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Abstract: Following oral administration, the bioavailability of progesterone is low and highly variable.
As a result, no clinically relevant, natural progesterone oral formulation is available. After oral
delivery, first-pass metabolism initially occurs in the intestines; however, very little information
on progesterone metabolism in this organ currently exists. The aim of this study is to investigate
the contributions of liver and intestine to progesterone clearance. In the presence of NADPH, a
rapid clearance of progesterone was observed in human and rat liver samples (t1/2 2.7 and 2.72 min,
respectively). The rate of progesterone depletion in intestine was statistically similar between rat
and human (t1/2 197.6 min in rat and 157.2 min in human). However, in the absence of NADPH,
progesterone was depleted at a significantly lower rate in rat intestine compared to human. The roles
of aldo keto reductases (AKR), xanthine oxidase (XAO) and aldehyde oxidase (AOX) in progesterone
metabolism were also investigated. The rate of progesterone depletion was found to be significantly
reduced by AKR1C, 1D1 and 1B1 in human liver and by AKR1B1 in human intestine. The inhibition
of AOX also caused a significant reduction in progesterone degradation in human liver, whereas no
change was observed in the presence of an XAO inhibitor. Understanding the kinetics of intestinal as
well as liver metabolism is important for the future development of progesterone oral formulations.
This novel information can inform decisions on the development of targeted formulations and help
predict dosage regimens.

Keywords: progesterone; intestinal metabolism; liver metabolism; aldo keto reductase; AKR; aldehyde
oxidase; AOX

1. Introduction

Natural progesterone (Figure 1) is a highly permeable, poorly soluble steroid hormone
which is found endogenously in both males and females. In females, progesterone main-
tains pregnancy and modulates the menstrual cycle; and in males, progesterone influences
spermiogenesis, sperm capacitation/acrosome reaction and testosterone biosynthesis in
the Leydig cells. In both genders, it exerts cerebroprotective effects and potentiates neural
myelination [1]. Synthetic variants of progesterone are commonly prescribed for a range
of female indications, such as contraception, hormone replacement therapy and certain
hormone-responsive cancers [2]. However, when taken orally for release in the upper
gastrointestinal (GI) tract, natural progesterone has very low bio-availability due to its poor
absorption and extensive pre-systemic metabolism. This leads to considerable variability in
the pharmacokinetics of progesterone among individuals [3]. Several research studies have
been undertaken to develop an effective natural progesterone formulation [4–6]. Still, in
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the UK, natural progesterone is only prescribed as a vaginal suppository for luteal support
as part of an assisted reproductive technology treatment in infertile women who are unable
to use or tolerate other vaginal preparations.

The poor oral bioavailability of progesterone has primarily been attributed to extensive
metabolism in the liver [7]. However, in the current literature, very little information
exists on progesterone intestinal metabolism, although extensive enzymatic expression
is found throughout the small intestinal mucosa [8–12]. Furthermore, the small intestine
contains appreciable levels of bacteria [13,14]. The presence of bacteria is likely to further
impact the stability of progesterone. Indeed, previous research within this group has
demonstrated that progesterone undergoes a substantial amount of degradation in large
intestinal contents [15]. It is, therefore, important to consider the metabolising abilities of
the small intestine when preparing drugs for oral administration.

By examining the type of metabolism that occurs in liver and intestines, extensive
research has shown that the cytochrome P450 (CYP450) family of enzymes is the main
contributor to the inactivation of progesterone [16]. Although evidence also shows that
progesterone is metabolised by aldo-keto reductases (AKR) [17,18], little is known about
how different AKR subtypes affect total progesterone inactivation. In addition, a substantial
amount of research into progesterone metabolism and bioavailability has been carried out
in different animal species, particularly rats [19,20]. However, the metabolising abilities
of many drugs differ between species often making animal models poor surrogates for
humans [21]. For example, the bioavailability of several synthetic progestins has been
shown to differ substantially between human and animal species [22], and many more
such discrepancies have been documented [23]. It is thus important to compare animal and
human models, as differences could have considerable implications for human risk.
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Figure 1. Chemical Structure of Progesterone. Reduction and hydroxylation of the two ketone groups
(circled red) make progesterone vulnerable to liver and intestinal metabolism [24,25].

In the absence of a clinically relevant progesterone oral formulation, it is important
to understand the stability of progesterone when it enters the liver and intestines. More
information is needed to guide future development. Therefore, during this study, the
contributions of liver and intestine to progesterone metabolism will be assessed in both
rats and humans. The roleof AKRs in this metabolism will also be investigated.

2. Materials and Methods
2.1. Materials

Progesterone (catalogue no. P0130) and positive controls, midazolam (catalogue no.
1443599), dolasetron (catalogue no. 1224959) and phthalazine (catalogue no. P38706)
were purchased from Sigma Aldrich, Dorset, UK. NADPH tetrasodium salt (catalogue
no. 10107824001) was bought from Roche Applied Science (Penzburg, Germany). Enzyme
inhibitors Finasteride (catalogue no. 15472192), Flufenamic Acid (catalogue no. 165920500)
and Menadione (catalogue no. 0210225925) were purchased from Fisher Scientific (Lough-
borough, UK). Epalrestat (catalogue no. SML0527), Diazepam (catalogue no. D0899)
and Allopurinol (catalogue no. A8003) were purchased from Merck Millipore (Dorset,
UK). Metoprolol (catalogue no. PHR1076), Tween 80 (catalogue no. P1754) and DMSO
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(catalogue no. D2650) were purchased from Sigma Aldrich. Rat intestinal and rat liver
homogenates were purchased from Biopredic international (Saint Grégoire, France) and
arrived pre-prepared at pH 7.4. These were obtained from a pool of male Sprague Dawley
rats. Pooled samples of human intestines were purchased from In Vitro technologies and
were obtained from 3 male and 3 female donors. Human liver homogenate was purchased
from UK Human Tissue Bank (Leicester, England) and contained pooled samples from
9 male and 3 female donors. Pooled male and female human liver and intestinal cytosol
were purchased from In Vitro technologies. All other chemicals and solvents were of HPLC
reagent grade or the highest commercially available grade.

2.2. Tissue Homogenate Stability Assay

Progesterone stability was determined in rat and human intestinal mucosa and liver
homogenates. In addition, progesterone was incubated in stock solution containing
phosphate-buffered saline, 0.1% Tween80 and 1% DMSO. The solution was maintained at
pH 7.4, and progesterone was shown to be stable for up to 6 h at a concentration of 1 µM.
Stability assays were carried out either in the presence or absence of 1 mM of the cofactor
NADPH. The physiological concentration of NADPH was approximately 100 µM [26].
However, for the purpose of this research, a concentration of 1 mM was used to ensure an
excess of co-factor was available and not rate-limited throughout the incubation period.

