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Joining up the scattered anticancer
knowledge on auraptene
and umbelliprenin: a meta-analysis
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Auraptene (AUR) and umbelliprenin (UMB) are naturally occurring prenylated coumarins that have
demonstrated promising anticancer effects across various human cancer cell lines. This meta-
analysis aimed to systematically assess, compare, and quantify the anticancer efficacy of AUR and
UMB by synthesizing evidence from in vitro studies. A comprehensive literature search identified

27 eligible studies investigating AUR or UMB against cancer cells. Mixed-effects models revealed
significant negative associations between coumarin dose and viability for AUR (est.=-2.27) and
UMB (est. =- 3.990), underscoring their dose-dependent cytotoxicity. Meta-regression indicated
slightly higher potency for UMB over AUR, potentially due to increased lipophilicity imparted by
additional isoprenyl units. Machine learning approaches identified coumarin dose and cancer type
as the most influential determinants of toxicity, while treatment duration and the specific coumarin
displayed weaker effects. Moderate (AUR) to substantial (UMB) between-study heterogeneity was
detected, although the findings proved robust. In summary, this meta-analysis establishes AUR and
UMB as promising natural anticancer candidates with clear dose-toxicity relationships across diverse
malignancies. The structural insights and quantifications of anticancer efficacy can inform forthcoming
efforts assessing therapeutic potential in pre-clinical models and human trials.
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Cancer remains a critical global health issue, with escalating prevalence and mortality rates in both developed and
developing nations. The most recent cancer data from GLOBOCAN 2020 reported approximately 19.3 million
cases and 10 million fatalities. Notably, lung carcinoma stands as the most frequently diagnosed malignancy and
the primary cause of cancer-related death, followed by breast, prostate, and gastrointestinal cancers’.

Recent advancements in technology have notably improved cancer diagnostic aspects in clinical manage-
ment. However, when it comes to cancer treatment, unsatisfactory clinical outcomes persist due to the limited
bioavailability and weak targeting of conventional treatments, alongside the innate or acquired resistance of
cancerous cells®. These challenges underscore the pressing need for more efficacious therapeutic alternatives in
clinical practice.

Natural products have gained considerable attention due to their significant anticancer activity. Plant second-
ary metabolites are promising sources for anticancer drug development, with favorable absorption, distribution,
and metabolism. Moreover, the growing interest in exploring medicinal plants is attributed to their environ-
mental sustainability and minimal side effects. Currently, over 60% of anticancer agents with clinical utility are
derived from herbal sources, such as vincristine, vinblastine, irinotecan, topotecan, etoposide, podophyllotoxin,
and paclitaxel®*. Among the biologically active plant products, coumarins are particularly interesting because
of their wide distribution in the plant kingdom and diverse biological activities®. Coumarins are secondary
metabolites found in the leaves, roots, and seeds of plants belonging to the Apiaceae and Rutaceae families. They
are composed of benzene rings, alpha-pyrone, and a carbonyl group connected to the C-2 of the pyrone ring.
The conjugated double bonds of coumarins create a crucial electrical environment attributed to their free radical
scavenging ability. In addition, the ability of coumarins to exert non-covalent interactions, like hydrogen bonds,
metal coordination, and van der Waals force with many active sites of proteins, leads to their anticoagulant, anti-
inflammatory, antibacterial, antiviral, antifungal, antioxidant, antihypertensive and antidiabetic effects®. The
pharmaceutical effects of coumarins depend on various substitutions within their benzo-a-pyrone structure. For
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instance, prenylation, involving the addition of an unsaturated chain like prenyl, geranyl, or farnesyl side chain,
enhances the lipophilicity of coumarins, thereby boosting their biological activity”*.

Plant-derived natural coumarins exhibit potent anticancer properties through diverse mechanisms. These
include inhibiting angiogenesis and microtubule polymerization, inducing caspase-mediated apoptosis and cell
cycle arrest, regulating enzyme activity (e.g., carbonic anhydrase, histone deacetylase, telomerase, aromatase,
topoisomerase, EGFR, and HER?2 tyrosine kinases), acting as intercalating and alkylating agents and hormone
antagonists, inhibiting signaling pathways like PI3K/Akt/mTOR and ERK1/2, and preventing/reversing multi-
drug resistance’.

Coumarins are categorized into four primary subtypes: simple coumarins, furanocoumarins, pyranocou-
marins, and pyrone-substituted coumarins. Simple coumarins, such as umbelliferone (CID: 5,281,426), esculetin
(CID: 5,281,416), scopoletin (CID: 5,280,460), daphnetin (CID: 5,280,569), auraptene (CID: 1,550,607), and
umbelliprenin (CID: 1,781,413), are characterized by hydroxyl, alkoxyl, and alkyl substitutions on their basic
structure, along with their glucosides. (Fig. 1).

Research on simple coumarins has demonstrated their potential anticancer properties. For example, umbel-
liferone has been found to exert toxic effects on various carcinoma cells, including those of the lung, liver, colon,
prostate, and breast, primarily through the induction of cell cycle arrest and caspase-mediated apoptosis'®!!.
Similarly, esculetin has shown anticancer effects on hepatocellular carcinoma cells by blocking the cell cycle,
inducing apoptosis, and increasing caspase activity'2. Daphnetin, on the other hand, has been found to inhibit
the proliferation of lung adenocarcinoma cells by inducing apoptosis and suppressing the Akt/NF-«B signaling
pathway"’. Lastly, scopoletin has been observed to inhibit the growth of prostate cancer cells by inducing cell
cycle arrest'®. These findings highlight the potential of simple coumarins in cancer treatment.

