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Abstract: This study establishes and validates a novel ultra-high-performance liquid
chromatography (UHPLC) method for the determination of urolithin A content in health
products, a bioactive compound with potential anti-aging properties. Given the lack of
standardized analytical methods for urolithin A in health products, this research addresses
a critical gap in quality control. The method employs a methanol-water mobile phase,
optimized gradient elution, and a specialized UPLC column (ACQUITY UPLC CSH Fluoro
Phenyl) to achieve high resolution and specificity in the separation of urolithin A from its
impurities. A variety of diluents, extraction solvents, and extraction times were tested to
maximize analyte recovery and stability, with pure methanol yielding the highest recovery
rate (over 95%) in 30 min. The method was validated in terms of linearity, sensitivity,
repeatability, specificity, and precision. The calibration curve for urolithin A exhibited
excellent linearity (r = 0.9998) over a concentration range of 0.100-10.000 pg/mL. Detection
and quantification limits were found to be 0.051 ug/mL and 0.103 ug/mL, respectively.
Precision testing revealed an inter-operator RSD of 1.3%, and recovery rates for spiked
samples consistently fell within the 98-102% range. The developed method was successfully
applied to analyze the urolithin A content in a commercially available health product,
demonstrating its practicality for routine quality control. However, this method may
currently be affected by the excipient matrix. This research contributes to the establishment
of robust, reliable, and high-sensitivity analytical methods for the bioactive compounds
found in health products, with significant implications for regulatory compliance and
consumer safety.

Keywords: urolithin A; health products; ultra-high-performance liquid chromatography method

1. Introduction

Urolithin A, a polyphenolic compound derived from the metabolism of ellagitan-
nins by gut microbiota, has garnered significant attention due to its promising health
benefits [1,2]. Primarily obtained through the microbial transformation of ellagic acid from
fruits such as pomegranates, raspberries, and strawberries, urolithin A represents an impor-
tant bioactive compound in human nutrition [3-6]. As research continues to highlight its
potential, the compound’s metabolic pathways, biological activities, and health-promoting
properties are becoming increasingly evident. The diverse pharmacological effects of
urolithin A, including its anti-aging, anti-inflammatory, and anti-cancer properties, have
spurred interest in its inclusion as a functional ingredient in health supplements and nu-
traceuticals [2,3]. However, despite these promising attributes, the lack of standardized
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and reliable methods for its quantification in health products remains a significant hurdle
for regulatory bodies and the supplement industry [7].

The metabolism of ellagitannins into urolithin A occurs in the human gut, where
specific strains of gut microbiota—such as Gordonibacter species and certain Lactobacil-
lus strains—are responsible for the conversion of ellagic acid into urolithins [1]. This
biotransformation not only affects the bioavailability of urolithin A but also its potential
efficacy in promoting human health. Research has shown that urolithin A exhibits sev-
eral pharmacological properties, including mitochondrial biogenesis, anti-inflammatory
effects, and protection against oxidative stress [8,9]. These activities are largely attributed
to its ability to enhance mitophagy, a form of selective autophagy process that clears dam-
aged mitochondria, thus improving mitochondrial function and longevity. Studies have
shown that urolithin A can promote mitochondrial autophagy, prolong the lifespan of
experimental animals, or enhance muscle function [10]. Additionally, preclinical studies
indicate that urolithin A may play a protective role against neurodegenerative diseases,
including Alzheimer’s disease, by improving cognitive function and reducing amyloid
plaque accumulation in the brain [11]. Furthermore, the compound also shows promise in
cancer research, with studies highlighting its ability to inhibit cell proliferation in various
cancer types, including prostate, breast, and colorectal cancers. These findings emphasize
the broader therapeutic potential of urolithin A as a natural agent with anti-aging and
anti-cancer properties [5,12].