The protein concentration for the rat and human liver and intestinal homogenates
was adjusted to 5 mg/mL. Next, tissue homogenates were incubated for 5 min in a Ther-
momixer Comfort by Eppendorf in a 1 mL deepwell RNAse/DNAse 96-well plate (Thermo
Fisher Scientific) until reaching a temperature of 37 ◦C. A final concentration of 1 µM
progesterone and 1 mM NADPH (where required) was added to the homogenate, and
samples were immediately taken (t–0). Next, the homogenate solution was incubated with
shaking (700 rpm) at 37 ◦C, and further samples were taken at timed intervals. To stop the
enzymatic reaction, samples were immediately diluted in ice-cold acetonitrile at a ratio of
1:3 sample:acetonitrile. The samples were then centrifuged at 3000 rpm for 30 min to pellet
the homogenates. Following centrifugation, the supernatant was removed and diluted 1:1
with milli-Q water. Finally, metoprolol was added to the solution as an internal standard
for LC-MS/MS at a concentration of 0.2 µM.

2.3. Human Cytosol Stability Assay

Progesterone stability was assessed in intestinal and liver cytosol in the presence
or absence of NADPH cofactor and specific enzyme inhibitors. For both intestinal and
liver cytosol, the protein concentration was adjusted to 0.5 mg/mL. Both human liver and
intestinal cytosol (with 0.1 mM EDTA) were then pre-incubated for 10 min in a thermomixer
comfort by Eppendorf in an RNAse/DNAse 96-well plate until reaching a temperature of
37 ◦C. Next, a final concentration of 100 µM of enzyme inhibitors were added to the cytosol.
The concentration of 100 µM was selected to ensure substantial inhibitors were present for
successful inhibition of in vitro metabolism. The enzyme inhibitors used during this study
were: Epalrestat (AKR1B1 inhibitor), Diazepam (AKR1C inhibitor), Finasteride (AKR1D1
inhibitor), Diazepam + Flufenamic Acid (AKR1C inhibitor cocktail), Menadione (aldehyde
oxidase inhibitor) and Allopurinol (xanthine oxidase inhibitor).

Next, the mixtures were incubated for an additional 5 min, and NADPH was added
at a final concentration of 1 mM. Finally, progesterone (1 µM) was added and mixed by
pipetting to initiate the reaction. Immediately following reaction initiation, a 50 µL sample
was taken. The sample was then diluted in 100 µL of acetonitrile to terminate enzymatic
reaction. Samples were centrifuged at 4 ◦C and 2500 rpm for 30 min. Following centrifu-
gation, the supernatant was removed and diluted 1:1 with milli-Q water. Metoprolol was
added to the solution as an internal standard for LC-MS/MS at a concentration of 0.2 µM.
This process was followed for sampling at all required time intervals.
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2.4. Sample Analysis

Liquid chromatography with tandem mass spectrometry (LC MS/MS) was used
to analyse samples obtained from both cytosol and homogenate stability assays (see
Appendix A Figure A1 for example spectra). The LC MS/MS system used for this study
consisted of an Acquity Binary Solvent Manager (BSM), 2777 Ultra-high-pressure autosam-
pler, Acquity 4-position heated column manager and a Xevo-TQ MS Triple Quadrupole
mass spectrometer (Water Ltd., Herts, UK). The column used was Aquity HSS T3 (1.8 µm)
2.1 × 50 mm (Water Ltd., Herts, UK), and the samples were run with an injection volume of
8 µL at 70 ◦C. A solvent system and gradient with a flow rate of 600 µL/minute was used
to perform this analysis. The mobile phase consisted of 10 mM ammonium formate with
0.1% v/v formic acid in water (A) and acetonitrile (B). The following gradient conditions
were used: 0.0–1.0 min, 100% A; 1.0–1.4 min, 5% A; 1.4–1.8 min, 100% A.

2.5. Data Analysis

Following LC-MS/MS, TargetLynx (Waters) was used to determine the peak area of
progesterone and metoprolol internal standard using auto-integration. Next, progesterone
and control substrate (metoprolol, phthalazine and dolasetron) stability was determined
by taking the average peak area ratio of three replicates. The percent of substrate present
at each timepoint relative to the 0 min sample was calculated from the LC-MS/MS peak
area ratios (compound peak area/internal standard peak area). Graphs were created using
Microsoft Excel, and statistical analysis was carried out using Excel extension XLSTAT
2021.1. The Kolmogorov–Smirnov test was used to assess normality followed by Student’s
t-test. Results were considered statistically significant when p < 0.05. Graphpad was used
to calculate the half-life (t1/2) using the equation t1/2 (min) = 0.693/k where k is elimination
rate constant.

3. Results and Discussion

First-pass metabolism and GI tract variability are common causes of variable and
incomplete bioavailability for orally dosed drugs [27]. Understanding the kinetics of
progesterone depletion during first-pass metabolism in the liver and intestines is, therefore,
important to consider whilst developing new oral formulations. Therefore, the stability of
progesterone was assessed in intestinal and hepatic homogenates from rat and human, as
well as in human cytosol. The degradation of progesterone within these samples can be seen
in Figures 2–4, including in the presence of AKR inhibitors. The half-life of progesterone
under different conditions can be seen in Table 1. Progesterone remained 99% detectable
after 2 h in control media, confirming that decreases in the hormone concentration were due
to enzymatic activity within the samples (Figure 2a). The internal standard, Motropolol,
has been previously shown to be stable in solution for at least 20 h in PBS solution [28].
Positive controls, which were also incubated in human intestinal homogenates and cytosol,
showed substantial enzymatic activity, further validating the methodology (Appendix A
Figure A2).

Progesterone Clearance in Liver (Figure 2a) and Intestinal (Figure 2b) Homogenates.
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Table 1. Half-life (t1/2) and concentration of progesterone after 60 min of incubations with named
solution.

