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ABSTRACT

ARTICLE HISTORY

The use of herbal supplements for improved sexual performance is a common practice
amongst the youth and some senior citizens in Ghana. These products are considered
‘natural’ and greatly preferred over synthetic alternatives due to the assurance of little to no
adverse effects by producers. However, the high rate of adulteration often compromises
their safety. Forty herbal supplements, of which 25 were previously shown to result in
medium to high intake of phosphodiesterase type-5 (PDE-5) inhibitors using a PDE-Glo bioassay, were further investigated using liquid chromatography–tandem mass spectrometry
(LC–MS/MS) analysis to examine the reliability of the bioassay and whether the observed
higher responses could be ascribed to inherent plant constituents or adulterants. Results
showed significant amounts of vardenafil, tadalafil and especially sildenafil, in 2, 1 and 10
samples, respectively, with total concentration levels resulting in estimated daily intakes
(EDIs) above 25 mg sildenafil equivalents with six supplements even having EDIs above
100 mg sildenafil equivalents. Only one sample contained a natural ingredient (icariin), but
its concentration (0.013 mg g1) was too low to explain the observed potency in the bioassay. The estimated concentrations of PDE-5 inhibitors in 35 supplements, according to the
bioassay, were in line with those of the LC–MS/MS analysis. However, discrepancies were
observed for five supplements. Further examination of one of the latter supplements using
the PDE-Glo bioassay to select the positive fraction and further examination with LC–MS/MS
and 1H-NMR revealed the presence of hydroxythiohomosildenafil, a sildenafil analogue not
yet included in the liquid chromatography–mass spectrometry reference library. This study
demonstrates the significance of applying a tiered approach, where the use of a bioassay is
followed by chemical analysis of bioactive samples in order to identify unknown bioactive compounds.
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Introduction

Erectile dysfunction (ED) is a global issue, which
has gained much attention in recent years (Ayta
et al. 1999; Patel et al. 2014). Various interventions, including the use of drugs are recommended for the treatment and/or management of
ED (Levine 2000; Rew and Heidelbaugh 2016).
Most of these drugs are known as phosphodiesterase type-5 inhibitors (PDE-5i). These drugs
inhibit PDE-5 enzyme activity in the corpus
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cavernosum, resulting in the accumulation
of cGMP, which subsequently promotes downstream relaxation of smooth muscle cells, allowing adequate blood flow to the penis thereby
enhancing erection. Examples of approved PDE5i include sildenafil citrate (Viagra), tadalafil
(Cialis), vardenafil hydrochloride (Levitra) and
avanafil (Stendra) (Patel et al. 2014). However,
there are many unlicensed analogues of these
compounds, which manufacturers often use to
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Table 1. Prevalence of adulterated herbal products with active pharmacological ingredients.

Country
Singapore
India
USA
Netherlands
France
Malaysia
Romania
USA
Korea
a

No. of samples analysed/
No. of samples
adulterated (%)
175/134 (77)
85/1 (1)
26/15 (58)
71/23 (32)
150/92 (61)
62/34 (55)
50/11 (23)
353/166 (47)
404/130 (32)

No. of sample adulterated
With approved PDE-5i
identified (%)
123 (92)
1 (100)
3 (20)
1 (4)
41 (45)
Fewa
8 (73)
166 (100)
–

With analogues of PDE-5i
identified (%)
11 (8)
–
12 (80)
22 (96)
51 (55)
Majoritya
3 (27)
–
–

References
Li et al. (2009)
Savaliya et al. (2010)
Mans et al. (2013)
Reeuwijk et al. (2014)
Gilard et al. (2015)
Bujang et al. (2017)
Mateescu et al. (2017)
Tucker et al. (2018)
Lee et al. (2021)

Insufficient information provided to derive the actual number.