Given its beneficial effects, urolithin A has found a place in the dietary supplement
market, where it is marketed as an anti-aging and immunity-boosting agent [13]. The
increasing demand for urolithin A supplements, particularly in regions such as North
America and Europe, is a clear indicator of its potential market value. In the United States,
urolithin A has been approved by the FDA for use in dietary supplements, marking an
important milestone for its commercial application. Health products containing urolithin
A are commonly found in capsule, powder, and liquid forms, and they are marketed
as functional foods designed to combat aging, improve metabolic function, and support
overall well-being [14]. Some of these products are incorporated into food matrices such as
yogurt, oatmeal, and meal replacement shakes. The bioavailability of urolithin A in these
products is a topic of ongoing research, as the compound’s absorption and metabolism are
dependent on individual gut microbiota composition, leading to inter-individual variability
in response to supplementation [1,3,15].

However, the rapid growth of the urolithin A market has highlighted a critical gap
in the regulatory oversight of its content in health products, particularly in countries like
China, where urolithin A is increasingly used in functional foods. At present, there are
no national standards or industry-specific methods in China for the determination of
urolithin A content in these health products, which raises concerns regarding product
quality, consistency, and safety. The absence of standardized analytical methods poses a
significant challenge for the quality control and regulatory approval of such supplements.
Traditional methods, such as high-performance liquid chromatography (HPLC), are time-
consuming and often fail to achieve optimal separation, leading to inaccurate results [1,16].
As a result, there is a pressing need for more efficient, reliable, and high-throughput
analytical techniques that can be used for the accurate determination of urolithin A in
commercial health products.

To address these challenges, this study proposes the development of a method using
ultra-high-performance liquid chromatography (UHPLC) for the quantification of urolithin
A in health products. The choice of UHPLC is based on its superior separation efficiency,
faster analysis time, and higher resolution compared to conventional HPLC systems [17,18].
This validation protocol is designed based on the International Council for Harmonisation
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of Technical Requirements for Pharmaceuticals for Human Use (ICH)’s Q2 (R1) Validation
of Analytical Methods to systematically validate parameters such as specificity, linearity,
precision, accuracy, limit of detection (LOD), and limit of quantification (LOQ) to ensure
the accuracy;, reliability, and reproducibility of the analysis results. The validation of this
method will provide reliable data on the concentration of urolithin A in health products,
contributing to the establishment of national standards for the analysis of this compound
in health supplements.

This study is intended to provide a robust, sensitive, and reproducible analytical
method for the quantification of urolithin A in various health product formulations. The
proposed method will be applied to the analysis of commercially available supplements,
allowing for the determination of urolithin A content and the assessment of its consis-
tency across different products. By providing a reliable analytical technique, this work
aims to support the development of standardized testing protocols for urolithin A, which
will enhance the safety and quality of health products in the market. Furthermore, this
method provides a reliable tool for the quality control of urolithin A, which can support its
bioavailability and pharmacokinetic studies in the future.

2. Results and Discussion

2.1. Chromatographic Conditions
2.1.1. Gradient Elution Optimization

Gradient elution was systematically adjusted to balance analyte retention and separa-
tion efficiency. The selected gradient (detailed in Table 3) provided a baseline resolution for
urolithin A and its impurities. It is worth noting that, as shown in Figure 1a, the separation
factor between the main peak and adjacent impurity peaks exceeds 2.0, reflecting a high
degree of specificity. The use of ACQUITY UPLC CSH Fluoro Phenyl (2.1 mm x 50 mm,
1.7 um) chromatographic column enhanced analyte interactions, contributing to sharper
peaks. This chromatographic column helps to effectively separate compounds with similar
polarity. Compared to conventional C18 columns, the Fluoro Phenyl column demonstrated
higher efficiency for phenolic compounds. As shown in Figure 1b, compared with the
method of using HPLC to detect urolithin A, UHPLC can greatly shorten the detection time
and achieve better separation than HPLC. Therefore, UHPLC is chosen as the appropriate
detection method [17,18].

2.1.2. Diluent Selection

Diluent choice is essential to maintain analyte stability and improve peak shapes. As
shown in Figure 2, testing pure methanol, 40% methanol aqueous solution, and pure water
showed that 40% methanol aqueous solution produced optimal chromatographic responses.
Peaks were sharp and symmetrical, with no evidence of fronting or tailing. This solvent
composition balances solubility and matrix compatibility, crucial for maintaining sample
integrity during injection. These findings underscore the importance of aligning diluent
properties with the target analyte’s polarity.