Auraptene (AUR) (C,4H,,0;) and umbelliprenin (UMB) (C,,H;,0;) are types of prenylated coumarins. In
these compounds, the phenolic hydrogen is replaced by geranyl and trans-farnesyl groups, respectively. They
are found in various fruits and vegetables, particularly those from the Ferula, Citrus, and Punica genera. The
extraction and analysis of these oxyprenylated phenylpropanoids are typically performed using subcritical butane
extraction in conjunction with ultra-high-performance liquid chromatography and solid-phase extraction meth-
ods. These techniques are not only safe and environmentally friendly, but they also provide high yields in a short
time and maintain the chemical stability of the oxy-prenylated metabolites'>'¢.
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Figure 1. Chemical structures of coumarin (A), umbelliferone (B), esculetin (C), scopoletin (D), daphnetin
(E), auraptene (F), and umbelliprenin (G). All structures are from PubChem.
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AUR is the most prevalent geranyloxycoumarin found in nature. It is commonly sourced from fruits of the
Citrus genus, such as grapefruit, lemon, and orange, as well as from Ferula species like F. szowitsiana and F. assa-
fetida L., Eremurus persicus, and pomegranate (Punica granatum L.)">"*. AUR is not only prevalent but also boasts
a wide array of pharmaceutical properties. These include antioxidative, anti-genotoxic, antidiabetic, antibacte-
rial, immunomodulatory, and cancer chemopreventive effects®*~2 In recent years, the anticancer effects of AUR
have garnered significant attention. This coumarin has been observed to reduce cell survival, proliferation, and
migration while inducing apoptosis and improving chemosensitivity in several human cancer cell lines includ-
ing glioblastoma, breast, colon, gastric, hepatic, prostate, esophageal, and ovarian carcinomas'®?~, It is worth
noting that the anticancer effects of AUR on leukemia, colon, gastric, and esophageal carcinoma cells have been
compared with those of established anticancer drugs such as arsenic trioxide, doxorubicin, vincristine, cisplatin,
paclitaxel, and 5-fluorouracil*#*>?7%, Moreover, studies in rodent models have demonstrated reduced tumor size
and induced apoptosis in hepatic, gastric, colon, and skin cancers post-administration of AUR?**%-%, Mechanisms
introduced for AUR anticancer effects include induction of caspases, P21, P53, CXCL3, BAX, down-regulation of
cyclin D1, BCL-2, CD44, IGF-1, VEGFR, HSP27, ALDH, and GATAS®, inhibition of COX-2 and iNOS, reduction
of ERK1/2 along with G¢/G; cell cycle arrest and inhibition of PI3K-AKT-mTORC pathway!#232430:3,

UMB, a naturally abundant geranyloxycoumarin, is found in various fruits and vegetables. These include Cit-
rus limon, Apium graveolens L., Angelica archangelica L., Peucedanum palustre, Amaranthus retroflexus L., Spinacia
oleracea L., Lycium barbarum L., Chenopodium quinoa, F. persica and E sinkiangensis‘*“’“. It has been studied
for its remarkable chemical stability under various conditions, such as thermal, photochemical, oxidative, and
hydrolytic stress, both in solution and solid form*2. UMB exerts anti-inflammatory, antibacterial, antileishma-
nial, analgesic, and antioxidative effects through inhibition of matrix metalloproteinases and pro-inflammatory
enzymes like 5-lipoxygenase, abolition of P-glycoprotein-mediated drug efflux and up-regulation of Mcl-12144%,

Studies have additionally shown that UMB exerts anticancer effects on various types of human cancer cells,
including those found in the skin, breast, lung, colon, and gastric tissues. These effects are achieved through
multiple mechanisms, such as inhibiting the cell cycle at the GO/G1 phase and influencing key processes like
migration, invasion, and angiogenesis. UMB accomplishes this by targeting important signaling pathways like
Wnt, NF-xB, TGFp, and Fox3.

UMB also regulates both the extrinsic and intrinsic apoptotic pathways via modulating various apoptosis-
related proteins and genes, including P21, P16, BAX, pRB, caspases, Survivin, c-MYC, cyclins D and E, and CDK4
and CDK246-0, Additionally, in animal models of breast, lung, colon, and gastric cancers, the administration of
UMB inhibited tumor growth and induced anti-metastatic effects*"*1-53,

Regarding the biosafety of AUR and UMB, several studies proved that both agents induced less toxicity in nor-
mal/healthy cells when compared with cancer cells?>?%346:495455  Anticancer studies carried out in vivo reported
that AUR and UMB showed no toxic histopathological effects on organ tissues and were considered safe agents for
the immune system with no apparent drug-induced adverse effects®**#1:325336-%9 Fuyrthermore, studies on animal
models of neurological disorders and cholestasis have revealed neuroprotective and hepatoprotective effects of
AUR and UMB, indicating their safety and being well-tolerated in these animal models®>*-%2, Noteworthy, the
only randomized study in healthy volunteers using AUR enriched-extracts of peels of Citrus kawachiensis has
been carried out by Igase and colleagues, who recorded improved cognitive function upon using AUR-enriched
C. kawachiensis juice, and again, confirming neuroprotective effects of AUR®.