avoid the detection of potential adulteration of
natural products.
In most African settings, herbal-based sexual
enhancers/aphrodisiacs are most common and
preferred over the synthetic alternatives mainly
due to their natural origin. However, many studies have shown that most of these herbal aphrodisiacs are adulterated with either approved
synthetic PDE-5i or their unapproved analogues
(Low et al. 2009; Savaliya et al. 2010; Mans et al.
2013; Reeuwijk et al. 2014; Gilard et al. 2015;
Bujang et al. 2017; Tucker et al. 2018, Kee et al.
2018; Lee et al. 2021). Table 1 shows the prevalence of adulteration of herbal aphrodisiacs in
different studies.
Approved PDE-5i are prescription-only drugs
that are used strictly upon medical recommendation with appropriate monitoring. Their use as
adulterants in herbal products raises legal issues as
well as public health concerns. This is especially
the case when unapproved drug analogues are
used (European Medicines Agency 2008), as studies have shown that although these analogues may
function similarly as the parent drug, differences
in their chemical structures may alter their pharmacokinetic and pharmacodynamic profiles,
including their toxicity (Venhuis and De Kaste
2012; Bujang et al. 2017). Furthermore, PDE-5i
are strongly contraindicated in patients using
organic nitrate drugs, a-adrenergic blockers and
CYP3A4 inhibitors (Langtry and Markham 1999;
Kostis et al. 2005). The combined intake of these
drugs may synergistically promote increased relaxation of smooth muscle cells, resulting in a drastic
reduction of the systemic blood pressure (Kostis
et al. 2005; Kloner 2007). The sudden drop in
blood pressure (hypotension) may possibly lead to

other cardiovascular effects and in extreme cases,
sudden shock or even death (Langtry and
Markham 1999; Gur et al. 2013). Patients advised
against PDE-5 inhibition drugs may resort to
herbal alternatives due to the belief that they can
safely induce the same pharmacological effect
while avoiding expected adverse effects (Blok-Tip
et al. 2004). Nevertheless, due to their high prevalence of adulteration, consumers may unknowingly expose themselves to unanticipated risks
(Poon et al. 2007; Bakota et al. 2017).
Several liquid chromatography–mass spectroscopy (LC–MS)-based methods are employed for
the identification and quantification of adulterants
commonly used in natural products (Gratz et al.
2004; Patel et al. 2014). However, these methods
may not be able to identify new analogues, especially when they are unavailable in the LC–MS reference library (Jiru et al. 2019). To overcome this
challenge, a tiered approach, where products are
first screened using a bioassay to determine their
bioactive properties, followed by analysis of
‘suspect samples’ with chemical analytical methods, to either confirm the presence of known
compounds, or conduct further investigations to
confirm the presence of novel analogues is
much suited.
A previous study conducted on a series of
forty herbal supplements from the Ghanaian
market revealed that 36 (90%) were able to
inhibit PDE-5 enzyme activity according to a
PDE-Glo bioassay (Akuamoa et al. 2021). Based
on the estimated daily intakes (EDIs), 11 out of
the 36 positive supplements were categorised as
resulting in a low intake (L; <25 mg day1), 16
in a medium intake (M; 25–100 mg day1) and 9
in a high intake (H; >100 mg day1). A daily
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dose of 25 mg is regarded as the minimal dose
required for a pharmacological effect and a dose
above 100 mg as potentially leading to
serious adverse health effects. In the present
study, all 40 herbal supplements were again analysed using LC-MS-based techniques, first of all
to identify and quantify the compounds responsible for the observed high inhibition in majority
of the supplements, and to determine if the identified compounds were inherent plant constituents or pharmaceutical ingredients intentionally
added by manufacturers. Analysing supplements
with a low response enabled assessment of the
accuracy of the bioassay in selecting supplements
of interest. One of the five samples with an unexplained high response was further examined to
demonstrate as a proof-of-concept the advantage
of employing a tiered approach involving the
application of a bioanalytical method.

was from Fluka, (Munich, Germany). Sterile syringe filters (0.45 mm cellulose acetate membrane)
were purchased from VWR International (North
America) and Whatman 0.2 mm pore size
Mini-PrepTM PTFE filter media with polypropylene housing (CAT. US203NPUORG) and
syringeless filter devices were from G.E
Healthcare (Buckingham, UK). Ultra-pure water
was prepared using a Milli-Q water purification
system (Ref. Aþ). The PDE-Glo phosphodiesterase assay kit (Promega, CAT No. V1361) was
acquired from Fisher Scientific (Madison, WI,
USA), Phosphodiesterase 5A1 human recombinant (CAT No. E9034) and 3-isobutyl-1-methylxanthine (IBMX) (CAT No. I5879) were
purchased from Sigma-Aldrich (St. Louis, USA)
and Coaster 96-well, flat bottom, non-treated,
non-sterile white polystyrene assay plates from
Corning (New York, USA).