2.2. Optimization of Sample Extraction Conditions

The efficient extraction of urolithin A is fundamental to achieving accurate quan-
tification. Extraction experiments evaluated solvents (pure methanol, pure water, and
methanol-water mixtures) and extraction durations (30, 45, and 60 min). Pure methanol
demonstrated the highest recovery rates, achieving over 95% recovery within 30 min. This
efficiency is attributed to methanol’s ability to disrupt matrix—analyte interactions while
preserving the chemical integrity of urolithin A.
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Figure 1. Chromatograms of urolithin A and other impurity peaks (a) UHPLC, (b) HPLC.
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Figure 2. Pure methanol and 40% methanol in water were used for diluent chromatograms: (a) chro-
matogram of pure methanol as diluent; (b) 40% methanol aqueous solution as diluent chromatogram.

The recovery rates for water and methanol-water mixtures were significantly lower,
likely due to their inability to fully dissolve hydrophobic matrix components. Prolonged
extraction times (45-60 min) did not enhance recovery, suggesting equilibrium satura-
tion within 30 min. Ultrasonic extraction was chosen for its ability to minimize thermal
degradation, a common concern for phenolic compounds.

2.3. Specificity

Specificity testing is vital for distinguishing the target analyte from potential inter-
ferences. As shown in Figure 3, the analysis of blank, standard, and sample solutions
confirmed that the method specifically detected urolithin A without interference from
diluent. As shown in Figure 1a, urolithin A peaks were well separated, with resolution
factors exceeding the threshold of 2.0. This highlights the robustness of the method in com-
plex matrices, a critical requirement for health product analysis. The resolution between
urolithin A and impurity peaks was >2.0, with no interference observed in the diluent,
meeting the specificity validation requirements of ICH Q2 (R1).
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Figure 3. Chromatograms of urolithin A test solution, urolithin A standard working solution
(1 ug/mL), and diluent: (a) chromatogram of the test solution of urolithin A; (b) chromatogram of
urolithin A standard working solution; (c) diluted liquid chromatogram.

2.4. Calibration Curve, Linearity, Detection Limit, and Quantification Limit
2.4.1. Calibration Curve and Linearity

According to the selected chromatographic conditions, the prepared urolithin A standard
series working solution is analyzed by ultra-high-performance liquid chromatography, and
the chromatographic peak area is recorded. It is necessary to perform linear regression,
with the mass concentration of urolithin A standard series working solution as the x-axis (x)
and the chromatographic peak area as the y-axis (y), and calculate the linear equation and
correlation coefficient. The linear equation for the calculation result is y = 30653x — 22674,
with a correlation coefficient of 0.9998. The results show that urolithin A exhibits a good linear
relationship in the range of 0.100-10.000 ug/mL. Its linearity and range meet the requirements
of correlation coefficient >0.999 and the range covering, 80~120% of the target concentration
in ICH Q2 (R1).

This high degree of linearity is essential for reliable quantification, particularly in
quality control settings where trace-level impurities must be accurately detected. Com-
paratively, the method outperformed traditional HPLC approaches, which often exhibit
reduced sensitivity at lower concentrations.

2.4.2. Detection and Quantification Limits

The detection limit refers to the minimum amount of the analyte that can be detected in
the sample, while the quantification limit refers to the minimum amount of the analyte that
can be quantitatively determined in the sample. This study used the signal-to-noise ratio
method to determine the detection limit and quantification limit, with the corresponding
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concentration at a signal-to-noise ratio (5/N) of 3:1 set as the detection limit and the
corresponding concentration at a signal-to-noise ratio (5/N) of 10:1 set as the quantification
limit. By continuously diluting the standard stock solution of urolithin A with diluent
and injecting it for analysis under selected chromatographic conditions, the detection limit
(0.051 ug/mL) and quantification limit (0.103 pg/mL) were significantly lowered compared
to industry standards, reflecting the advanced detection capabilities of the UHPLC system.
The requirement for quantification limit (RSD < 10%) in ICH Q2 (R1), the result meets the
method validation requirements. These parameters enable the method to detect trace levels
of urolithin A, critical for health products with stringent regulatory thresholds.

