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Abstract
Higenamine is a natural β2 agonist that can be found in the extracts of many plants, including Nelumbo nucifera Gaertn., Tinospora 
crispa L., Nandina domestica Thunb., Gnetum parvifolium Warb., Asarum sieboldii Miq., Asarum heterotropoides F. Schmidt, Aco-
nitum carmichaelii Debeaux, and Aristolochia brasiliensis Mart. & Zucc. Since 2017, the compound has been included in WADA’s 
prohibited list, and its detection in the biological samples of professional athletes is regarded as a violation of the anti-doping rules. 
Currently, many dietary supplements (DSs) contain plants that are rich in higenamine, posing a risk of inadvertent intake by athletes. 
In general, the presence of higenamine in DSs containing extracts from Nelumbo nucifera Gaertn. and other plant species that are a 
source of this β2 agonist is undisclosed. Most of these plants are involved in the treatment of various medical conditions in Eastern 
folk medicine, and their intake is associated with many benefits. The objective of this study was to establish an LC-PDA method for 
detecting higenamine in plant extracts and dietary supplements (DSs). The method development utilized the Shimadzu LCMS-2050 
system (Shimadzu Co., Kyoto, Japan) along with a PDA detector. Detection was performed using gradient elution. The mobile phase 
consisted of formic acid in water and acetonitrile. The PDA detector was set at 282 nm. The total run time was 16 min. The method 
exhibited a good correlation coefficient of 0.999, a limit of detection (LOD) of 0.643 μg/mL, and a limit of quantification (LOQ) of 
1.949 μg/mL. The method was validated in accordance with ICH guidelines, providing a fast and reliable detection process.
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Introduction

Despite significant advances in the synthesis of new mol-
ecules, plant species continue to be recognized as one of 
the most important sources of biologically active com-
pounds (Zhang et al. 2017). At present, many essential 
drugs used in medical practice are derived from plants. 

Furthermore, extracts from medicinal plants are com-
monly included in the formulation of numerous dietary 
supplements (DSs), which are intended to enrich the diet 
and promote overall well-being.

Nowadays, the global DSs market is experiencing sig-
nificant growth, driven by increasing health awareness, 
lifestyle changes, and a rising demand for plant-based 
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and personalized nutrition solutions (Djaoudene et al. 
2023). It has been reported that the consumption of DSs 
by athletes has increased significantly in the last 10 years 
(Garthe and Maughan 2018). In general, plant-based DSs 
contain extracts derived from the whole plant or extracts 
from seeds, roots, leaves, or fruits. These extracts usually 
consist of many compounds, such as polyphenols, carot-
enoids, alkaloids, flavonoids, saponins, lignans, etc., that 
can potentially improve the performance or recovery of 
athletes (Herbold et al. 2004; Williams 2006).

Although DSs are considered an important part of pro-
fessional athletes’ diets, many studies have reported that 
DSs are the main reason for unintentional doping—nu-
merous undeclared pharmacologically active compounds 
were detected in various DSs. In most cases, the undeclared 
compounds found in DSs are the result of poor manufac-
turing practices. Many contaminated DSs are labeled as 
vitamins, minerals, proteins, and other healthy-lifestyle 
products (Parr et al. 2011; Woo et al. 2013; Reeuwijk et al. 
2014; Venhuis et al. 2014; Russo et al. 2016; Cooper et al. 
2018; Kerpel dos Santos et al. 2018).

The detection of prohibited substances in dietary sup-
plements leads to the enforcement of specific administra-
tive measures and sanctions designed to protect consum-
er health, in accordance with the regulatory framework 
(Zlatanova 2025).