Material and methods

Sample extraction

Supplements

A hundred milligram or microlitre sample was
aliquoted into polypropylene vails and 1 mL
extraction solvent (ACN/H2O (80/20, v/v)) was
added. Next, mixtures were vortexed (Vortex-2
Gene) at speed 5 for 1 min then placed in a
multi-tube vortex mixer (Heidoph Reax 2) for
30 min and subsequently centrifuged (Eppendorf
Centrifuge 5415 R) (985g) for 5 min at 22  C.
Supernatants were collected and transferred into
new vials.

The same samples tested in a previous study by
Akuamoa et al. (2021) were further analysed in
this study. Supplementary Table S1 in the previous study presents the list of the 40 supplements
and their allocated sample ID, origin and instructions for use. Based on their responses and corresponding EDIs in the bioassay, they were further
categorised either as negative (N), low (L),
medium (M) or high (H) intake (Table 1,
Akuamoa et al. 2021).
Chemicals and reagents

Sample screening with LC-full-scan highresolution MS

Compounds used in this study were purchased
from ChemCruz (UK and USA) and Carbosynth
(UK) with purity between 95% and 99%, unless
indicated otherwise (Supplementary Table S1).
Hydroxythiohomosildenafil
(HTHS)
(purity
>98%) was purchased from Toronto Research
Chemicals (Toronto, Canada). Acetonitrile (Lot
No. 1332591) and methanol (Lot. 1328761)
(HPLC Supra-Gradient) were purchased from
Biosolve, (Valkenswaard, The Netherlands), acetic
acid (Lot. 1.00063) (100%) and formic acid (Lot.
1.00264) were from Merck (Darmstadt,
Germany) and ammonium formate (Lot. 17843)

Prior to confirmation and quantification of compounds, extracts were initially screened using LCfull-scan high resolution MS (QExactive Orbitrap
MS, Thermo Fisher Scientific, San Jose, CA,
USA) to identify a broad range of natural and
synthetic compounds. For this, 250 mL of each
sample extract was aliquoted into dilution vials
and 250 mL extraction solvent (1% acetic acid in
ACN:H2O (80/20 (v/v)) was added. Mixtures
were homogenised and filtered through a 0.45 mm
cellulose acetate membrane syringe (VWR
International (North America)). Next, 50 mL of
each filtrate was pipetted into a 500 mL capacity
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integrated filter vial, 450 mL extraction solution
was added and the resulting sample extract was
analysed. Measurements were carried out in positive and negative mode with and without fragmentation using LC-full-scan high-resolution MS.
The source was operated in positive and negative
mode using the following parameters: electrospray voltage 3.5/2.5 kV (pos/neg), sheath gas 47
arbitrary units, auxiliary gas 11 arbitrary units.
The heater in the source was set to 300  C and
the heated capillary in the mass spectrometer
operated at 412  C. Data were acquired by continuously alternating scan events: one without
and one with fragmentation (both m/z 70–1000).
For fragmentation, collision energies (NCE) of 30
and 80 eV were used. In full-scan mode a resolution setting of 70,000 was applied and in tandem mass spectroscopy (MS/MS) mode of
50,000. This resulted in the identification of 13
compounds of interest. Calibration curves of
these compounds were then prepared for confirmation and quantification.
Targeted compound analysis by LC–MS/MS

Of each extract, 250 mL was aliquoted into new
dilution vials while 250 mL extraction solvent (1%
acetic acid in MeOH:H2O:ACN (70:20:10 (v/v))
was added. Solutions were homogenised and filtered through a 0.45 mm cellulose acetate membrane syringe. Extracts were further diluted 10-,
100- and 1000-fold with MeOH:H2O (50/50 v/v).
Peak areas were quantified by means of external
calibration curves (5, 10, 25, 50, 100, 250, 500
and 1000 ng mL1) using available commercial
standards of the compounds identified during the
screening process.
Confirmation analysis was performed based on
an in-house protocol with slight modifications.
The liquid chromatography–tandem mass spectrometry (LC-MS/MS) system consisted of an
injection and pump system from Shimadzu
(Hertogenbosch, The Netherlands) coupled to an
Applied Biosystems (AB) Sciex QTRAP 5500
mass spectrometer (W.M., USA), operated in the
ESI þ mode. The analytes were eluted through an
Atlantis T3 (Waters, 3.0  100 mm, 3 mm) LC column, which was connected to a SecurityGuard
C18 precolumn (Waters, 20  4.0 mm ID). The