Given the wide-ranging scope of research and diverse studies, a compelling necessity emerges for a meticulous
meta-analysis to join up the scattered knowledge on AUR and UMB. This analysis is pivotal not only for sum-
marizing cumulative evidence but also for becoming a foundational reference guiding future clinical practice.
Accordingly, the primary objective of this meta-analysis includes a comparative assessment of the cytotoxic
effects of UMB and AUR across various cancer types. Moreover, this study aims to unveil the pivotal parameters
determining the anticancer potential of AUR and UMB, and thus, provide crucial insights for their potential
clinical applications.

Methods

Eligibility criteria

This meta-analysis aimed to evaluate the efficacy of AUR and UMB in cancer treatment, particularly by scruti-
nizing in vitro studies conducted on human cancer cells. To ensure the reliability and coherence of our analysis,
we selectively incorporated original research articles providing crucial quantitative data. This encompassed vital
details such as cell viability records at different concentrations or time intervals, along with ICy, values. Articles
without this specific data in graphical representations or structured tabular formats were deliberately omitted to
uphold the accuracy and robustness of our analysis. Moreover, to maintain uniformity in result interpretation,
we exclusively focused on English-language publications.

Information sources and search strategy
We conducted a systematic search across several databases, including PubMed, Lens, OA.mg, Google Scholar,
and Cochrane Library, to identify studies focusing on the anticancer activity of AUR and UMB.

In PubMed, we utilized the following search terms: ("auraptene"[Title/Abstract]) AND ("cancer"[Title/
Abstract]), ("umbelliprenin"[Title/ Abstract]) AND ("cancer"[Title/ Abstract]), (("natural"[Title/ Abstract]) AND
("coumarin"[Title/Abstract])) AND ("cancer"[Title/Abstract]).

Within Lens, our search strategy incorporated the following terms: (title:("natural") OR abstract:("natural")
OR keyword:("natural")) AND (title:("coumarin”) OR abstract:("coumarin") OR keyword:("coumarin"))
AND (title:("cancer") OR abstract:("cancer") OR keyword:("cancer")) AND (Title: ("auraptene") OR Abstract:
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("auraptene") OR Keyword: ("auraptene")) AND (Title: ("umbelliprenin”) OR Abstract: ("umbelliprenin") OR
Keyword: ("umbelliprenin")) AND (Title: ("cancer") OR Abstract: ("cancer") OR Keyword: ("cancer")).

Moreover, we expanded our search beyond databases to OA.mg, Google Scholar and Cochrane Library.
Our manual search involved the following terms: "auraptene” AND "anticancer activity” AND "human cells",
"auraptene” AND "cancer inhibition" AND "in vitro", "auraptene” AND "cytotoxicity” AND "cancer cells", "umbel-
liprenin" AND "anticancer activity” AND "human cells", "umbelliprenin" AND "cancer inhibition" AND "in
vitro", "umbelliprenin” AND "cytotoxicity" AND "cancer cells".

Screening and data extraction
The articles extracted from the electronic database underwent preprocessing and screening using the "meta"
tool®,

Initially, two independent investigators screened article titles and abstracts to determine eligibility. Subse-
quently, full-text versions of selected records were reviewed. Any reasons for excluding articles were documented,
and any potential discrepancies were resolved through discussion until a consensus was achieved.

Considering the absence of a universally established or standardized scale for assessing bias in included
in vitro studies, we adapted the widely-used Newcastle-Ottawa Scale (NOS)®. Originally designed for assessing
the quality of non-randomized studies in meta-analyses, the NOS evaluates bias across three categories: Selec-
tion, Comparability, and Outcome.

The adaptation of the NOS was necessitated by the unique nature of in vitro studies, which significantly dif-
fer from non-randomized clinical trials or observational studies. In vitro studies involve diverse experimental
conditions, cell lines, and quantitative outcome measures. To address these nuances, we tailored the NOS by
emphasizing the quality and diversity of quantitative data reporting, as well as the inclusion of various experimen-
tal conditions. We aimed to ensure a comprehensive and rigorous evaluation of potential biases in the included
in vitro studies. We tailored this scale to assess the risk of bias in the included in vitro studies as follows:

This adaptation enabled the evaluation of the risk of bias in overall studies.

® Selection: The chosen studies were required to provide essential quantitative data.

e Comparability: Evaluations were based on including diverse cell lines, concentrations, and time points in
the studies. This diversity ensured that the studies were comparable and representative of the varying experi-
mental conditions in vitro research.

® Outcome: Studies were assessed based on the reporting of outcomes as mean + standard deviation (SD), pre-
sented in graphical formats with error bars or tabular layouts. This criterion ensured that the data reported
in the studies were robust, statistically sound, and amenable to meta-analytical synthesis.

The extracted information from included articles encompassed various parameters, including the first author’s
name and year of publication, cancer type, cell line used, details of the control group (type and dosage), treatment
duration, and specifics about the coumarin type, its source, dosage, and unit.

Outcome measures included mean, SD, and the number of repeats in the treatment group, mean, SD, and
the number of repeats in the control group, confidence intervals (CI), p-value, and the statistical method used
for data analysis.

To note, concentrations initially not reported in uM units were converted to uM to ensure uniformity and
maintain data integrity. For data presented in graphical formats, the extraction process was performed using
WebPlotDigitizer®.