Solution t1/2 (min) % Drug Remaining
After 60 min

Progesterone in liver homogenates (Figure 2a)
Human liver homogenate + NADPH 2.7 ± 0.05 0.27 ± 0.26
Human liver homogenate 38.95 ± 11.68 43.32 ± 4.84
Rat liver homogenate + NADPH 2.72 ± 0.05 0.03 ± 0.0005
Rat liver homogenate 39.77 ± 10.16 46.04 ± 0.69

Progesterone in intestinal homogenates (Figure 2b)
Human intestinal homogenate + NADPH 157.22 ± 27.41 73.92 ± 5.11
Human intestinal homogenate 155.84 ± 13.75 75.82 ± 9.35
Rat intestinal homogenate + NADPH 197.63 ± 2.91 76.67 ± 4.72
Rat intestinal homogenate 352.06 ± 36.87 90.93 ± 2.19

Progesterone in liver cytosol + NADPH (Figure 3a)
Human liver Cytosol 13.73 ± 0.81 0.04 ± 0.01
Human liver Cytosol + AKR1B1 inhibitor 18.81 ± 0.96 6.6 ± 6.24
Human liver Cytosol + AKR1D1 inhibitor 18.46 ± 1.7 7.85 ± 6.31
Human liver Cytosol + AKR1C1 inhibitor 14.08 ± 0.24 0.11 ± 0.04
Human liver Cytosol + AKR1C1 cocktail 35.56 ± 6.67 33.5 ± 1.72

Progesterone in intestinal cytosol + NADPH (Figure 3b)
Human intestinal Cytosol 129.52 ± 2.75 72.51 ± 6.48
Human intestinal Cytosol + AKR1B inhibitor 184.12 ± 18.95 80.87 ± 7.84
Human intestinal Cytosol + AKR1D1 inhibitor 181.74 ± 4.39 79.56 ± 4.44
Human intestinal Cytosol + AKR1C1 inhibitor 167.39 ± 3.03 77.38 ± 6.37
Human intestinal Cytosol + AKR1C cocktail 161.82 ± 14.46 73.56 ± 3.69

Progesterone in liver cytosol (Figure 4a)
Human intestinal Cytosol 103.1 ± 9.38 56.6 ± 2.07
Human liver Cytosol + XAO inhibitor 99.63 ± 9.14 57.09 ± 2.01

Progesterone in liver cytosol (Figure 4b)
Human intestinal Cytosol 103.1 ± 9.38 56.6 ± 2.07
Human liver Cytosol + AOX inhibitor 132.6 ± 4.69 69.14 ± 2.91
Human liver Cytosol + NADPH 13.73 ± 0.81 0.04 ± 0.01
Human liver Cytosol + NADPH + AOX inhibitor 15.49 ± 2.03 0.97 ± 0.88

3.1. Progesterone Metabolism by Human and Rat Liver and Intestinal Homogenates

In this study, the rate of progesterone metabolism in the liver and intestine of rat
and human species was determined. Rat and human liver homogenates showed a similar,
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extensive metabolism of progesterone, whereby progesterone was degraded to less than
2% of its original concentration within 10 min of incubation in the presence of NADPH
cofactor. In line with previous research [29], in the absence of NADPH, the depletion
rate of progesterone was reduced, with over 40% of the drug remaining in both species
after two hours of incubation (Figure 2a). The half-life in these conditions was calculated
as just 2.7 min for both rat and human samples (Table 1). No significant differences
were observed in the rate of degradation between the two species. In rat and human
intestinal homogenates, including a combination of duodenal, jejunal and ileal mucosa,
progesterone was degraded to 77% and 74% in 60 min, respectively, in the presence of
NADPH (Figure 2b). In the absence of NADPH over 90% of progesterone was detectable in
rat intestine after 60 min. However, in human intestinal samples, only 76% of progesterone
was detectable by LC MS/MS, a difference that was deemed significant by t-test (p < 0.05)
(Figure 2b).

In vivo, progesterone can be metabolized to over 30 metabolites [30], with 5α- and 5β-
pregnanolone being most common. Progesterone is also converted to 11-deoxycorticosterone
(a potent mineralocorticoid), 20-dihydroprogesterone (with weak progestogenic activity),
and 17α-hydroxyprogesterone (inactive) [30]. It is likely that these metabolites are pro-
duced through oxidation by enzymes such as CYP450 that are highly expressed in the
liver and intestinal wall, which is a likely mode of metabolism seen within this study [24].
The differences seen in rat and human intestinal homogenate in the absence of NADPH
suggests a difference in enzymatic expression within the gut wall of rats and humans. In
particular, the presence of non-NADPH dependent enzymes appears to be more prominent
in the human intestinal wall. Indeed, previous research has shown that rodent animals and
humans have a variety of different metabolizing enzymes in the small intestine [31]. More-
over, recent publications have highlighted the importance of selecting appropriate animal
models to simulate human physiology in preclinical studies [21]. The data suggest that rat
samples may be a poor choice of model for testing future progesterone oral formulations;
therefore, for the remainder of this research, only human samples will be utilised.

3.2. Progesterone Metabolism in Liver and Intestinal Cytosol and the Role of Aldo-Keto Reductases

The CYP450 metabolism is commonly described as occurring in the liver and gut
wall [9,10]. The CYP-3A subfamily of enzymes, for example, includes known metabolizers
of progesterone that are expressed in the GI tract at rates that may even exceed that found
in the liver [11]. This has emphasised the CYP family of enzymes when investigating the
first-pass metabolism of progesterone [16]. However, AKRs have been shown to extensively
metabolise progesterone and are present in both liver and intestine [17,18]. AKR1C, in
particular, is a known metaboliser of progesterone. In fact, it serves as one of the three
major contributors to hepatic depletion of progesterone in lactating dairy cows by acting as
3-, 17- and 20-ketosteroid reductases to varying degrees [32]. Despite the available research
on the role of AKRs in progesterone metabolism, a paucity of information exists regarding
the relative contributions of the different AKR subtypes to total progesterone inactivation.
Furthermore, the rate and extent of progesterone depletion in the intestine in the presence
of AKR inhibitors is currently absent from the literature. Therefore, the data presented
herein aim to shed light on the effect of the different AKRs on progesterone depletion in
liver and intestinal samples. Note that, as AKRs are dependent of NADPH as a cofactor,
all the following experiments were carried out in the presence of NADPH. As a control,
the samples were also incubated in liver cytosol with AKR inhibitors in the absence of
NADPH, but no differences were observed (Appendix A Figure A3).

These data suggest that AKR1C plays an important role in progesterone depletion
in the human liver, with AKR1C3 being the most likely primary subtype involved in this
reaction. The rate of progesterone depletion was significantly reduced in the liver in the
presence of anAKR1C inhibitor cocktail (p < 0.01) with a half-life of 35.6 min, compared to
13 min in the absence of an inhibitor. Interestingly, no significant difference was observed
in the presence of the AKR1C1 inhibitor, diazepam (Figure 3a). As well as diazepam,



Pharmaceutics 2021, 13, 1707 8 of 12

the AKR1C inhibitor cocktail contains flufenamic acid, which has a much higher potency
against the AKR1C3 isoform [33], suggesting that AKR1C3 is a stronger metaboliser of pro-
gesterone than AKR1C1. However, in intestinal samples, although a slight reduction can be
seen in the rate of progesterone depletion (Figure 3b), neither the AKR1C1 inhibitor nor the
AKR1C inhibitor cocktail had any significant effect on the rate of progesterone depletion. A
publication by Pratt-Hyatt et al. shows that certain subtypes of AKR1C are more highly ex-
pressed in the intestine than in the liver, which may explain the differences seen within this
study [34]. The rate of progesterone depletion was also found to be significantly reduced by
inhibitors of the 5β-steroid reductase AKR1D1 (p < 0.05) (Figure 3a). The 5β-pathway is a
main metabolic pathway for progesterone metabolism [17]; thus, inhibition of this pathway
likely slowed the inactivation of progesterone in this instance. This effect was not seen in
intestinal samples, however, in which the AKR1D1 inhibitor did not cause a significant
reduction in the rate of progesterone depletion. Conversely, AKR1B1 inhibition caused
a significant reduction in the rate of progesterone depletion in the intestines (Figure 3b,
p < 0.01) as well as in the liver. Progesterone’s half-life significantly increased from 13 min
to 18 min in liver, and from 129.5 min to 184.1 in intestines (Table 1).

