.14 ± 0.13
LCA 12.35 ± 2.59 9.400 ± 2.040 1.43 ± 0.20*

p = 0.03
74.02 ± 13.14 67.64 ± 14.64 1.23 ± 0.18

GLCA 36.68 ± 7.81 43.31 ± 12.76 1.03 ± 0.19 165.3 ± 32.3 192.1 ± 57.8 1.13 ± 0.23
TLCA 5.510 ± 0.760 6.150 ± 1.800 1.27 ± 0.24 21.66 ± 3.04 21.02 ± 4.55 1.71 ± 0.45
UDCA 27.89 ± 5.30 41.60 ± 24.98 1.55 ± 0.29*

p = 0.04
116.5 ± 24.3 243.7 ± 159.7 1.31 ± 0.28

GUDCA 86.27 ± 12.40 118.0 ± 38.3 0.96 ± 0.11 415.5 ± 57.4 542.1 ± 181.9 1.04 ± 0.12
TUDCA 5.360 ± 0.770 5.010 ± 0.930 1.34 ± 0.24 19.79 ± 3.81 17.07 ± 3.33 2.76 ± 1.22
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Valacyclovir is an orally administered prototypical PepT1 
targeted prodrug designed to increase the intestinal absorp-
tion of the antiviral agent acyclovir. The bioavailability of 
orally administered acyclovir is 10-20%, however, oral bio-
availability increases by 3- to 5-fold to 54% when admin-
istered as valacyclovir (26, 35, 36). Specifically, intestinal 
PepT1 accounts for 90% of the intestinal uptake of valacy-
clovir (19). A potential concern is that the absorption of the 
PepT1 substrate valacyclovir may be reduced by polysorbate 
80 though membrane fluidity modulation or direct PepT1 
inhibition. Valacyclovir is rapidly converted to acyclovir, 
an organic cation transporter 1 (OCT1) substrate, with 
dose-linear PK. Pravastatin, CDCA, and enalaprilat were 
not expected to impact valacyclovir or acyclovir PK. 

CDCA, an orally administered drug used to dissolve gall-
stones, is also a native bile acid substrate that significantly 
relies on intestinal reabsorption during enterohepatic circu-
lation by intestinal ASBT (21, 37, 38). In healthy subjects, 
the enterohepatic recirculation system has high capacity to 
transport CDCA and bile acids. Valacyclovir is not an inhibi-
tor of ASBT since it does not inhibit taurocholate uptake in 
vitro with up to 600µM valacyclovir in hASBT-COS cells 
(39). Pravastatin is not a potent inhibitor of ASBT  (Ki = 
1360 ± 360µM) (40). Valacyclovir is not expected to be 
an inhibitor of ASBT, whereas pravastatin and CDCA are 
not expected to inhibit PepT1. Valacyclovir, enalaprilat, 
and pravastatin are not expected to impact CDCA PK. A 
potential concern is that the absorption of CDCA may be 
impacted by polysorbate 80. However, results indicate that 
polysorbate 80 did not inhibit PepT1- or ASBT-mediated PK 
of valacyclovir and CDCA, respectively.

Enalaprilat, due to its high solubility and low membrane 
permeability, is poorly absorbed after oral administration 
(i.e., 3-12%) (22, 41, 42). In a human jejunal perfusion study, 
the permeability of enalaprilat was low, 0.20 x  10-4cm/s (43). 
Therefore, enalaprilat is typically orally administered as the 
mono-acid prodrug enalapril, which is 60-70% absorbed 
after oral administration (44). Enalaprilat, and not enalapril, 
is administered intravenously due to enalaprilat’s high solu-
bility. Enalaprilat is a weak multidrug resistance protein 4 
(MRP4) substrate. Enalaprilat is not an inhibitor of ASBT 
or PepT1 (45, 46). Valacyclovir, pravastatin, and CDCA and 
are not expected to impact enalaprilat PK. A potential con-
cern is that polysorbate 80 may increase passive intestinal 
permeability (e.g., disrupt membrane integrity) and increase 
enalaprilat absorption. However, results indicate that poly-
sorbate 80 did not module intestinal membrane fluidity or 
cause intestinal membrane disruption.