Data visualization
To visually illustrate the distribution of data utilized in the synthesis, pie charts were employed, categorizing the
information according to distinct cancer types. Additionally, a series of graphical representations were created
to delve deeper into the relationships within the dataset. 3D scatter plots explored the interplay among coumarin
concentration, time point, and viability, aiming to discern underlying trends. Meanwhile, 2D scatter plots were
constructed to depict the relationship between coumarin dose and viability, with data points categorized by can-
cer type for enhanced clarity and analysis. Another 2D scatter plot depicting coumarin dose against viability, aug-
mented by fitted regression lines, was also generated to elucidate trends and variations across different cell lines.
In addition to individual scatter plots, heat maps illustrating correlations among coumarin dose, viability,
and time were generated. Heatmaps served to unearth potential associations between variables and cell viability
across various coumarin types. All graphical representations were crafted utilizing the matplotlib library.

Machine learning

Building upon these visualizations, a Machine Learning (ML) approach was employed to identify the most influ-
ential features contributing to the viability percentage in different cancer types based on selected parameters.
The data were loaded using the Pandas library. Categorical variables, such as cancerType’ and ‘coumarin, were
encoded using the LabelEncoder from Scikit-Learn to convert them into a numerical format for ML modeling.
The ’viability’ values were utilized to classify instances into two groups: "Highly responsive’ (1) when viability
was below the median. ’Lowly responsive’ (0) when viability was above or equal to the median. The threshold
for responsiveness ('viability_threshold’) was set at the median viability. Features (’time, coumarinDose, can-
cerType, coumarin’) were selected to predict the response’ (highly/lowly responsive). The data were divided into
training and testing sets using the train_test_split method from Scikit-Learn with an 80:20 split ratio and a fixed
random seed. A Random Forest Classifier from Scikit-Learn was instantiated and trained using the training data
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(X_train, y_train). The trained model was used to predict responsiveness on the test set (X_test), and predictions
(y_pred’) were obtained. The model’s performance was assessed using accuracy and a detailed classification
report (precision, recall, F1-score) generated via the classification_report function from Scikit-Learn. Feature
importance was calculated using the RandomForestClassifier. The top contributing features were visualized
using a bar plot to display their importance scores. The Seaborn library was used to create a heatmap visualizing
precision, recall, and F1-score values for various classes.

The Random Forest Classifier was chosen due to its ability to handle both continuous and categorical vari-
ables, as well as its interpretability in terms of feature importance. However, it is important to note that the
primary objective of this ML analysis was to quantify the relative contributions of the examined features in
determining the anticancer effects of AUR and UMB, rather than develop a highly accurate predictive model.
Extensive hyperparameter tuning was not performed due to data limitations.

Data synthesis
The synthesis of our data involved separate analyses for AUR and UMB, utilizing the standardized mean dif-
ference as the outcome measure, with coumarin dose as a moderator. To process the data, a random-effects
model was employed. This included estimating the amount of heterogeneity (tau®) via the restricted maximum-
likelihood estimator®”. Additionally, we reported the Q-test for heterogeneity®® and the I* statistic. When any
level of heterogeneity was detected (tau®> 0), irrespective of the Q-test results, a prediction interval for true
outcomes was provided. The computations, tests, and confidence intervals were obtained using the Knapp and
Hartung method®. In handling missing SDs for each data entry, our approach involved computing the median
or mean of other available SDs within the same study. When no SD was mentioned for the control group, we
applied a default value 1.

For assessing publication bias, we employed visual funnel plots and Fail-Safe N calculations. Sensitivity
analysis was conducted by progressively removing individual studies to gauge their impact on the results. All
analyses were performed using Jamovi version 2.4, with statistical significance set at p <0.05 for two-tailed tests.

Results
The database search initially yielded 903 publications (Fig. 2). After the initial screening, 73 duplicates were
identified, and an additional 111 were deemed ineligible by automation tools. Subsequently, 494 publications
were excluded based on title and abstract screening, and after a full-text review of the remaining 225 articles, 21
articles met the criteria for inclusion in the meta-analysis. In parallel, the manual search identified 28 publica-
tions, all of which underwent full-text review, and finally, 6 were considered suitable for inclusion in the meta-
analysis. A summary of the included publications’ key data is presented in Table 1%19-2327:30:33,34:40,41,46,47,49,50,56,70-80_
In Fig. 3, pie charts illustrate the distribution of collected data on different cancer types for AUR and UMB.
For AUR, the dataset distribution depicts the highest representation of breast cancer, constituting 24.0% of the
data. This is followed by prostate cancer at 19.6%, gastric cancer at 17.6%, leukemia/lymphoma at 15.7%, and
colon cancer at 15.0%. The remaining cancer types comprise smaller proportions, ranging from 1.5% to 10.8%.
Similarly, the most significant dataset for UMB corresponds to colon cancer, contributing 27.8% of the data. This
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Figure 2. PRISMA flow diagram illustrating the study selection process.
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Studies Coumarin | Cancer Cell line Dose (uM) | Time (h) | Outcome * Risk of bias **
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is succeeded by gastric cancer at 18.6%, lung cancer at 16.5%, breast cancer at 14.9%, and colon cancer at 10.8%.
The remaining cancer types encompass smaller percentages, ranging from 0.05% to 4.6%.

Figure 4 represents 3D scatter plots that portray the interplay among time, coumarin dose, and viability.
Here, the x-axis signifies time (h), the y-axis represents coumarin dose (M), and the z-axis indicates viability
(%). The 3D plot of AUR demonstrates a consistent negative correlation between coumarin dose and viability
across all studies. This universal trend underscores the consistent impact of AUR on reducing cell viability,
irrespective of study variations. Likewise, the 3D plot of UMB reveals a negative correlation between coumarin
dose and viability and indicates the potential of UMB as an anticancer agent. To note, considerable variations
among study results are apparent, potentially stemming from diverse experimental methods, cell types utilized,
or other influencing factors.