Together this data elucidates the roles of the different AKR subtypes in progesterone
metabolism. Such information may be useful when considering the development of new
progesterone oral formulations. It is also worth noting the differential expression of AKRs
between genders [35], which may further impact successful formulation delivery. Of course,
many important differences within human samples, including sex differences and disease
state, should also be considered [36,37].

3.3. Progesterone Metabolism by Non-NADPH Dependent Enzymes

Despite progesterone depletion being significantly reduced in the absence of NADPH
in human liver, sufficient enzymatic activity was observed (Figure 2a), suggesting an impor-
tant role for NADPH-independent metabolising enzymes in progesterone depletion in this
organ. There is currently very little information on progesterone metabolism by enzymes
that does not require NADPH as an electron donor. Two important NADPH-independent
enzymes that may contribute to progesterone metabolism are aldehyde oxidase (AOX)
and xanthine oxidase (XAO). Both AOX and XAO are cytoplasmic enzymes that catalyse
the biotransformation of many drugs, with the highest levels being found in the liver and
intestine [38]. AOX has gained considerable interest in recent years because of examples of
its role in the rapid clearance of drug compounds in development [39].

Progesterone was incubated in liver cytosol with allopurinol, an XAO inhibitor which
has been reported to cause inhibition of progesterone production in luteal cells [40,41].
However, no direct interaction of XAO and progesterone has been reported. After 2 h of
incubation in liver cytosol, no difference was observed in the rate of progesterone degra-
dation in the presence and absence of allopurinol (Figure 4a), suggesting that there is no
significant interaction between XAO and progesterone metabolism in the liver. Conversely,
the rate of progesterone metabolism was significantly reduced in the presence of the AOX
inhibitor, menadione. As well as inhibiting AOX activity [42], menadione also inhibits sev-
eral NADPH-dependent enzymes, including aniline-p-hydroxylase. It can also negatively
affect CYP reductase activity [43]. Therefore, progesterone was incubated with menadione
in the presence and absence of NADPH (Figure 4b). Menadione significantly inhibited
progesterone degradation in the absence of NADPH (p = 0.002). Although a reduction
in the rate of progesterone depletion was observed in the presence of NADPH, this was
not deemed significant by t-test (Figure 4b), suggesting that the reduction in progesterone
metabolism was primarily due to the inhibition of AOX activity. To further confirm the role
of AOX in progesterone depletion, progesterone was also incubated in liver cytosol with
AOX inhibitors hydralazine and chlorpromazine (Appendix A Figure A4). Both inhibitors
resulted in a similar reduction in the rate of progesterone depletion, suggesting that AOXs
play a previously unknown role in progesterone metabolism.
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A limitation of this study is that it was carried out in pooled male and female samples.
Sex differences in enzymatic expression are an important consideration in drug devel-
opment, as hepatic and intestinal enzymes have been shown to differ between the sexes
(Kennedy 2008). Nonetheless, this study provides an insight into how progesterone is
degraded by healthy tissue. In future work, the degradation of progesterone should be
assessed in separate male and female samples.

4. Conclusions

This study looked at the rate of progesterone depletion in human and rat liver, and
in intestinal preparations. Rat and human were found to metabolise progesterone at a
similar rate in both liver and intestine in the presence of an NADPH cofactor. In the
absence of a cofactor, significant differences were seen between rat and human intestines,
though no differences were observed in the liver under these conditions. In addition,
AKR inhibitors of AKR1C, 1D1 and 1B1 were found to significantly reduce the rate of
progesterone depletion in human liver. The AKR1B1 inhibitor also caused a significant
reduction in the rate of progesterone depletion in human intestines. Although AKR1C
and 1D1 reduced the rate of progesterone depletion, this was not found to be statistically
significant by t-test. Furthermore, the inhibition of aldehyde oxidase caused a significant
reduction in progesterone degradation in human liver. Together, these findings provide
novel information on the contributions of liver and intestine to progesterone metabolism.
Such information could help guide the future development of progesterone formulations
and predict dosage regimens. Furthermore, this research also contributes to a more compre-
hensive knowledge of the safety and efficacy of progesterone. Although it is well known
that this agent is rapidly converted to metabolites in the liver, this study demonstrates that
the intestines also play a significant role in progesterone metabolism. Hence, the intestinal
metabolism of progesterone should be taken into account when progesterone is prescribed
to patients in conjunction with other drugs that may affect the function of the intestines, so
the bioavailability of progesterone is not compromised.

Author Contributions: Conceptualization, Z.C., K.P., C.F., A.W.B., P.B., R.S.C. and D.G.; methodology,
Z.C. and K.P.; formal analysis, Z.C. and K.P.; writing—original draft preparation, Z.C.; writing—
review and editing, K.P., P.B., A.W.B. and D.G.; supervision, D.G., C.F. and A.W.B.; funding acquisi-
tion, D.G. and R.S.C. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the Knowledge Economy and Skills Scholarship to Swansea
University under grant code 80300, Cyprotex Ltd. and Kuecept Ltd. This research was part of a
successful Ph.D. dissertation [44].

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. Result can also be accessed at https://cronfa.swan.ac.uk/Record/cronfa42514.

Conflicts of Interest: The authors declare no conflict of interest. Katie Plant is Principal Scientist at
Cyprotex, Cristina Freire is formulation director at Kuecept Ltd and Phil Butler is Head of ADME
at Cyprotex. The funders had no role in the design of the study; in the collection, analyses or
interpretation of data; in the writing of the manuscript or in the decision to publish the results.