Potential Disruption of Intestinal Microbiota

Polysorbate 80 has been shown in an ex vivo human model to 
disrupt the composition and function of intestinal microbiota 

(17). Bile acid composition and gut bacteria are tightly cou-
pled, such that bile acids are metabolized by intestinal micro-
biota and are also regulators of the intestinal microbiota. The 
primary bile acids CDCA and CA are synthesized exclu-
sively in the liver and are conjugated to glycine or taurine to 
be secreted into bile and stored in the gallbladder. Following 
a meal, bile acids are released into the small intestine to 
emulsify dietary fats and enhance lipid absorption. Most bile 
acids (>95% daily) are reabsorbed in the terminal ileum and 
returned to the liver via the portal circulation. Unconjugated 
BAs that are not reabsorbed undergo bacterial biotransfor-
mation to form secondary bile acids, DCA and LCA, from 
CA and CDCA, respectively. CDCA is also transformed to 
the secondary bile acid UDCA. These secondary bile acids 
can also be absorbed and undergo enterohepatic circulation 
(37, 47). Modest increases in the  Cmax ratio of the uncon-
jugated secondary bile acids DCA, LCA, and UDCA was 
observed, without a change in their AUC ratios.  While the 
15 bile acids were not broadly modulated, there was a poten-
tial alteration of the in vivo intestinal microbiota by 400mg 
polysorbate 80 BID.

Study Limitations

BE was not assessed. Rather, the study employed a drug-
drug interaction study design, involving n=12 crossed-over 
healthy volunteers. Multiple drug probes were evaluated, 
such that statistics suffer from the general multiple compari-
sons problem. However, with a view of detecting polysorbate 
80 effect on any of the drug probes, a critical p-value of 0.05 
was applied, without correcting for multiple comparisons to 
maintain a low 5% type 1 error rate.  Nevertheless, polysorb-
ate 80 was not detected to impact valacyclovir, CDCA, or 
enalaprilat absorption.

Implications for BCS‑based Biowaivers and Next 
Steps

BCS-based biowaivers beneficially streamline the devel-
opment of new and generic drug products by reducing the 
need for in vivo BE assessment when not needed. Biowaivers 
also provide regulatory relief for scale-up and post-approval 
changes. From a public health perspective, biowaivers elimi-
nate the risk of exposing participants to investigative clini-
cal research, provides economic relief for drug sponsors by 
decreasing drug development time and cost, and reduces 
level of regulatory review burden (48).

Previously, many regulatory agencies and organizations 
around the world, such as the US Food and Drug Admin-
istration (FDA), World Health Organization (WHO), and 
the European Medicines Agency (EMA) had implemented 
BCS-based biowaiver systems. A harmonized M9 BCS guid-
ance was adopted in 2019 by the International Council for 
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Harmonisation of Technical Requirements for Pharmaceu-
ticals for Human Use (ICH). 

Prior to M9 BCS guidance, the FDA issued an updated 
BCS guidance in 2017 that exemplified polysorbate 80 as a 
surfactant that may be an AME. Similarly, M9 BCS guid-
ance cautions that surfactants may impact drug permeability 
and references sodium lauryl sulfate [SLS; also known as 
sodium dodecyl sulphate (SDS)]. M9 BCS is more conserva-
tive about excipient changes than prior guidance (2).

Results here for polysorbate 80 follow results of SLS. 
Previously, multiple in vitro and in situ studies showed SLS 
increased drug permeability (49–53).  For example, SLS 
has been shown in a rat jejunal perfusion model to increase 
the absorption of enalaprilat by 8- to 9-fold (53). However, 
Vaithianathan et al. found that 25mg SLS had no signifi-
cant impact on the human bioavailabilities of cimetidine nor 
acyclovir (4). Interestingly, M9 BCS cautions SLS as an 
excipient with potential to modulate permeability. Like SLS, 
polysorbate is a surfactant, and multiple in vitro and in situ 
studies showed polysorbate 80 increased drug permeability 
(6–8). However, like SLS previously, polysorbate 80 (400mg 
BID and at co-administration) showed no impact on drug 
absorption in humans.

CONCLUSION

Polysorbate 80 (400mg) BID was well-tolerated among all 
participants. In polysorbate 80 arm, one participant had easy 
bowel movements on day 7 after cocktail administration. 
Results indicate that polysorbate 80 does not impact active 
or passive intestinal drug absorption in humans. Polysorb-
ate 80 did not inhibit PepT1- or ASBT-mediated PK of 
valacyclovir and CDCA, respectively. Polysorbate 80 did 
not increase intestinal absorption of enalaprilat, a low per-
meability probe. Modest increases in  Cmax ratios – but not 
AUC ratios - of unconjugated secondary bile acids suggest a 
potential alteration of the in vivo intestinal microbiota com-
position by polysorbate 80. These findings support reducing 
excipient restrictions of BCS-based biowaivers.
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