Examining the relationship between coumarin dose and cancer type in 2D scatter plots reveals a negative
correlation for AUR (Fig. 5A). This indicates that with an increase in coumarin dose, there is a corresponding
decrease in viability. Notably, the data related to gastric cancer slightly deviates from other cancer types, hinting
at potentially higher sensitivity to AUR compared to the rest. Similarly, in the case of UMB (Fig. 5B), a negative
correlation is observed between coumarin dose and viability. This relationship seems consistent across all can-
cer types, although the extent of the impact varies among different types. This suggests that while the influence
of UMB on cell viability remains uniform across the board, the degree of this effect fluctuates across distinct
cancer types.

The relationship between coumarin dose and viability in different cell lines is also depicted in Fig. 6. Although
variations between cell lines and the pattern is complex, higher doses tend to be associated with lower viability.
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Figure 5. 2D scatter plots illustrating the correlation between coumarin dose (M) and viability (%) for AUR
(A) and UMB (B) across various cancer types. Each cancer type is distinguished by a unique color and symbol
in the data representation.

The heatmap of correlations for AUR (Fig. 7A) demonstrates a robust negative correlation (- 0.48) between
coumarin dose and viability, in line with the previously displayed scatter plots. In contrast, the correlation
between time and viability is notably weak (0.00), suggesting a lack of significant association between these vari-
ables. The heatmap of correlations for UMB (Fig. 7B) reveals a stronger negative correlation (- 0.69) between
coumarin dose and viability compared to AUR. This reiterates the earlier trend, indicating a more pronounced
decrease in viability with escalating coumarin doses. Similiar to AUR, the correlation between time and viability
remains insignificantly weak (- 0.02), indicating no substantial relationship between these variables for UMB.

The RandomForestClassifier-derived feature importance (Fig. 8) sheds light on various parameters impacting
the prediction of coumarin toxicity. Foremost among variables is the coumarin dose, contributing significantly
with over 65% accuracy in the model that highlights the pivotal role of dose in determining the anticancer poten-
tial. Additionally, cancer type and treatment duration emerge as significant factors, contributing approximately
19% and 12% to the model’s accuracy, respectively. In contrast, the nature of coumarin, whether AUR or UMB,
demonstrates a relatively lower impact, contributing only about 5% to the model’s accuracy. This suggests that
while distinguishing between AUR and UMB is pertinent, their chemical similarities might result in analogous
behaviors across various cancer types and cell lines. Thus, variables beyond the nature of coumarin—such as
dose—primarily define the anticancer potential of both agents and underscore their parallel behavior across
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different cancer types. The classification report of the RandomForestClassifier model predicts cancer cell viability
using multiple parameters. The model demonstrated promising capabilities in forecasting cancer cell viability,
achieving an 82% overall accuracy in correctly classifying test data based on coumarin type and dose, cancer
type, and treatment time (Fig. 8).

A total of 27 studies were incorporated into the analysis, investigating the anticancer effects of either AUR or
UMB across a spectrum of cancer cell lines. The administered doses ranged from 1 to 335 uM, while treatment
durations varied from 16 to 144 h. The reported outcomes primarily focused on cell viability percentages com-
pared to untreated control groups. Of the total studies included, 78% (21 out of 27) were determined to have a
low risk of bias. Elevated risk of bias was presumably attributed to a lack of diversity in cell lines, concentrations,
and time points within some studies, impacting the overall assessment of these studies.

Meta-analysis was conducted examining the effects of AUR on cancer cell viability across 17 studies (Fig. 9).
A mixed-effects model revealed a significant negative association between AUR dose and cancer cell viability
(est.=—2.27,95% CI [- 2.805, — 1.734], z=— 8.55, p<0.001), indicating AUR acts in a dose-dependent manner.
Figure 10 represents the forest plot for the anticancer effects of AUR. Moderate between-study heterogeneity
was observed (I2=41.55%, p =0.002), suggesting variable effects beyond sampling error.

Publication bias assessment indicated potential issues with minor study effects, with Begg and Egger’s tests
rejecting null hypotheses (p <0.001). However, the high and statistically significant fail-safe N value of 4631
suggests overall results are robust to these biases. According to Cook’s distances, none of the studies could be
considered overly influential.

Scientific Reports |  (2024) 14:11770 | https://doi.org/10.1038/s41598-024-62747-z nature portfolio



www.nature.com/scientificreports/

Top Random Forest Feature Importance

Classification Report: Precision, Recall, and F1-score
0.86
coumarinose
o 0.83
-0.84
Gancermpe - 0.82 0.79
8
@ -0.82
©
O
>
3
54 0.82 0.82 0.82
I+
® - 0.80
o
H
©
coumarit 8- 0.82 0.82 0.82
® 0.78
£
precision recall fl-score
01 02 03 04 05 06 ;
Metrics

Feature Importance
Figure 8. RandomForestClassifier-based feature importance plot highlighting factors influencing the anticancer

potential of coumarins (left). The classification report of the RandomForestClassifier model predicting cancer
cell viability using multiple parameters (right).