elution program used consisted of two mobile
phases: 5.0 mM ammonium formate prepared in
ultrapure deionised water (A) and methanol (B),
both of which contained 0.1% formic acid. The
LC gradient started with 90% solvent A for
1 min, followed by a change to 100% solvent B
over 8 min. It was maintained at 100% solvent B
for 5.5 min and reverted to 90% solvent A for
6.5 min, making a total runtime of 20 min. The
column was maintained at a constant temperature of 30  C and equilibrated with the initial
mobile phase composition for at least 270 s before
running the next injection. Elution flow rate was
0.40 mL min1. Detection was performed in
MRM-mode with a probe temperature of 500  C,
an entrance potential of 10 V, a decluttering
potential of 96 V, and a dwell time of 10 ms. The
retention times of icariin, sildenafil, tadalafil and
vardenafil were 8.19, 7.59, 8.34 and 7.64 min,
respectively. The precursor ions of icariin, sildenafil, tadalafil and vardenafil were selected as (m/
z) 677.2, 475.1, 390.2 and 489.0, while the product ions were selected as (m/z) 369.0, 100.2, 135.1
and 169.0 with the collision energies (CE) of 43,
32, 22 and 40 (V) respectively. Data analysis was
performed with Microsoft Excel version 2016.
The calibration curve of the identified compounds was used to determine their concentration and subsequently expressed in mg sildenafil
equivalents using the so-called relative potency
(REP) values established by Bovee et al. (unpublished) as provided in Supplementary Table S2.
The REP values (Table S2) were derived from an
in vitro experiment by dividing the IC50 of sildenafil by the IC50 of each identified compound
(PDE-5i). The established IC50 was based on how
much of the compound (PDE-5i) is needed to
induce the same effect (inhibiting PDE-5 enzyme
activity) as sildenafil in vitro by 50%. Estimated
compound concentrations were multiplied by
their respective REP value (relative to sildenafil)
and summed up to obtain the total concentration, and expressed in mg sildenafil equivalents
per gram or mL of sample.
Fractionation of sample extract

Isolation of unknown PDE-5i in one of the supplements (S13) was carried out following an in-
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house method. The same sample extract used for
the confirmation analysis was used without dilutions. Compound fractionation was performed
using a Kinetex 2.6 mm Polar-C18 100 A
(50  2.1 mm) LC column (Phenomenex, NL) fitted to a Nexera X2 U(H)PLC from Shimadzu
(Tokyo, Japan). Two mobile phases were used,
i.e. 100% ultrapure deionised water (A) and 100%
ACN (B). The runtime was set at 15 min and
fractions were repeatedly collected at a specified
time frame based on peaks expressed as a function of time. The ACN phase of the collected
fractions was evaporated under a continuous
stream of nitrogen at 40  C. The residual solutions were initially stored at 20  C for 2 h, then
at 80  C for 30 min. Next, fractions were freeze
dried overnight, and then evaporated at 54  C
under 0.047 mbar pressure in a vacuum, and
stored at 20  C for further analysis. Portion of
the fractions were reconstituted in DMSO and
re-tested in the PDE-Glo bioassay to estimate
their inhibition potential.

Sample analysis using the PDE-Glo bioassay

The PDE-Glo bioassay was performed following
the protocol described in detail in a previous
study (Akuamoa et al. 2021). Briefly, a 5 mL aliquot of sample extract, 7.5 mL PDE-5 enzyme and
12 mL cGMP (20 mM) were pipetted into the wells
of a Coaster 96-well plate. This was mixed and
incubated in the dark for 90 min. A termination
solution (12 mL) containing termination buffer þ
100 mM 3-isobutyl-1-methylxanthine was used to
terminate the reaction after the incubation
period. Next, detection solution (12 mL) consisting of detection buffer þ protein kinase was
added, mixed for 5 min and incubated for
another 20 min. Finally, 50 mL kinase glo reagent
containing kinase glo substrate þ kinase glo buffer was added and incubated for another 10 min.
The Biotek Synergy HT (Vermont, USA) was
used to measure luminescence signals in relative
light units (RLUs). Data analysis and graphs were
plotted using Microsoft Excel version 2016.
Active fractions were subsequently analysed using
time-of-flight mass spectrometry (TOF-MS).
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LC-TOF-MS analysis for identification of unknown
PDE-5i