2.5. Repeatability

It is necessary to accurately weigh the contents of urolithin A capsules, prepare
6 parallel test solutions according to the method in Section 3.3.1, and inject them according
to the liquid chromatography conditions in Section 3.3.2. Then, the scholar must record the
peak area and calculate the mass concentrations of urolithin A using the external standard
method. In our analysis, the results were 5.589 pg/mlL, 5.497 pug/mL, 5.496 ug/mL,
5.449 pg/mlL, 5.467 ug/mL, and 5.491 ug/mL, respectively. The average mass concentration
was 5.498 pug/mL, with an RSD of 0.9%, thereby demonstrating the method’s precision and
meeting the acceptance criteria of RSD < 2% for repeatability. This meets the requirement
for repeatability in ICH Q2 (R1) (RSD < 2.0%). These findings confirm the method’s
suitability for use in routine analysis in quality control laboratories, where consistency
is paramount.

2.6. Inter-Operator Precision and Recovery Rate Test

Inter-operator precision was evaluated to determine the method’s robustness under
varying operator conditions. Two analysts independently prepared and analyzed six
replicates each, yielding an overall RSD of 1.3% and meeting the precision requirements
in ICH Q2 (R1) (RSD < 2.0%). The results are shown in Table 1. This low variabil-
ity underscores the method’s robustness and its applicability across different analysts
and laboratories.

Table 1. Precision test results (n = 12).

Test Personnel Mass Concentration of Urolithin A (ug/mL)

5.589
5.497
5.496
5.449
5.467
5.491

5.518
5.378
5.398
5.361
5.387
5.357

average value 5.449
RSD (%) 1.3

Tester 1

Tester 2

==
NEB YN |[cud W~ 3

It is necessary to prepare 12 portions of urolithin A capsule matrix according to
Section 3.3.1, of which, 3 portions are diluted to volume and shaken well. The average
value is measured as the background amount. In addition, 9 solutions were sequentially
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added to standard stock solution 2 (50 pg/mL) at concentrations of 0.8 mL, 0.8 mL, 0.8 mL,
1mL,1mL,1mL, 1.2mL, 1.2 mL, and 1.2 mL, respectively, to prepare 3 sample solutions,
each equivalent to approximately 80%, 100%, and 120% of the measured concentration. The
sample numbers were A-1, A-2, A-3, B-1, B-2, B-3, C-1, C-2, and C-3. Working according
to the chromatographic conditions described above, the content was measured and the
recovery rate was calculated. The results are shown in Table 2, indicating that the recovery
rate of this method is stable. It also meets the accuracy requirements of ICH Q2 (R1)
(98~102%).

Table 2. Recovery test results (n = 9).

Background Added Total Amount  Recycling Recovery Average
Quantity =~ Number (ug) Measured Quantity Rate Recovery Rate RSD (%)

(ug) He (ug) (ug) (%) (%)
A-1 44.98 40.12 100.3
A-2 40.00 45.34 40.48 101.2
A-3 45.43 40.57 101.4
B-1 55.52 50.66 101.3

4.86 B-2 50.00 55.35 50.49 101.0 100.5 0.9
B-3 55.40 50.54 101.1
C-1 64.59 59.73 99.6
C-2 60.00 64.30 59.44 99.1
C-3 64.65 59.79 99.7

2.7. Sample Measurement Results

It is necessary to select a commercially available brand of urolithin A health product,
prepare the test solution according to the above method, and enter it into an ultra-high-
performance liquid chromatography under the chromatographic conditions described
above. It is necessary to measure the peak area of urolithin A and calculate the content
using a standard curve. The results show that the average content of urolithin A in the
sample is 27.5%, and the label value is 27.8%, indicating that this method can be used to
detect the content of urolithin A in commercially available health products.

2.8. Expanded Discussion

The developed UHPLC method offers several advantages over conventional HPLC
techniques, including shorter analysis time, higher sensitivity, and enhanced resolution.
Its specificity and robustness make it ideal for the quantification of urolithin A in complex
health product matrices. Comparisons with the literature methods revealed that this
method achieved superior performance metrics, particularly in terms of detection limits
and peak resolution.

Potential applications include routine quality control, regulatory compliance testing,
and research on urolithin A bioavailability. However, further validation in diverse matrices,
including food and biological samples, is recommended to broaden its applicability.