However, unintentional doping is not limited to the 
consumption of contaminated DSs. The intake of cer-
tain plant extracts may also pose a risk for professional 
athletes. Many of these extracts contain naturally occur-
ring compounds with stimulant properties, and athletes 
are often unaware that such substances may be prohib-
ited under anti-doping regulations. A notable example 
is methylhexanamine (Geranamine), a stimulant listed 
on the World Anti-Doping Agency’s (WADA) Prohib-
ited List, which can be isolated from species of the Ge-
ranium and Pelargonium genera (Geraniaceae) (Austin 
et al. 2014). Higenamine is another example of a natural 
compound that is banned. It is a β2 agonist that can be 
found in the extracts of many different plants, including 
Nelumbo nucifera Gaertn., Tinospora crispa L., Nandina 
domestica Thunb., Gnetum parvifolium Warb., Asarum 
sieboldii Miq., Asarum heterotropoides F., Aconitum car-
michaelii Debeaux., and Aristolochia brasiliensis Mart. & 
Zucc. (Rangelov Kozhuharov et al. 2022). Since 2017, the 
compound has been included in WADA’s prohibited list, 
and detection of higenamine in the biological specimens 
of professional athletes is regarded as a violation of the an-
ti-doping rules (World Anti-Doping Agency 2024).

Higenamine was isolated for the first time in 1976 from 
the roots of Aconitum japonicum (Ranunculaceae) by Ko-
suge (Kosuge and Yokota 1976). In Chinese and Japanese 
folk medicine, Aconitum japonicum has a significant role. 
Its extracts are used to treat fever, collapse, pain, gastro-
enteritis, diarrhea, edema, bronchial asthma, and other 
conditions (Singhuber et al. 2009).

Nowadays, higenamine is a common ingredient in 
many DSs. Most of these supplements are used in obesity/

overweight management. The intake of higenamine is asso-
ciated with performance-enhancing effects (Lee et al. 2013).

It is considered that Nelumbo nucifera Gaertn. (Nym-
phaeaceae) contains significantly higher levels of hi-
genamine compared to other plant species. The plant is 
also known as “Indian lotus,” “Chinese water lily,” and 
sacred lotus (Mehta et al. 2013). It is considered an aquat-
ic species, requiring full sun to thrive. Its rhizomes are 
yellow, stout, and creeping. The fruits are green, and the 
leaves are large (20–90 cm in diameter) and aerial as well 
as floating orbicular (Mehta et al. 2013). The flowers are 
approximately 10–25 cm in diameter, have many stamens, 
and have a variety of colors ranging from pink to white 
(Moro et al. 2013; Paudel and Panth 2015). The plant is 
well-established in traditional medicine and is still used 
for the management and treatment of a great variety of 
conditions (Rangelov Kozhuharov et al. 2022).

Materials and methods
Standards, reagents, and test samples

•	 Higenamine hydrochloride HPLC ≥ 95% (Merck 
KGaA, Darmstadt, Germany).

•	 Acetonitrile, methanol, and formic acid LC-MS an-
alytical grade (Merck KGaA, Darmstadt, Germany). 
Before use, all solvents were filtered through 0.45 μm 
membrane filters (Millipore, Milford, MA, USA) 
and degassed in an ultrasonic bath (BANDELIN, 
Berlin, Germany).

•	 Nelumbo nucifera Gaertn. seed (purchased online). 
The identity of the plant material was confirmed 
by Assoc. Prof. Niko Benbassat at the Department 
of Pharmacognosy and Pharmaceutical Chemistry, 
Faculty of Pharmacy, Medical University of Plovdiv.

Standard solutions preparation

A standard solution of higenamine hydrochloride was 
prepared in methanol at a concentration of 1 mg/mL. 
Ultrasonication was used for better dissolution. The pre-
pared solution was stored at 4 °C until use.

Working standard solutions, used for the construction 
of calibration curves, were freshly prepared by diluting 
the stock solutions in methanol Merck KGaA (Darmstadt, 
Germany) immediately before analyses.