Appendix A

Mass Spectra of Progesterone and Metoprolol.

https://cronfa.swan.ac.uk/Record/cronfa42514


Pharmaceutics 2021, 13, 1707 10 of 12

Pharmaceutics 2021, 13, x FOR PEER REVIEW 10 of 13 
 

 

Funding: This work was supported by the Knowledge Economy and Skills Scholarship to Swansea 
University under grant code 80300, Cyprotex Ltd. and Kuecept Ltd. This research was part of a 
successful Ph.D. dissertation [44]. 

Institutional Review Board Statement: Not Applicable. 

Informed Consent Statement: Not Applicable. 

Data Availability Statement: The data presented in this study are available on request from the 
corresponding author. Result can also be accessed at https://cronfa.swan.ac.uk/Record/cronfa42514 

Conflicts of Interest: The authors declare no conflict of interest. Katie Plant is Principal Scientist at 
Cyprotex, Cristina Freire is formulation director at Kuecept Ltd and Phil Butler is Head of ADME 
at Cyprotex. The funders had no role in the design of the study; in the collection, analyses or inter-
pretation of data; in the writing of the manuscript or in the decision to publish the results. 

Appendix 
Mass Spectra of Progesterone and Metoprolol. 

 
Figure A1. Mass spectra showing progesterone (labelled CY0000002411) and metoprolol (labelled CY0000000104) at 0 min 
timepoint minus inhibitor. 

Control Substance Clearance in Human Liver and Intestinal Homogenates and Cy-
tosol. 

 
Figure A2. Concentration (expressed as percent of initial value) of control substances as function of 
incubation time with human liver and intestinal homogenates and cytosol. 

0
20
40
60
80

100
120

0 20 40 60 80 100 120

Human Liver Homogenate (Midazolam) Human Intestinal Homogenate (Midazolam)

Human Liver Cytosol (Pthalazine) Human Intestinal Cytosol (Dolasetron)

Figure A1. Mass spectra showing progesterone (labelled CY0000002411) and metoprolol (labelled CY0000000104) at 0 min
timepoint minus inhibitor.

Control Substance Clearance in Human Liver and Intestinal Homogenates and Cy-
tosol.

Pharmaceutics 2021, 13, x FOR PEER REVIEW 10 of 13 
 

 

Funding: This work was supported by the Knowledge Economy and Skills Scholarship to Swansea 
University under grant code 80300, Cyprotex Ltd. and Kuecept Ltd. This research was part of a 
successful Ph.D. dissertation [44]. 

Institutional Review Board Statement: Not Applicable. 

Informed Consent Statement: Not Applicable. 

Data Availability Statement: The data presented in this study are available on request from the 
corresponding author. Result can also be accessed at https://cronfa.swan.ac.uk/Record/cronfa42514 

Conflicts of Interest: The authors declare no conflict of interest. Katie Plant is Principal Scientist at 
Cyprotex, Cristina Freire is formulation director at Kuecept Ltd and Phil Butler is Head of ADME 
at Cyprotex. The funders had no role in the design of the study; in the collection, analyses or inter-
pretation of data; in the writing of the manuscript or in the decision to publish the results. 

Appendix 
Mass Spectra of Progesterone and Metoprolol. 

 
Figure A1. Mass spectra showing progesterone (labelled CY0000002411) and metoprolol (labelled CY0000000104) at 0 min 
timepoint minus inhibitor. 

Control Substance Clearance in Human Liver and Intestinal Homogenates and Cy-
tosol. 

 
Figure A2. Concentration (expressed as percent of initial value) of control substances as function of 
incubation time with human liver and intestinal homogenates and cytosol. 

0
20
40
60
80

100
120

0 20 40 60 80 100 120

Human Liver Homogenate (Midazolam) Human Intestinal Homogenate (Midazolam)

Human Liver Cytosol (Pthalazine) Human Intestinal Cytosol (Dolasetron)

Figure A2. Concentration (expressed as percent of initial value) of control substances as function of
incubation time with human liver and intestinal homogenates and cytosol.

Progesterone Clearance in Liver Cytosol (-NADPH).

Pharmaceutics 2021, 13, x FOR PEER REVIEW 11 of 13 
 

 

Progesterone Clearance in Liver Cytosol (-NADPH). 

 
Figure A3. Concentration (expressed as percent of initial value) of progesterone as function of incu-
bation time with human liver cytosol in absence of NADPH with the addition of AKR enzyme in-
hibitors, as indicated. 

Progesterone Clearance in Human Liver Cytosol with AOX inhibitors 

 

Figure A4. Concentration (expressed as percent of initial value) of progesterone as func-
tion of incubation time with human liver cytosol and enzyme inhibitors, as indicated. 

References 
1. Oettel, M.; Mukhopadhyay, A. Progesterone: The forgotten hormone in men? Aging Male 2004, 7, 236–257. 
2. Progesterone. 2020. Available online: https://bnf.nice.org.uk/drug/progesterone.html#indicationsAndDoses (accessed on 5 Au-

gust 2021 ). 
3. Utrogestan 100 mg Capsules Summary of Product Characteristics. 2019 . Available online: https://www.medi-

cines.org.uk/emc/product/352/smpc#PHARMACOKINETIC_PROPS (accessed on 5 August 2021 ). 
4. Cacace, J.L.; Periscaner, P.H. Progesterone Formulations. U.S. Patent 20,150,148,323, 27 May 2015. 
5. Gadalla, H.H.; Soliman, G.M.; Mohammed, F.A.; El-Sayed, A.M. Development and in vitro/in vivo evaluation of Zn-pectinate 

microparticles reinforced with chitosan for the colonic delivery of progesterone. Drug Deliv. 2016, 23, 2541–2554. 
6. Besins, A.; Besse, J. Pharmaceutical Composition Based on Micronized Progesterone, Preparation Method and Uses Thereof. 

Google Patents, WO/2003/041720, 22 May 2003. 
7. Sitruk-Ware, R.; Bricaire, C.; De Lignieres, B.; Yaneva, H.; Mauvais-Jarvis, P. Oral micronized progesterone: Bioavailability 

pharmacokinetics, pharmacological and therapeutic implications—A review. Contraception 1987, 36, 373–402. 
8. Penning, T.M.; Burczynski, M.E.; Jez, J.M.; Hung, C.F.; Lin, H.K.; Ma, H.; Moore, M.; Palackal, N.; Ratnam, K. Human 3α-hy-

droxysteroid dehydrogenase isoforms (AKR1C1-AKR1C4) of the aldo-keto reductase superfamily: Functional plasticity and tis-
sue distribution reveals roles in the inactivation and formation of male and female sex hormones. Biochem. J. 2000, 351, 67–77. 

9. Watkins, P.B. Drug metabolism by cytochromes P450 in the liver and small bowel. Gastroenterol. Clin. N. Am. 1992, 21, 511–526. 