Active fractions identified by the PDE-Glo bioassay were divided into two portions of 45 mL
and analysed using an Agilent 1200 Series LC
system coupled to a Bruker micro-TOF mass
spectrometer, and operated in positive and negative mode. For analysis, 5 mL of dissolved active
fractions in ACN:H2O (80:20 v/v %) was injected
onto an Alltima HP C18 column (155  2.2 mm,
3 mm). Two mobile phases consisting of 100%
ultrapure deionised water (A) and 100% ACN
(B) were used. The LC analysis started at 80/
20 A/B (v/v), then to 60/40 in 10 min and
changed to 40/60 in 15 min. Subsequently, the
solvents went back to starting conditions (80/20)
in 20 min and equilibrated for another 15 min.
The total runtime was 60 min. Elution flow rate
was 1 mL min1. During the measurement the
detection was performed in the mass range of
99–1501 m/z with mass resolution of 15,000
FWHM. Peaks with the highest intensity were
collected and their masses were recorded. Next,
collected fractions were dried and the structure
of their constituents was elucidated using
1
H-NMR.
Compound identification by 1H-NMR analysis

The structure of the identified mass was elucidated by 1H-NMR analysis following an in-house
protocol. The dried fractions were evaluated
using a Bruker Avance III 600 MHz NMR spectrometer, 3 mm NMR tubes and a cryogenic
NMR probe. Quantitative 1H-NMR spectra were
recorded after dissolving the dried fraction in
200 mL DMSO-D6 and 2400 scans were collected
using an 1 D NOESYGPPR pulse sequence. In
addition to the 1D 1H NMR data, 2D NMR data
sets, 2D 1H-1H COSY and 2D 1H-1H TOCSY
were assessed as well.
Verification and confirmation of newly identified
constituent

The identified compound was verified by spiking
the active fraction with the pure compound.
Analysis of pure compound, unspiked and spiked
active fraction was carried out concurrently using
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the TOF-MS. Peaks from the unspiked active
fraction were compared to that of the spiked
active fractions. Confirmation of compound identity was based on co-elution of the suspect compound in the active fraction and the pure
compound in a single peak having the same mass
spectrum and increased intensity (Supplementary
Figure S1).
Results and discussion

Forty herbal supplements collected from various
markets and pharmacies in Accra (Ghana) were
previously analysed using the PDE-Glo phosphodiesterase bioassay to estimate their PDE-5 inhibition potentials (Akuamoa et al. 2021). Based on
the results obtained, it was evident that 36 (90%)
of the selected supplements had the ability to
inhibit PDE-5 enzyme activity to varying degrees.
According to the EDIs of each supplement,
eleven out of the 36 positive supplements were
categorised as low intake (L; <25 mg), 16 as
medium intake (M; 25–100 mg) and 9 as high
intake (H; >100 mg). In the current study, all 40
supplements were subjected to further investigations using combined chemical analytical procedures, first of all to establish if the observed
inhibition potentials were caused by inherent
plant constituents or the effect of synthetic PDE5i used as adulterants, and secondly to confirm
the accuracy of the bioassay in aiding the selection of supplements of major concern.

LC/MS analysis of supplements

Screening with LC-full-scan high-resolution MS
resulted in the identification of 13 PDE-5i (data
not shown). LC-MS/MS was subsequently used
for confirmation and quantification of these compounds. The concentration of individual PDE-5i
was expressed in mg sildenafil equivalents using
the so-called relative potency (REP) values established
by
Bovee
et
al.
(unpublished)
(Supplementary Table S2). To this end, the concentration of each compound was multiplied by
its REP value relative to sildenafil (REP ¼ 1) and
summed up. A cut-off of 1 mg g1 was selected
for sildenafil as reporting level, as lower concentrations could be the result of cross-contamination during the analysis from supplements with
very high levels. Moreover, only higher levels
clearly pointed at purposeful adulteration to
obtain the desired outcome, therefore, low levels
were considered less relevant. For other analogues, a cut-off of 0.1 mg g1 was applied since
cross-contamination during analysis was less
likely and with regard to the higher REPs for vardenafil. It should be considered that using these
cut-offs may result in the elimination of supplements where a relatively low level might still
result in an intake larger than 25 mg per day due
to a high daily dose (especially in the case of
liquids samples).
Table 2 shows only the results for supplements
with concentrations above the cut-off limits and
their corresponding EDIs. The concentration of