Mixed-Effects Model (k = 44)

Estimate se 4 [ ClLower Bound  Cl Upper Bound °
Intercept 157 0.639 246 0.018 0.282 2.862
Moderator -2.27 0.265 -855 <.001 -2.805 -1.734
Note. Tau? Estimator: Restricted Maximum-Likelihood. Knapp and Hartung (2003) adjustment used. > |
[31 - -0, e
. i *
5 s ® o .
Heterogeneity Statistics ] .
=] .
Tau Tau? 2 H?2 R? df Q [ 3 34 M .
2o .
1.120 1.2535(SE=0.6804) 41.55% 1.711 86.61% 43.000 72757 0.002 %
.
.
§ | o P .
Model Fit Statistics and Information Criteria &
.
log-likelihood Deviance AIC BIC AiCc K] o
Maximum-Likelihood -96.679 65.702 199.359 204.711  199.959
w
Restricted Maximum-Likelihood -93.202 186.404 192404 197.617 193.036 © | .
® T T T T T
-10 -5 0 5 10

Residual Value

Figure 9. Meta-analysis of AUR: summary of statistics (left) and funnel plot (right).

Opverall, although some publication bias is possible, the meta-analysis provides consistent evidence across 17
studies that AUR significantly reduces cancer cell viability in a dose-dependent manner. Further examination of
heterogeneity sources is warranted, but effects appear robust and sizable at higher AUR doses.

Figure 11 depicts the results of a mixed-effects meta-analysis that was conducted to assess the efficacy of
UMB on cancer cell lines. Effects were analyzed across 10 studies, with coumarin dose examined as a modera-
tor. A random effects model was utilized, given anticipated heterogeneity. Results demonstrated no significant
overall effect of UMB based on the intercept (est.=0.764, 95% CI [- 3.05, 4.58], z=0.407, p=0.686). However,
the effect of the moderator was significant (est.= — 3.990, 95% CI [- 5.39, — 2.59], z=- 5.810, p<0.001), sug-
gesting viability decreases as the dose increases. Figure 12 is the forest plot for the anticancer effects of UMB.
Significant study heterogeneity was present (12 =75.89%, p <0.001). Outlier diagnostics showed no externally
standardized residuals exceeding critical values. There was evidence of publication bias based on Begg and Egger’s
tests. However, the considerable and statistically significant fail-safe N value of 4126 indicates a high level of
robustness in the overall findings, even in the presence of these biases.

To sum up, while no overall effect emerged for UMB eflicacy across cancer cell lines, coumarin dose evidenced
a negative moderating effect on efficacy. Possible publication bias may be present according to statistical tests,
and model comparisons suggest this data may be overfitted by maximum likelihood estimation. Further trials
appear warranted, especially investigating efficacy by concentration.
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Figure 10. Forest plot meta-analysis of anticancer effects of AUR across 17 studies with coumarin dose as a
moderator. Study weights and estimated effect sizes with 95% confidence intervals are shown.

Discussion

Failure in current anticancer modalities has posed challenges to the biomedical community for developing effec-
tive alternatives. The limited curative efficacy, elevated toxicity, and lack of selectivity are vital constraints that
restrict the utilization of current chemotherapy regimens. This emphasizes the critical requirement for innovative
anticancer agents to alleviate patient suffering and mitigate the high costs associated with current treatments®.
Plant-derived agents have attracted much attention due to their valuable pharmaceutical activities, with a notable
interest in natural coumarins, which exhibit lower side effects on normal cells and higher efficacy towards cancer
cells. In the present study, we aimed to systematically assess, compare, and quantify the anticancer efficacy of
AUR and UMB by synthesizing evidence from 27 studies. The results demonstrate a consistent negative correla-
tion between coumarin dose and cancer cell viability across studies, indicating both AUR and UMB induce their
anticancer effects in a dose-dependent manner.
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Figure 11. Meta-analysis of UMB: summary of statistics (left) and funnel plot (right).

Employing an ML approach indicated that among the parameters analyzed, coumarin dose emerged as the
most critical feature determining toxicity, followed by cancer type and treatment duration. However, the nature
of the coumarin (AUR or UMB) demonstrated minimal impact, presumably because structural similarities result
in analogous behaviors.

Meta-analysis revealed moderate and substantial between-study heterogeneities for AUR and UMB, respec-
tively. Potential sources may include variations in the experimental methods, cell lines, or other parameters
across studies. Nonetheless, the sizable fail-safe N values indicate considerable robustness of findings for both
coumarins despite heterogeneity.

Although no overall UMB effect emerged, its moderator, coumarin dose, evidenced a solid negative associa-
tion (est.=— 3.990) with viability, while for AUR, a moderate estimated effect size (est.=— 2.27) was demon-
strated. The more potent impact of UMB dose may arise from its longer aliphatic farnesyl chain that can enhance
lipophilicity and biological activity compared to the geranyl chain in the AUR chemical structure. Gkionis and
colleagues have reported superior bioactivity of UMB over AUR, aligning with our analysis®.

The minor contribution of the coumarin type highlights similarities between AUR and UMB, potentially
due to overlapping structural features imparting analogous behavior. However, as mentioned earlier, additional
prenyl units in the UMB structure might slightly enhance anticancer effects by improving access, affinity, and
interaction with the lipophilic cellular membranes’. Further structure-activity studies focusing on the substitu-
tions and side chains are recommended.