Sample preparation

The plant material lotus plumule (Nelumbo nucifera 
Gaertn.) was subjected to primary processing to remove 
foreign impurities and crushed to a particle size of less 
than 1.40 mm. The plant material (30.0 g) was subjected 
to extraction using a Soxhlet apparatus and 95% ethanol 
as a solvent for 6 h. The resulting extract was concentrated 
under a vacuum and lyophilized using Lgj-18 lyophilizer. 
The dissolution of the extract was carried out in methanol 
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using an ultrasonic bath (Bandelin, Berlin, Germany) for 
30 minutes, after which the dissolved dry extract was fil-
tered through a 0.45 μm syringe filter. The sample was di-
luted with methanol to fall within the calibration range. 
Triplicates of the sample were made.

Instrumentation

The instrumentation used in this study included a Shi-
madzu LCMS-2050 system (Shimadzu Co., Kyoto, Japan) 
equipped with a photodiode array (PDA) detector. For 
chromatographic separation, a Shim-pack GIST C18 col-
umn (4.6 × 150 mm, 3 μm; Shimadzu Co., Kyoto, Japan) 
was employed. A Lyophilizer LGJ-18, a Soxhlet extraction 
apparatus, and a rotary vacuum evaporator with a water 
bath (Buchi R-100) were also used.

Chromatographic conditions

The HPLC analyses were performed using a Shimadzu 
LCMS-2050 system (Shimadzu Co, Kyoto, Japan) with a 
PDA detector. The system was equipped with a Shim-pack 
GIST C18 (4.6 × 150 mm, 3 μm) column (Shimadzu Co., 
Kyoto, Japan) at 45 °C. After achieving optimal chromato-
graphic conditions, the method was validated according 
to ICH guidelines.

The injection volume was 10 μL, the duration of 
the method was 16 min, and the wavelength was set at 
λ = 282. The method was based on a gradient elution 
mode (Table 1).

Results and discussion
Development and validation of the 
method

In order to establish the optimal conditions for the simul-
taneous determination of higenamine in DSs and extracts, 
several gradient methods were tested using different mobile 
phases and solvent ratios: methanol/water, acetonitrile/wa-
ter, and acetonitrile with acidified water. It was established 
that the mobile phase composed of acetonitrile/0.1% for-
mic acid in water provided better selectivity than the other 
options. By optimizing the mobile phase to include 0.1% 
formic acid, better selectivity and peak resolution were 
achieved. The column temperature was varied by 5 °C, and 
different flow rates were also tested. Chromatograms illus-
trating the various mobile phases and flow rates tested in 
the method development process are shown in Fig. 1. The 
selected gradient is presented in the section Materials and 
Methods. The method was performed within 16 minutes. 
The retention time of higenamine was 7.2 minutes.

Method validation

The method was validated according to ICH guidelines for 
linearity, accuracy, precision, limit of detection, limit of 
quantification, and robustness (Tietje and Brouder 2010).

Linearity

The linearity and range of the method were established 
with a standard solution of higenamine at six different 
concentrations. The working solutions were injected 
three times for each concentration, and the correspond-
ing peak area was observed. The concentration ranged 
from 1.25 μg/mL to 50 μg/mL. The linear regression of 
higenamine was y = 16726x + 16634, with a correlation 
coefficient of R² = 0.9997 (Fig. 2). This indicates that the 

Table 1. Mobile-phase composition.

Time (min) Water (0.1% 
Formic Acid)

Acetonitrile Flow rate (mL/min)

Initial (0) 95 5 0.2
5 30 70 0.5
10 20 80 0.5
15 95 5 0.5

Figure 1. Chromatograms of higenamine under various chromatographic conditions using a mobile phase consisting of 0.1% formic 
acid in water (A) and acetonitrile (B), with a flow rate of 0.5 mL/min, except where stated: (a) 95:5 → 30:70 → 20:80 → 95:5 with re-
duced flow rate (0.3 mL/min); (b) 95:5 → 5:95 → 95:5; (c) 95:5 → 60:40 → 95:5; (d) 95:5 → 70:30 → 50:50 → 95:5; (e) 90:10 → 80:20 → 60:40 
→ 40:60 → 90:10; (f) 80:20 → 60:40 → 40:60 → 80:20; (g) 80:20; (h) 95:5 → 40:60 → 30:70 → 95:5; (i) 40:60; (j) 70:30; (k) 70:30 (water/
acetonitrile); (l) 20:80 (water/acetonitrile); (m) Current method: 95:5 → 30:70 → 20:80 → 95:5, with flow rate from 0.2 to 0.5 mL/min.
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method demonstrates a high degree of linearity over the 
chosen concentration range.