Table 2. LC–MS/MS-based levels of individual compound(s) in supplements, their total concentrations, recommended daily doses
and EDIs.
Compound concentration
(mg g1 or mL)
Sample ID
S3
S6
S10
S14
S15
S16
S19
S20
S21
S23
S37
S38
a

Sildenafil
1a
13
123
243
14
322
18
135

Tadalafil
0.1a

Vardenafil
2a

2
0.2

1
67
2
89
16

2

Total compound
concentration
(mg g1 or mL1)b
13
123
243
14
322
18
135
2
67
2
89
16

Average dose
(g day1)
1.01
0.47
0.46
1.16
0.36
0.65
0.43
10
0.97
20
2.03
1.47

No. of
doses day1
2
2
2
4
6
2
2
3
4
1
4
4

EDI
(mg sildenafil
equivalents day1)
26
116
223
64
696
23
116
60
268
40
723
94

Relative potencies of compounds in the bioassay.
Example: For S6 (123  1) þ (2  0.1) ¼ 123.2 mg g1. Meanwhile, the average number of doses per day is 0.47 taken two times per day. Thus,
123.2  0.47  2 ¼ 115.8 mg g1. The same calculation procedure was used for the other supplements.

b
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sildenafil concentrations, the EDIs for six supplements were above 100 mg, which may potentially
cause adverse effects especially in vulnerable individuals. Although traces of other compounds
were detected, sildenafil was the most identified
adulterant. This may partly be attributed to the
readily available manufacturing process of sildenafil (Terrett et al. 1996; Bujang et al. 2017; Kee
et al. 2018).

sildenafil in 11 supplements (28%) was above
1 mg g1. Considering other PDE-5i, three supplements contained low amounts of tadalafil, vardenafil and traces of other compounds but below
0.1 mg g1. Icariin, a known natural PDE-5i and
an active constituent of the genus Epimedium,
was detected by LC–MS/MS in only one supplement (S13) based on the retention time and mass
spectrum. However, the calculated LC-MS/MS
concentration (0.013 mg g1) was too low to
explain the high response in the PDE-Glo bioassay. The level of icariin detected by the
LC–MS/MS was higher than the amounts
detected in a study by Polat and Coskun (2016)
in genus Epimedium using HPLC coupled with
DAD detection. This was contrary to the levels
(3.0–172.1 mg g1) of icariin detected in Herba
Epimedii in a study by Liu et al. (2006) using the
capillary zone electrophoresis (CZE). The current
study implied that none of the supplements contained natural PDE-5i. When considering the recommended daily doses of supplements, 11 out of
the 40 would result in intakes (EDI) at pharmacologically relevant levels (i.e. >25 mg day1).
For S20 this is mainly the result of the relatively
high recommended daily dose. Due to high

Comparison of bioassay and LC–MS analysis

Compound concentrations in each supplement as
determined by LC–MS/MS were subsequently
compared to the estimated concentrations based
on their inhibition potentials in the previous
PDE-Glo bioassay. Supplementary Table S1
shows the complete list, while Table 3 shows only
the comparison between supplements categorised
as resulting in ‘medium’ or ‘high’ intake based on
the PDE-Glo assay. Estimated levels were corrected for the fold-dilution. It should be noted
that in the previous study, a 100- to 1000-fold
dilution was required to classify a supplement as
resulting in a low or high intake of PDE-5i. Still,
a few of the samples were tested at a 10,000-fold

Table 3. Comparison between estimated concentrations in the PDE-Glo assay and the LC–MS/MS analysis. Only
supplements classified as resulting in medium or high intake based on the bioassay are shown.
Bioassay concentration (mg g1)
Sample ID
S3
S4
S5
S6
S10
S13
S14
S15
S16
S17
S19
S20
S21
S22
S23
S24
S25
S27
S28
S30
S35
S37
S38
S39
a

a

100
>8
1
>8
>8
3
5
4
>8
7
>8
6
6
5
2
1
2
3
>8
4
2
4
6
6
4

a

1000
36
<1
31
47
40
13
43
26
<1
39
26
29

<1
<1
6
32
50
<1

10,000
532
299
377
873
444
326

<7

278
127
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a

LC–MS/MSb
Concentration (mg g1)
13
<1
<1
123
243
<1
14
322
18
<1
135
2
69
<1
2
<1
<1
<1
<1
<1
<1
89
16
<1