Moreover, the findings align with global efforts to establish quality standards for
bioactive compounds, particularly in emerging markets like China. As the market for
anti-aging and functional health products grows, adopting validated analytical techniques
will be pivotal in supporting regulatory compliance and consumer trust.

Future research should focus on adapting this method for high-throughput applica-
tions and integrating it with advanced detection technologies such as mass spectrometry.
These enhancements could further improve detection capabilities, enabling the simultane-
ous analysis of multiple metabolites in complex biological samples.



Molecules 2025, 30, 1141

9of 12

3. Materials and Methods
3.1. Materials and Reagents

The standard reference substance of urolithin A (batch number: D25GB172218, purity
98%) was obtained from Shanghai Yuanye Biotechnology Co., Ltd. (Shanghai, China).
Methanol and acetonitrile, both chromatographically pure, were sourced from Merck
(Darmstadt, Germany). Ultrapure water was used throughout the study and was purified
using a Milli-Q Ultra Pure Water System (Millipore Corporation, Burlington, MA, USA).
The health product sample, consisting of urolithin A capsules, was purchased from a
verified online retail store.

3.2. Instruments and Equipment

Ultra-high-performance liquid chromatography (UHPLC) analyses were conducted
using a Waters Acquity Premier UHPLC system (Waters Corporation, Milford, MA, USA),
equipped with a UV-visible detector for detection at 305 nm. Chromatographic separation
was carried out using an ACQUITY UPLC CSH Fluoro Phenyl column (2.1 mm x 50 mm,
1.7 um, Waters Corporation, USA). The balance used for precise weighing was a Mettler
Toledo XPR205 electronic analytical balance (Mettler Toledo, Zurich, Switzerland, accuracy of
0.0001 g). For sample preparation, an ultrasonic cleaning machine (Emerson, San Francisco,
CA, USA), operating at 350 W and 35 kHz, was employed. The separation was performed
using a 40% methanol aqueous solution as the dilution solvent and gradient mobile phase
composition. Data acquisition and processing were performed with Empower 3 Software
(Waters Corporation, USA).

3.3. Experimental Methods
3.3.1. Sample Preparation for Urolithin A Capsule (Test Solution)

An appropriate amount of urolithin A capsule content (100.0 mg) was accurately
weighed and transferred into a 50 mL volumetric flask. Methanol was added to the flask to
cover the sample, and the mixture was subjected to ultrasonic extraction for 30 min at a
frequency of 35 kHz and power of 350 W. Following sonication, the solution was allowed
to cool to room temperature, and the volume was adjusted with methanol. A 5 mL aliquot
of this solution was transferred into a 10 mL centrifuge tube, followed by centrifugation at
11,000 rpm for 10 min to remove particulate matter. The supernatant (0.1 mL) was carefully
pipetted into a 10 mL volumetric flask, diluted with 40% methanol aqueous solution, and
shaken well. The resultant solution was filtered using a 0.22 um membrane filter, and the
filtrate was retained as the test solution. All samples are prepared and used on site.

3.3.2. Preparation of Capsule Matrix Solution

To prepare the matrix solution, 100.0 mg of the capsule content was weighed and placed
into a 50 mL volumetric flask. Following the same procedure as used for the test solution,
the sample was sonicated in methanol, diluted to volume, and centrifuged. A 0.01 mL
aliquot of the supernatant was then transferred into a 10 mL volumetric flask, further diluted
with 40% methanol aqueous solution, and filtered. This preparation was used for matrix
interference studies.

3.3.3. Standard Stock and Working Solutions

Urolithin A standard stock solution was prepared by accurately weighing 10.204 mg
of the urolithin A reference standard and dissolving it in methanol in a 20 mL volumetric
flask. The solution was subjected to ultrasonic extraction until completely dissolved, and
the final volume was adjusted to 20 mL, resulting in a concentration of 0.5 mg/mL.
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From this standard stock, a working solution (50 pug/mL) was prepared by transfer-
ring 11 mL of the stock solution into a 10 mL volumetric flask and diluting with methanol.
Several concentrations of urolithin A standard working solutions were prepared by trans-
ferring 0.02 mL, 0.2 mL, 0.6 mL, 1 mL, 1.4 mL, and 2 mL of the 50 pg/mL working solution
into separate 10 mL volumetric flasks, which were subsequently diluted to the level of
40% methanol aqueous solution to achieve final concentrations of 0.1 ug/mL, 1 ug/mL,
3 ug/mL, 5 ng/mL, 7 ug/mL, and 10 pg/mL, respectively.