0

20

40

60

80

100

120

0 20 40 60 80 100 120

Fr
ee

 P
ro

ge
st

er
on

e 
(%

)

Time (mins)
Minus Inhibitor AKR1B1 inhibitor AKR1D1 inhibitor

AKR1C1 inhibitor AKR1C cocktail

0

50

100

150

0 20 40 60 80 100 120

Fr
ee

 P
ro

ge
st

er
on

e

Time (minutes)
AOX inhibitor (Hydralazine) AOX inihitor (Chloropromazine)
 Minus Inhibitor

Figure A3. Concentration (expressed as percent of initial value) of progesterone as function of
incubation time with human liver cytosol in absence of NADPH with the addition of AKR enzyme
inhibitors, as indicated.

Progesterone Clearance in Human Liver Cytosol with AOX inhibitors



Pharmaceutics 2021, 13, 1707 11 of 12

Pharmaceutics 2021, 13, x FOR PEER REVIEW 11 of 13 
 

 

Progesterone Clearance in Liver Cytosol (-NADPH). 

 
Figure A3. Concentration (expressed as percent of initial value) of progesterone as function of incu-
bation time with human liver cytosol in absence of NADPH with the addition of AKR enzyme in-
hibitors, as indicated. 

Progesterone Clearance in Human Liver Cytosol with AOX inhibitors 

 

Figure A4. Concentration (expressed as percent of initial value) of progesterone as func-
tion of incubation time with human liver cytosol and enzyme inhibitors, as indicated. 

References 
1. Oettel, M.; Mukhopadhyay, A. Progesterone: The forgotten hormone in men? Aging Male 2004, 7, 236–257. 
2. Progesterone. 2020. Available online: https://bnf.nice.org.uk/drug/progesterone.html#indicationsAndDoses (accessed on 5 Au-

gust 2021 ). 
3. Utrogestan 100 mg Capsules Summary of Product Characteristics. 2019 . Available online: https://www.medi-

cines.org.uk/emc/product/352/smpc#PHARMACOKINETIC_PROPS (accessed on 5 August 2021 ). 
4. Cacace, J.L.; Periscaner, P.H. Progesterone Formulations. U.S. Patent 20,150,148,323, 27 May 2015. 
5. Gadalla, H.H.; Soliman, G.M.; Mohammed, F.A.; El-Sayed, A.M. Development and in vitro/in vivo evaluation of Zn-pectinate 

microparticles reinforced with chitosan for the colonic delivery of progesterone. Drug Deliv. 2016, 23, 2541–2554. 
6. Besins, A.; Besse, J. Pharmaceutical Composition Based on Micronized Progesterone, Preparation Method and Uses Thereof. 

Google Patents, WO/2003/041720, 22 May 2003. 
7. Sitruk-Ware, R.; Bricaire, C.; De Lignieres, B.; Yaneva, H.; Mauvais-Jarvis, P. Oral micronized progesterone: Bioavailability 

pharmacokinetics, pharmacological and therapeutic implications—A review. Contraception 1987, 36, 373–402. 
8. Penning, T.M.; Burczynski, M.E.; Jez, J.M.; Hung, C.F.; Lin, H.K.; Ma, H.; Moore, M.; Palackal, N.; Ratnam, K. Human 3α-hy-

droxysteroid dehydrogenase isoforms (AKR1C1-AKR1C4) of the aldo-keto reductase superfamily: Functional plasticity and tis-
sue distribution reveals roles in the inactivation and formation of male and female sex hormones. Biochem. J. 2000, 351, 67–77. 

9. Watkins, P.B. Drug metabolism by cytochromes P450 in the liver and small bowel. Gastroenterol. Clin. N. Am. 1992, 21, 511–526. 

0

20

40

60

80

100

120

0 20 40 60 80 100 120

Fr
ee

 P
ro

ge
st

er
on

e 
(%

)

Time (mins)
Minus Inhibitor AKR1B1 inhibitor AKR1D1 inhibitor

AKR1C1 inhibitor AKR1C cocktail

0

50

100

150

0 20 40 60 80 100 120
Fr

ee
 P

ro
ge

st
er

on
e

Time (minutes)
AOX inhibitor (Hydralazine) AOX inihitor (Chloropromazine)
 Minus Inhibitor

Figure A4. Concentration (expressed as percent of initial value) of progesterone as function of
incubation time with human liver cytosol and enzyme inhibitors, as indicated.

References
1. Oettel, M.; Mukhopadhyay, A. Progesterone: The forgotten hormone in men? Aging Male 2004, 7, 236–257. [CrossRef] [PubMed]
2. Progesterone. 2020. Available online: https://bnf.nice.org.uk/drug/progesterone.html#indicationsAndDoses (accessed on 5

August 2021).
3. Utrogestan 100 mg Capsules Summary of Product Characteristics. 2019. Available online: https://www.medicines.org.uk/emc/

product/352/smpc#PHARMACOKINETIC_PROPS (accessed on 5 August 2021).
4. Cacace, J.L.; Periscaner, P.H. Progesterone Formulations. U.S. Patent 20,150,148,323, 27 May 2015.
5. Gadalla, H.H.; Soliman, G.M.; Mohammed, F.A.; El-Sayed, A.M. Development and in vitro/in vivo evaluation of Zn-pectinate

microparticles reinforced with chitosan for the colonic delivery of progesterone. Drug Deliv. 2016, 23, 2541–2554. [CrossRef]
[PubMed]

6. Besins, A.; Besse, J. Pharmaceutical Composition Based on Micronized Progesterone, Preparation Method and Uses Thereof.
Google Patents WO/2003/041720, 22 May 2003.

7. Sitruk-Ware, R.; Bricaire, C.; De Lignieres, B.; Yaneva, H.; Mauvais-Jarvis, P. Oral micronized progesterone: Bioavailability
pharmacokinetics, pharmacological and therapeutic implications—A review. Contraception 1987, 36, 373–402. [CrossRef]

8. Penning, T.M.; Burczynski, M.E.; Jez, J.M.; Hung, C.F.; Lin, H.K.; Ma, H.; Moore, M.; Palackal, N.; Ratnam, K. Human 3α-
hydroxysteroid dehydrogenase isoforms (AKR1C1-AKR1C4) of the aldo-keto reductase superfamily: Functional plasticity and
tissue distribution reveals roles in the inactivation and formation of male and female sex hormones. Biochem. J. 2000, 351, 67–77.
[CrossRef] [PubMed]

9. Watkins, P.B. Drug metabolism by cytochromes P450 in the liver and small bowel. Gastroenterol. Clin. N. Am. 1992, 21, 511–526.
[CrossRef]

10. De Sousa, I.P.; Bernkop-Schnürch, A. Pre-systemic metabolism of orally administered drugs and strategies to overcome it. J.
Control. Release 2014, 192, 301–309. [CrossRef] [PubMed]