Despite the current meta-analysis providing valuable insights into the anticancer efficacy of AUR and UMB,
some limitations persist. Firstly, the viability predictions apply solely to the cancer cell lines examined, with cau-
tion needed in extrapolating to other cancers lacking representation in the dataset. Also, one of the critical gaps
in the current literature, which our study also encounters, is the inconsistency in the dose ranges used across
different studies. Some studies report non-standard dose ranges, often subgrouped with standard doses in the
analysis. This practice can potentially skew the results and limit the comparability of findings across studies.
This lack of standardization in dose ranges represents a significant gap that future research needs to address. By
standardizing dose ranges, future studies can ensure more reliable and comparable findings, thereby advanc-
ing our understanding of the anticancer efficacy of natural coumarins such as AUR and UMB. Moreover, it’s
important to note that in vitro results may not entirely mirror clinical outcomes. A crucial aspect to consider
is the safety profile of AUR and UMB. According to published studies, both agents exhibit minimal systemic
toxicity and are well-tolerated in animal models at doses demonstrating chemopreventive or chemotherapeutic
efficacy®3941:525356-59 Eyurthermore, data from other in vivo studies and a human clinical trial highlight the
favorable biosafety and protective effects of AUR®***-%*. However, there is a lack of direct comparative safety
assessments, particularly concerning long-term impacts. Future research should investigate the differential effects
of therapeutic versus supra-therapeutic doses on organ function and biochemical/hematological parameters over
prolonged periods. Determining safety margins and the nature of potential adverse events would offer crucial
additional insights. Finally, publication biases cannot be fully excluded despite fail-safe N, indicating a possibility
of type I errors in determining significance.

This meta-analysis, through the compilation and synthesis of existing evidence, identifies AUR and UMB as
potential anticancer agents of interest. It provides much-needed insight into the key characteristics that underpin
their activity. To further these findings, it is advisable to undertake supplementary animal studies and concen-
trate on the pharmacokinetic properties of these compounds. The knowledge acquired from this research can
steer future investigations to address their study more effectively. Given the wealth of data derived from in vivo
models that closely resemble human cancers, the stage is set for the design of clinical trials. While individual
molecules may necessitate further scrutiny, the results imply that plant extracts rich in AUR and UMB could be
investigated as beneficial dietary or medicinal plant supplements for cancer therapy. This marks an exciting step
forward in the field of natural anticancer therapeutics.

Scientific Reports |  (2024) 14:11770 | https://doi.org/10.1038/s41598-024-62747-z nature portfolio



www.nature.com/scientificreports/

Hamidinia et al. 2013.5
Kamalkazemi et al. 2023.4
Kamalkazemi et al. 2023.3
Rashidi et al. 2016.5
Zhang et al. 2019.3
Zhang et al. 2015.4
Khaghanzadeh et al. 2012.5
Kamalkazemi et al. 2023.2
Ziaietal. 2012.4
Hamidinia et al. 2013.4
Zhang et al. 2015.5
Ziaietal. 2012.3
Rashidi et al. 2016.4
Barthomeuf et al. 2008
Zhang et al. 2019.2
Kamalkazemi et al. 2023.1
Zhang et al. 2015.2
Zhang et al. 2015.3
Khaghanzadeh et al. 2012.4
Ziai et al. 2012.2
Hamidinia et al. 2013.3
Zhang et al. 2019.1
Gkionis et al. 2021.2
Rashidi et al. 2016.3
Hamidinia et al. 2013.2
Ziai etal. 2012.1
Khaghanzadeh et al. 2012.3
Goodarzi et al. 2022
Zhang et al. 2015.1
Hamidinia et al. 2013.1
Rashidi et al. 2016.2
Khaghanzadeh et al. 2012.2
Khaghanzadeh et al. 2012.1
Gkionis et al. 2021.1
Rashidi et al. 2016.1

0.59% -36.34 [-56.96, -15.72]
0.75% -31.68 [-49.67, -13.68]
0.83% -29.68 [-46.55, -12.81]
0.97% -26.96 [-42.30, -11.62]
0.99% -26.65 [-41.82, -11.49]
1.02% -26.25[-41.18, -11.31]
1.08% -25.28 [-39.68, -10.89]
1.13% -24.62[-38.63, -10.60]
1.31% -22.24[-34.92, -9.55]
1.41% -21.15[-33.22, -9.08]
1.56% -19.75[-31.05, -8.46]
1.95% -16.63 [-26.17, -7.09]
2.03% -16.06 [-25.29, -6.83]
2.12% -15.48[-24.38, -6.58]
2.17% -15.17 [-23.90, -6.44]
2.49% -13.38[-21.11, -5.64]
2.78% -11.93[-18.87, -4.99]
2.93% -11.22[17.77, -4.67)
3.56% -8.52[-13.59, -3.44]
3.57% -8.50[-13.56, -3.43]
3.57% -8.48[-13.54, -3.42)
3.65% -8.15[-13.02, -3.27]
3.29% -7.71[-13.40, -2.02)
391% -7.12[-11.46, -2.79]
4.02% -6.65[-10.74, -2.56)
4.03% -6.61[-10.67, -2.54]
426% -5.65[-9.23, -2.08]
435% -5.29[-8.68, -1.90]
440% -5.04[-8.32, -1.77]
475% -3.28[-5.73, -0.83]
477% -319[-5.61, -0.78)
480% -2.97[-5.29, -0.65)
4.98% -156[-3.39, 0.27]
4.93% -0.29[-2.26, 1.68]
5.05% -0.19[-1.79, 1.41]
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Effect size

Figure 12. Forest plot meta-analysis of anticancer effects of UMB across 10 studies with coumarin dose as a
moderator. Study weights and estimated effect sizes with 95% confidence intervals are shown.