An example chromatogram of a standard solution of 
higenamine is given in Fig. 3.

Accuracy and precision

To verify the accuracy of the developed method, a 
recovery test was conducted at three known concen-
tration levels. The following concentrations were used: 
high (20 μg/mL), medium (10 μg/mL), and low (5 μg/
mL). The accuracy for the following points was as fol-
lows: for high value, 98.30%; for medium, 100.58%; and 
for low, 96%. By calculating the coefficient of variation 
for the three known concentrations, each with three 
replicates, the precision of the method was calculated 
as intra-day and inter-day precision. The peaks were ob-
served, and %CVs were calculated. The results are pre-
sented in Table 2.

Limit of detection and limit of quantifi-
cation

The detection limit (LOD) and quantification limit 
(LOQ) were calculated using the standard deviation of 
the response (σ) and the slope of the calibration curve 
(S). We used the following formulas: LOD = 3.3 σ/S 
and LOQ = 10 σ/S. The LOD and LOQ for higenam-
ine were 0.643 μg/mL and 1.949 μg/mL, respectively. 
The LC-PDA method for higenamine analysis showed 
exceptional linearity with a correlation coefficient of 

Table 2. Precision and accuracy results of the developed method.

Concentration 
(μg/mL)

Accuracy 
(%)

Precision CV (%)
Intra-day 
precision

Inter-day 
precision

Higenamine 5 96 0.66 1.36
10 100.58 0.45 1.17
20 98.30 1.13 1.42

Figure 2. Calibration curve of higenamine.
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Figure 3. Chromatogram of a standard solution of higenamine hydrochloride obtained by LC-PDA.
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0.9997. The accuracy results show that the mean per-
centage deviation varies within a narrow range from 
96% to 100.58%. The LOD of 0.643 μg/mL and LOQ 
of 1.949 μg/mL provide sensitivity and accuracy of the 
method for low concentrations of higenamine.

Robustness

Robustness is a key indicator of an analytical method’s 
reliability when subjected to minor, intentional variations 
in chromatographic parameters. In this study, robustness 
was evaluated by altering the column temperature within 
a controlled range of 42–46 °C. The impact of these tem-
perature changes on the retention time of the compound 
was examined. The results demonstrated that the reso-
lution remained consistent despite temperature fluctua-
tions, confirming that small variations in temperature do 
not compromise chromatographic separation.

Method application

The developed and validated method was successfully 
applied for the quantification of higenamine levels in Lo-
tus Plumule (Nelumbo nucifera Gaertn.) dry extract. The 
identification of higenamine in the extract was performed 
by comparing its retention time with that of the reference 
standard. The assay was carried out in triplicate, and the 
mean value of the analyzed extract was 276.011 μg/g. The 
LC chromatogram is shown in Fig. 4.

According to the data collected in the literature review, 
the concentration of higenamine in Lotus plumule is high-
er compared to other plants. Yen et al. investigated the to-
tal amount of alkaloids in six herbal extraction products 
from Lotus Plumule and five extracts obtained using dif-
ferent extraction schemes. The concentration of higenam-
ine ranged from 263.9 to 969.5 μg/g (Yen et al. 2020).

Analyses of the Nelumbo nucifera Gaertn. extract using 
the developed method revealed a higenamine content of 
276.011 μg/g. These findings support the recommenda-
tion that athletes should avoid the consumption of foods 
or supplements containing lotus (Plumula nelumbinis), 

both during and outside of competition, to prevent poten-
tial violations of anti-doping regulations.