11. Tubic-Grozdanis, M.; Hilfinger, J.M.; Amidon, G.L.; Kim, J.S.; Kijek, P.; Staubach, P.; Langguth, P. Pharmacokinetics of the CYP 3A
substrate simvastatin following administration of delayed versus immediate release oral dosage forms. Pharm. Res. 2008, 25,
1591–1600. [CrossRef]

12. Mai, Y.; Dou, L.; Yao, Z.; Madla, C.M.; Gavins, F.K.; Taherali, F.; Yin, H.; Orlu, M.; Murdan, S.; Basit, A.W. Quantification of
P-Glycoprotein in the Gastrointestinal Tract of Humans and Rodents: Methodology, Gut Region, Sex, and Species Matter. Mol.
Pharm. 2021, 18, 1895–1904. [CrossRef] [PubMed]

13. Ohland, C.L.; Jobin, C. Microbial activities and intestinal homeostasis: A delicate balance between health and disease. Cell. Mol.
Gastroenterol. Hepatol. 2015, 1, 28–40. [CrossRef]

14. McCoubrey, L.E.; Gaisford, S.; Orlu, M.; Basit, A.W. Predicting drug-microbiome interactions with machine learning. Biotechnol.
Adv. 2021, 107797. [CrossRef] [PubMed]

15. Coombes, Z.; Yadav, V.; McCoubrey, L.E.; Freire, C.; Basit, A.W.; Conlan, R.S.; Gonzalez, D. Progestogens Are Metabolized by the
Gut Microbiota: Implications for Colonic Drug Delivery. Pharmaceutics 2020, 12, 760. [CrossRef] [PubMed]

16. Nakanishi, K.; Uehara, S.; Uno, Y.; Inoue, T.; Sasaki, E.; Yamazaki, H. Progesterone hydroxylation by cytochromes P450 2C and 3A
enzymes in marmoset liver microsomes. Xenobiotica 2018, 48, 757–763. [CrossRef] [PubMed]

17. Jin, Y.; Mesaros, A.C.; Blair, I.A.; Penning, T.M. Stereospecific reduction of 5β-reduced steroids by human ketosteroid reductases
of the AKR (aldo-keto reductase) superfamily: Role of AKR1C1–AKR1C4 in the metabolism of testosterone and progesterone via
the 5β-reductase pathway. Biochem. J. 2011, 437, 53–61. [CrossRef]

18. Rižner, T.L.; Penning, T.M. Role of aldo-keto reductase family 1 (AKR1) enzymes in human steroid metabolism. Steroids 2014, 79,
49–63. [CrossRef]

http://doi.org/10.1080/13685530400004199
http://www.ncbi.nlm.nih.gov/pubmed/15669543
https://bnf.nice.org.uk/drug/progesterone.html#indicationsAndDoses
https://www.medicines.org.uk/emc/product/352/smpc#PHARMACOKINETIC_PROPS
https://www.medicines.org.uk/emc/product/352/smpc#PHARMACOKINETIC_PROPS
http://doi.org/10.3109/10717544.2015.1028602
http://www.ncbi.nlm.nih.gov/pubmed/25853478
http://doi.org/10.1016/0010-7824(87)90088-6
http://doi.org/10.1042/bj3510067
http://www.ncbi.nlm.nih.gov/pubmed/10998348
http://doi.org/10.1016/S0889-8553(21)00046-7
http://doi.org/10.1016/j.jconrel.2014.08.004
http://www.ncbi.nlm.nih.gov/pubmed/25128718
http://doi.org/10.1007/s11095-007-9519-6
http://doi.org/10.1021/acs.molpharmaceut.0c00574
http://www.ncbi.nlm.nih.gov/pubmed/33886332
http://doi.org/10.1016/j.jcmgh.2014.11.004
http://doi.org/10.1016/j.biotechadv.2021.107797
http://www.ncbi.nlm.nih.gov/pubmed/34260950
http://doi.org/10.3390/pharmaceutics12080760
http://www.ncbi.nlm.nih.gov/pubmed/32806503
http://doi.org/10.1080/00498254.2017.1363444
http://www.ncbi.nlm.nih.gov/pubmed/28762864
http://doi.org/10.1042/BJ20101804
http://doi.org/10.1016/j.steroids.2013.10.012


Pharmaceutics 2021, 13, 1707 12 of 12

19. Taylor, W. The metabolism of progesterone by animal tissues in vitro. 1. Factors influencing the metabolism of progesterone by
rat liver and the investigation of the products of metabolism. Biochem. J. 1955, 60, 380–388. [CrossRef]

20. Wang, M.; Liu, M.; Xie, T.; Zhang, B.-F.; Gao, X.-L. Chitosan-modified cholesterol-free liposomes for improving the oral
bioavailability of progesterone. Colloids Surf. B Biointerfaces 2017, 159, 580–585. [CrossRef]

21. Hatton, G.B.; Yadav, V.; Basit, A.W.; Merchant, H.A. Animal farm: Considerations in animal gastrointestinal physiology and
relevance to drug delivery in humans. J. Pharm. Sci. 2015, 104, 2747–2776. [CrossRef]

22. Düsterberg, B.; Hümpel, M.; Speck, U. Terminal half-lives in plasma and bioavailability of norethisterone, levonorgestrel,
cyproterone acetate and gestodene in rats, beagles and rhesus monkeys. Contraception 1981, 24, 673–683. [CrossRef]

23. Musther, H.; Olivares-Morales, A.; Hatley, O.J.; Liu, B.; Hodjegan, A.R. Animal versus human oral drug bioavailability: Do they
correlate? Eur. J. Pharm. Sci. 2014, 57, 280–291. [CrossRef]

24. Bussy, U.; Boujtita, M. Advances in the electrochemical simulation of oxidation reactions mediated by cytochrome P450. Chem.
Res. Toxicol. 2014, 27, 1652–1668. [CrossRef] [PubMed]

25. Desgrés, J.; Fay, L.; Jo, D.-H.; Guiguet, M.; Padieu, P. Oxidoreductive and hydroxylating metabolism of progesterone in rat liver
epithelial cell lines. J. Steroid Biochem. 1984, 21, 391–403. [CrossRef]

26. Blacker, T.S.; Duchen, M.R. Investigating mitochondrial redox state using NADH and NADPH autofluorescence. Free Radic. Biol.
Med. 2016, 100, 53–65. [CrossRef]

27. Merchant, H.A.; Liu, F.; Gul, M.O.; Basit, A.W. Age-mediated changes in the gastrointestinal tract. Int. J. Pharm. 2016, 512, 382–395.
[CrossRef]