3.4. UHPLC Analysis Conditions

The chromatographic separation was performed on a Waters ACQUITY UPLC CSH
Fluoro Phenyl column (2.1 mm x 50 mm, 1.7 um) at a column temperature of 40 °C. The
mobile phase was composed of two solvents: mobile phase A, which was ultrapure water,
and mobile phase B, which was methanol. A gradient elution method was employed,
as detailed in Table 3. The flow rate was maintained at 0.4 mL/min, and the injection
volume was set at 5 uL. The detector was set to a wavelength of 305 nm for the quantitative
determination of urolithin A. All samples were filtered using a 0.22 um membrane filter
before injection to prevent any clogging of the UHPLC column.

Table 3. Gradient elution procedure for Urolithin A determination.

Time (min) Mobile Phase A (%) Mobile Phase B (%) Curve
0 60 40 6
3 55 45 6
35 1 99 6
5.5 1 99 6
5.6 60 40 6
7 60 40 1

3.5. Method Validation

The method was validated for linearity, precision, accuracy, limit of detection (LOD),
and limit of quantification (LOQ). A calibration curve was established using the six different
concentrations of urolithin A standard working solutions, and the correlation coefficient
was determined for the linear range from 0.1 pg/mL to 10 ug/mL. The precision of the
method was assessed by repeated injections of the same concentration (n = 6), and the
relative standard deviation (RSD) was calculated. Recovery experiments were performed
by spiking the capsule matrix solution with known quantities of urolithin A at three
different concentrations (low, medium, and high). The average recovery rate and RSD were
determined from these experiments.

3.6. Data Analysis

The data obtained from the UHPLC analysis were processed using Empower Software
(Waters Corporation, USA) for spectral analysis. The concentration of urolithin A in the
test samples was determined by comparing the peak areas of the sample chromatograms to
the calibration curve. Statistical analysis was performed using Microsoft Office Excel 2010,
and RSD values were calculated to assess the method’s reproducibility.

4. Conclusions

This study presents a highly effective ultra-high-performance liquid chromatography
(UHPLC) method for quantifying urolithin A in health products, addressing the current lack
of standardized methodologies for this bioactive compound. By optimizing chromatographic
conditions such as the mobile phase, gradient elution, and diluent selection, we developed a
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method that not only offers superior resolution and specificity but also ensures high sensitivity
for the detection of urolithin A, even at trace concentrations. The method demonstrated a
strong linear relationship between concentration and peak area, with a correlation coefficient
(r?) of 0.9998 across a broad concentration range (0.100-10.000 pug/mL). Detection and quan-
tification limits of 0.051 ug/mL and 0.103 pg/mL, respectively, provide the method with an
enhanced sensitivity compared to traditional techniques, such as high-performance liquid
chromatography (HPLC).

Validation tests confirmed that the method exhibits excellent repeatability, with an
RSD of 0.9% for intra-operator precision and 1.3% for inter-operator precision. Recovery
tests demonstrated consistent results with average recoveries of around 100.5%, and the
method’s specificity was confirmed by the clear separation of urolithin A from its impurities,
with resolution factors exceeding the required thresholds. Furthermore, the method was
successfully applied to quantify urolithin A content in a commercially available health
product, with results closely matching the labeled value, confirming the applicability of the
method for routine quality control in the health product industry.

The findings underscore the potential of this UHPLC method for ensuring the safety,
efficacy, and regulatory compliance of health products containing urolithin A. This method
offers a reliable tool for the quality control of urolithin A in complex matrices and provides
an important reference for regulatory bodies, manufacturers, and researchers. Future
applications may include broader validation in diverse matrices such as food and biological
samples, as well as integration with advanced techniques like mass spectrometry to further
enhance its analytical capabilities. Through this work, we contribute to global efforts to
establish rigorous quality standards for bioactive compounds in health products, ensuring
consumer safety and supporting the growing demand for functional health foods.
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