Evaluation
Unidentified compounds
Comparable
Comparable
Comparable
Comparable
Unidentified compounds
Comparable
Comparable
Comparable
Comparable
Comparable
Unidentified compounds
Comparable
Comparable
Comparable
Comparable
Comparable
Comparable
Comparable
Comparable
Unidentified compounds
Comparable
Unidentified compounds
Comparable

Dilution factor applied in the PDE-Glo Bioassay. Estimated levels were corrected for the dilution factor. Empty means that no clear
inhibition was observed.
b
LC–MS/MS-based levels are expressed in sildenafil equivalents.
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dilution (not used for estimating daily intakes).
However, for comparison with the LC-MS/MS
results, the 10,000-fold dilution was included
when available. The LC–MS determined concentrations for all supplements (S1, S2, S8, S9, S11,
S12, S18, S26, S29, S31, S32, S33, S34, S36, S40)
classified as ‘negative’ or ‘low’ based on the PDEGlo assay were below the established cut-offs.
This proved that the bioassay reported no falsenegative results.
Comparison between the two methods showed
that for 19 out of the 24 samples classified as
medium or high, the response by the bioassay
could be explained by the LC–MS/MS results.
This included three samples (S5, S17 and S27)
where in the bioassay a 100-fold diluted extract
indicated a level above 8 mg g1 and a 1000-fold
diluted extract, a level below 1 mg g1. This was
based on a full inhibition at the 100-fold and no
inhibition at the 1000-fold dilution. It is unclear
what caused this steep dose–response, but in any
case, no known PDE-5i could be identified. For
seven other supplements, the estimated level
based on the 100-fold dilution was quite low and
LC–MS/MS analysis could also not detect the
presence of a PDE-5i above the cut-off. For nine
other samples the high bioassay response could
well be explained by the level of sildenafil, considering the variation in the estimated level at
different dilutions.

However, the comparison also revealed discrepancies for five supplements (i.e. S3, S13, S20,
S35 and S38), for which the response by the bioassay thus indicated the presence of unknown
active PDE-5i constituents. For instance, the concentration in S13 estimated by the bioassay based
on the 1000- and 10,000-fold dilutions was 40
and 873 mg g1 respectively, whereas levels of
known PDE5i determined by LC-MS/MS were
below the cut-off values. This disparity between
the bioassay and the LC-MS/MS results pointed
at the presence of unknown active compound(s)
in the supplement, but not yet present in the reference library of the HR-FS-LC-(Orbitrap)MS method.

Investigation of unknown PDE-5i in
one supplement

Supplement S13, which showed discrepancies
between the two analyses, was selected as a model
sample for further investigations. This was to
demonstrate, as a proof-of-concept, the advantages of using a tiered approach. To this end an
activity-based fractionation was performed using
UPLC. Fractions showing peaks in the chromatogram at 190 nm were collected, as schematically
presented in Figure 1. Overall, 10 different fractions (peaks a–j) were repeatedly collected and