28. Luch, J.R. Metoprolol tartrate. Anal. Profiles Drug Subst. 1983, 12, 325–356.
29. Rao, L.; Taylor, W. The Metabolism of Progesterone by Animal Tissues In Vitro. Sex and Species Differences in Conjugate

Formation during the Metabolism of (4-14C) Progesterone by Liver Homogenates. Biochem. J. 1965, 96, 172–180. [CrossRef]
[PubMed]

30. Kuhl, H. Pharmacology of estrogens and progestogens: Influence of different routes of administration. Climacteric 2005, 8, 3–63.
[CrossRef] [PubMed]

31. Shin, H.C.; Kim, H.R.; Cho, H.J.; Yi, H.; Cho, S.M.; Lee, D.G.; Abd El-Aty, A.M.; Kim, J.-S.; Sun, D.; Amidon, G.L. Comparative
gene expression of intestinal metabolizing enzymes. Biopharm. Drug Dispos. 2009, 30, 411–421. [CrossRef]

32. Lemley, C.; Wilson, M. Effect of cytochrome P450 and aldo-keto reductase inhibitors on progesterone inactivation in primary
bovine hepatic cell cultures. J. Dairy Sci. 2010, 93, 4613–4624. [CrossRef] [PubMed]

33. Byrns, M.C.; Jin, Y.; Penning, T.M. Inhibitors of type 5 17β-hydroxysteroid dehydrogenase (AKR1C3): Overview and structural
insights. J. Steroid Biochem. Mol. Biol. 2011, 125, 95–104. [CrossRef] [PubMed]

34. Pratt-Hyatt, M.; Lickteig, A.J.; Klaassen, C.D. Tissue distribution, ontogeny, and chemical induction of aldo-keto reductases in
mice. Drug Metab. Dispos. 2013, 41, 1480–1487. [CrossRef] [PubMed]

35. Penning, T.M.; Wangtrakuldee, P.; Auchus, R.J. Structural and Functional Biology of Aldo-Keto Reductase Steroid-Transforming
Enzymes. Endocr. Rev. 2018, 40, 447–475. [CrossRef]

36. Hatton, G.B.; Madla, C.M.; Rabbie, S.C.; Basit, A.W. All disease begins in the gut: Influence of gastrointestinal disorders and
surgery on oral drug performance. Int. J. Pharm. 2018, 548, 408–422. [CrossRef]

37. Madla, C.M.; Gavins, F.K.H.; Merchant, H.A.; Orlu, M.; Murdan, S.; Basit, A.W. Let’s talk about sex: Differences in drug therapy
in males and females. Adv. Drug Deliv. Rev. 2021, 175, 113804. [CrossRef]

38. Guerciolini, R.; Szumlanski, C.; Weinshilboum, R.M. Human liver xanthine oxidase: Nature and extent of individual variation.
Clin. Pharmacol. Ther. 1991, 50, 663–672. [CrossRef]

39. Montefiori, M.; Jørgensen, F.S.; Olsen, L. Aldehyde oxidase: Reaction mechanism and prediction of site of metabolism. Acs Omega
2017, 2, 4237–4244. [CrossRef]

40. Gatzuli, E.; Aten, R.; Behrman, H. Inhibition of Gonadotropin Action and Progesterone Synthesis by Xanthine Oxidase in Rat
Luteal Cells*. Endocrinology 1991, 128, 2253–2258. [CrossRef] [PubMed]

41. Ota, H.; Igarashi, S.; Tanaka, T. Xanthine oxidase in eutopic and ectopic endometrium in endometriosis and adenomyosis. Fertil.
Steril. 2001, 75, 785–790. [CrossRef]

42. Obach, R.S.; Huynh, P.; Allen, M.C.; Beedham, C. Human Liver Aldehyde Oxidase: Inhibition by 239 Drugs. J. Clin. Pharmacol.
2004, 44, 7–19. [CrossRef] [PubMed]

43. Floreani, M.; Carpenedo, F. Inhibition of rat liver monooxygenase activities by 2-methyl-1,4-naphthoquinone (menadione). Toxicol.
Appl. Pharmacol. 1990, 105, 333–339. [CrossRef]

44. Bentham, Z. A Novel Progesterone Oral Formulation for the Treatment of Endometrial Hyperplasia with Reduced Adverse
Signalling Compared to Synthetic Progestins. Ph.D. Thesis, Swansea University, Swansea, UK, 2015.

http://doi.org/10.1042/bj0600380
http://doi.org/10.1016/j.colsurfb.2017.08.028
http://doi.org/10.1002/jps.24365
http://doi.org/10.1016/0010-7824(81)90018-4
http://doi.org/10.1016/j.ejps.2013.08.018
http://doi.org/10.1021/tx5001943
http://www.ncbi.nlm.nih.gov/pubmed/25285807
http://doi.org/10.1016/0022-4731(84)90302-9
http://doi.org/10.1016/j.freeradbiomed.2016.08.010
http://doi.org/10.1016/j.ijpharm.2016.04.024
http://doi.org/10.1042/bj0960172
http://www.ncbi.nlm.nih.gov/pubmed/14343126
http://doi.org/10.1080/13697130500148875
http://www.ncbi.nlm.nih.gov/pubmed/16112947
http://doi.org/10.1002/bdd.675
http://doi.org/10.3168/jds.2010-3165
http://www.ncbi.nlm.nih.gov/pubmed/20854995
http://doi.org/10.1016/j.jsbmb.2010.11.004
http://www.ncbi.nlm.nih.gov/pubmed/21087665
http://doi.org/10.1124/dmd.113.051904
http://www.ncbi.nlm.nih.gov/pubmed/23660342
http://doi.org/10.1210/er.2018-00089
http://doi.org/10.1016/j.ijpharm.2018.06.054
http://doi.org/10.1016/j.addr.2021.05.014
http://doi.org/10.1038/clpt.1991.205
http://doi.org/10.1021/acsomega.7b00658
http://doi.org/10.1210/endo-128-5-2253
http://www.ncbi.nlm.nih.gov/pubmed/1708332
http://doi.org/10.1016/S0015-0282(01)01670-3
http://doi.org/10.1177/0091270003260336
http://www.ncbi.nlm.nih.gov/pubmed/14681337
http://doi.org/10.1016/0041-008X(90)90194-Y

	Introduction 
	Materials and Methods 
	Materials 
	Tissue Homogenate Stability Assay 
	Human Cytosol Stability Assay 
	Sample Analysis 
	Data Analysis 

	Results and Discussion 
	Progesterone Metabolism by Human and Rat Liver and Intestinal Homogenates 
	Progesterone Metabolism in Liver and Intestinal Cytosol and the Role of Aldo-Keto Reductases 
	Progesterone Metabolism by Non-NADPH Dependent Enzymes 

	Conclusions 
	
	References