Despite its rich history of use, randomized human tri-
als on lotus extract remain limited. There are some studies 
that have examined the pharmacokinetics of higenamine 
after lotus plumule intake. Yen et al. conducted a study 
in which six volunteers consumed 0.8 g of lotus plumule 
extract powder, corresponding to 679.6 μg of higenam-
ine, three times daily for three days. HPLC-MS/MS was 
used to determine the amount of higenamine (Yen et al. 
2020). In another study, volunteers took capsules of Plu-
mula nelumbinis at a concentration of 0.34 g/capsule six 
times daily for seven days. Urine samples were analyzed 
by UPLC-MS/MS (Yan et al. 2019). The higenamine con-
centration in the urine of most sample groups from both 
studies was higher than the limit specified in the WADA 
regulations (World Anti-Doping Agency (WADA) 2019, 
Technical Document). Stojanovic et al. demonstrated 
the detection of higenamine above permissible levels up 
to 20 hours after its ingestion. They developed and vali-
dated a rapid and highly sensitive online SPE LC HRMS 
method (Stojanovic et al. 2024). These findings clearly 
indicate that the intake of Lotus plumule herbal extracts 
poses a significant risk for anti-doping rule violations. 
Therefore, it is strongly recommended that professional 
athletes avoid the consumption of herbal products con-
taining lotus plumule, as it may result in elevated urinary 
concentrations of higenamine and consequent breaches 
of anti-doping regulations.

Currently, few reliable methods are available for detect-
ing higenamine in dietary supplements. All of them are 
aimed at identifying higenamine, but their implementation 
in daily practice remains challenging. The UHPLC-MS/
MS method of A. Stajić et al., the LC-MS/MS method of 
Lin et al., and the UHPLC-QTOF-MS method of Cohen et 
al. have high accuracy, precision, and low detection limits 
(Stajić et al. 2017; Cohen et al. 2021; Lin and Hsu 2024).

For its significance in the rapid and accurate detection 
of higenamine in tablets, syrups, etc., Qiu et al. developed 
an indirect competitive enzyme-linked immunosorbent 
assay (ic-ELISA) (Qiu et al. 2025).

Figure 4. LC-PDA chromatogram of the lotus plumule dry extract in methanol showing the presence of higenamine.s
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Despite their outstanding performance, these methods 
are associated with significant difficulties and costs in their 
application for routine doping control. Although mass 
spectrometry-based methods are highly sensitive, they are 
resource-intensive. Many smaller laboratories may not have 
the necessary equipment or expertise, limiting the wide-
spread use of these advanced techniques. The developed 
LC-PDA method achieves acceptable detection limits, mak-
ing it suitable for preliminary screening of higenamine in 
dietary supplements and plant extracts. In cases where fur-
ther confirmation is required, positive samples can be sub-
sequently analyzed using more advanced techniques such 
as LC-MS/MS. The implementation of this method has the 
potential to significantly reduce testing costs without sub-
stantial compromises in sensitivity, thereby offering a more 
practical and accessible approach for routine higenamine 
detection in plant extracts and dietary supplements.

Conclusion

The developed LC-PDA method provides a reliable, cost-ef-
fective, and practical approach for the detection of higenam-
ine in plant extracts and dietary supplements. The method 
demonstrates high accuracy, precision, and sensitivity, 
positioning it as a valuable alternative to mass spectrome-
try-based techniques, which require more advanced instru-
mentation. The results confirm that lotus plumule (Nelumbo 
nucifera Gaertn.) contains significant levels of higenamine, 
posing a risk to professional athletes under anti-doping reg-
ulations. Due to the widespread presence of higenamine 
in herbal supplements and the potential for unintentional 
doping, routine screening using accessible methodologies is 
essential. The study highlights the need for increased aware-
ness among athletes and regulatory bodies regarding the 
risks of higenamine-containing supplements. Continued 
research and regulatory oversight should prioritize the de-
velopment of improved detection methods and the imple-
mentation of clear, accurate labeling standards to minimize 
the risk of inadvertent anti-doping rule violations.
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