Figure 1. UPLC chromatogram of S13 extract and the various fractions collected.
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pooled. Peak c was the highest and most obvious peak.
The collected fractions were subsequently analysed in the PDE-Glo bioassay to access their
PDE-5 inhibition potentials. The principle of the
assay results in a lower response (measured in
RLUs) when inhibition of PDE-5 activity by the
active component in the fraction is high, and vice
versa (Akuamoa et al. 2021). In the absence of
peaks, fractions h, i and j (Figure 1) were pooled
together and tested as a single fraction. Figure 2
shows the response of each fraction in the various dilutions. The results obtained indicated that
fraction c displayed the strongest inhibition
potential and was therefore selected for further
analysis of its constituent(s).
Upon analysis of fraction c using the TOF-MS,
the presence of a compound with a mass in the
positive or negative mode, [M þ 1]þ and [M-1],
at m/z 521.2 and 519.2 respectively was elucidated, which pointed at a neutral mass of
520.2 m/z and a corresponding molecular formula
C23H32N6O4S2. To further identify the unknown
constituent, fraction c was analysed by 1H-NMR,
for unequivocal identification of compound(s)
present. Comparison of the data with the NMR
spectrum of sildenafil revealed the unknown
compound as an analogue of sildenafil having a
hydroxyethyl group instead of a methyl group
attached to the piperazinyl nitrogen and the oxygen atom replaced with a sulfur in the pyrazolopyrimidine moiety. Thus, the compound was
identified as hydroxythiohomosildenafil, which
was in line with the mass and structural
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composition derived from the TOF-MS data.
However, hydroxythiohomosildenafil was first
isolated in a study by Li et al. (2009) using the
ESI–MS/MS, NMR, UV and IR.
To confirm this, the commercially available
standard of hydroxythiohomosildenafil was purchased and analysed by TOF-MS and 1H-NMR.
This resulted in a similar retention time,mass
spectrum and structure as the newly identified
constituent. Next, a dose response curve for the
activity of hydroxythiohomosildenafil in the
PDE-Glo bioassay was constructed to establish its
relative potency to sildenafil (Figure 3). The
results obtained revealed hydroxythiohomosildenafil to be substantially more potent than sildenafil with an IC50 of 80 nM as compared to the
IC50 of 900 nM for sildenafil. This implied that
hydroxythiohomosildenafil was about 12-fold
more potent than sildenafil.
The reference library of the HR-FS-LC(Orbitrap) MS was then updated to include
hydroxythiohomosildenafil and the LC-MS/MS
method optimised to also quantitatively detect
this additional PDE-5i. Next, the concentration of
hydroxythiohomosildenafil in S13 was estimated
in sildenafil equivalents considering its relative
potency factor (RPF) of 12. The estimated concentration of hydroxythiohomosildenafil in the
sample according to the LC–MS/MS was 1 mg or,
when multiplied with the RPF, 12 mg sildenafil
equivalents per gram. This concentration was in
line with 5 and 40 mg sildenafil equivalents per
gram based on the effect of the 100- and 1000fold dilutions in the bioassay. Based on the daily
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Figure 2. Inhibition potentials of collected fractions of S13 tested in the PDE-Glo bioassay, fraction c showing the presence of a
PDE-5i.
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dose of 5.2 g the LC–MS-based level would result
in an EDI of 63 mg sildenafil equivalents, clearly
exceeding the 25 mg considered as effective dose.

may potentially cause adverse effects, however, it
is equally important to address samples with
EDIs below 25 mg sildenafil equivalents, especially for vulnerable consumers.

Potential risks of adulterated herbal supplements

Adulteration of herbal supplements with synthetic PDE-5 inhibitors clearly deceives the user.
It is even worse when unapproved drug analogues like hydroxythiohomosildenafil are used
for adulteration purposes, with substantially
higher intrinsic PDE-5 inhibition activity than sildenafil. This raises health concerns, especially
when used in higher dose levels, since already a
daily dose higher than 8 mg would give rise to
exceedance of the highest therapeutic dose of
100 mg sildenafil equivalents. An overdose of sildenafil is likely to cause hepatotoxicity in vulnerable individuals (Wolfhagen et al. 2008; Enomoto
et al. 2009; Nissan et al. 2016). Instances of sildenafil-related hepatic toxicity have been reported
in a study by Graziano et al. (2017).
Although high concentrations of PDE-5i in
supplements may not result in fatal conditions on
their own, pre-existing conditions such as hypertension and diabetes may likely potentiate the
effects of these compounds and may even result
in death (Matheeussen et al. 2015; Kee et al.
2018). Although in principle supplements with
intakes above 25 mg are expected to elicit a
pharmacological response, those above 100 mg

Conclusions

In the current study, 13 out of the 25 (54%) supplements, categorised as medium (M) and high
(H) intake in the previous PDE-Glo bioassay
(Akuamoa et al. 2021), were found to be adulterated with synthetic PDE-5i based on the results
from LC–MS/MS. The EDIs of six of these supplements were higher than 100 mg sildenafil
equivalents, thus exceeding the highest safe dose
of Viagra (containing sildenafil as the active
ingredient). The study also addresses the drawbacks regarding the use of chemical analysis only
(i.e. chromatographic techniques) for screening,
identification and quantification of adulterants in
herbal products. The LC–MS/MS only identified
compounds that were already in the reference
library; however, a follow-up on one of the five
samples with an unexplained response in the bioassay resulted in the identification of an
undetected analogue, hydroxythiohomosildenafil.
This confirms that a tiered approach, using a bioassay for selection of relevant samples and aiding
in the identification of compounds present, has a
clear advantage.
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Figure 3. Concentration-dependent reduction in PDE-5 activity. IC50 values of 900 nM and 80 nM were calculated from the fitted
dose–response curves for sildenafil and hydroxythiohomosildenafil, respectively, resulting in a REP value for hydroxythiohomosildenafil of about 12.
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