Data availability
The data that support the findings of this study are available on request from the corresponding author.

Received: 2 February 2024; Accepted: 21 May 2024
Published online: 23 May 2024

References

1. Chhikara, B. S. & Parang, K. Global Cancer Statistics 2022: The trends projection analysis. Chem. Biolo. Lett. 10, 451 (2023).

2. Assaraf, Y. G. et al. The multi-factorial nature of clinical multidrug resistance in cancer. Drug Resist. Updates 46, 100645 (2019).

3. Kooti, W. et al. Effective medicinal plant in cancer treatment, Part 2: Review study. J. Evid. Based Complement. Altern. Med. 22,
982-995 (2017).

Asma, S. T. et al. Natural products/bioactive compounds as a source of anticancer drugs. Cancers 14, 6203 (2022).

Gangopadhyay, A. Plant-derived natural coumarins with anticancer potentials: Future and challenges. J. Herbal Med. 42, 100797
(2023).

4.
5.

Scientific Reports |  (2024) 14:11770 | https://doi.org/10.1038/s41598-024-62747-z nature portfolio



www.nature.com/scientificreports/

6. Bhattarai, N. Anticancer potential of coumarin and its derivatives. MRMC 21, 2996-3029 (2021).

7. Alhassan, A., Abdullahi, M., Uba, A. & Umar, A. Prenylation of aromatic secondary metabolites: A new frontier for development
of novel drugs. Trop. J. Pharm. Res. 13, 307 (2014).

8. Gkionis, L. et al. Investigation of the cytotoxicity of bioinspired coumarin analogues towards human breast cancer cells. Mol.
Divers. 25, 307-321 (2021).

9. Yadav, A. K., Maharjan Shrestha, R. & Yadav, P. N. Anticancer mechanism of coumarin-based derivatives. Eur. J. Med. Chem. 267,
116179 (2024).

10. Muthu, R., Thangavel, P, Selvaraj, N., Ramalingam, R. & Vaiyapuri, M. Synergistic and individual effects of umbelliferone with
5-flurouracil on the status of lipid peroxidation and antioxidant defense against 1, 2-dimethylhydrazine induced rat colon car-
cinogenesis. Biomed. Prev. Nutr. 3, 74-82 (2013).

11. Yu, S.-M., Hu, D.-H. & Zhang, J.-J. Umbelliferone exhibits anticancer activity via the induction of apoptosis and cell cycle arrest
in HepG2 hepatocellular carcinoma cells. Mol. Med. Rep. 12, 3869-3873 (2015).

12. Wang, J. et al. Esculetin, a coumarin derivative, exerts in vitro and in vivo antiproliferative activity against hepatocellular carcinoma
by initiating a mitochondrial-dependent apoptosis pathway. Braz. J. Med. Biol. Res. 48, 245-253 (2015).

13. Wang, Y, Li, C.-E, Pan, L.-M. & Gao, Z.-L. 7,8-Dihydroxycoumarin inhibits A549 human lung adenocarcinoma cell proliferation
by inducing apoptosis via suppression of Akt/NF-kB signaling. Exp. Ther. Med. 5, 1770-1774 (2013).

14. Li, C,, Han, X, Zhang, H., Wu, J. & Li, B. Effect of scopoletin on apoptosis and cell cycle arrest in human prostate cancer cells
in vitro. Trop. J. Pharm. Res. 14, 611 (2015).

15. Fiorito, S. et al. UHPLC-UV/Vis quantitative analysis of hydroxylated and O-prenylated coumarins in pomegranate seed extracts.
Molecules 24, 1963 (2019).

16. Genovese, S. et al. A novel and efficient subcritical butane extraction method and UHPLC analysis of oxyprenylated phenylpro-
panoids from grapefruits peels. J. Pharm. Biomed. Anal. 184, 113185 (2020).

17. Eidi, S. et al. Selective isolation of sesquiterpene coumarins from asafoetida using dummy molecularly imprinted solid phase
extraction method. J. Chromatogr. B 1138, 121943 (2020).

18. Mottaghipisheh, J., Ktisz, N., Hohmann, J., Tsai, Y.-C. & Csupor, D. Isolation of secondary metabolites from the Iranian medicinal
plant Eremurus persicus. Z. Naturforschung C 76, 43-47 (2021).

19. Charmforoshan, E., Karimi, E., Oskoueian, E., Es-Haghi, A. & Iranshahi, M. Inhibition of human breast cancer cells (MCEF-7 cell
line) growth via cell proliferation, migration, and angiogenesis by auraptene of Ferula szowitsiana root extract. Food Meas. 13,
2644-2653 (2019).

20. Tayarani-Najaran, Z., Tayarani-Najaran, N. & Eghbali, S. A review of auraptene as an anticancer agent. Front. Pharmacol. 12,
698352 (2021).

21. Fiorito, S. et al. Auraptene and umbelliprenin: A review on their latest literature acquisitions. Phytochem. Rev. 21, 317-326 (2022).

22. Genovese, S. & Epifano, F. Auraptene: A natural biologically active compound with multiple targets. CDT 12, 381-386 (2011).

23. Afshari, A. R. et al. Auraptene-induced cytotoxicity mechanisms in human malignant glioblastoma (U87) cells: Role of reactive
oxygen species (ROS). EXCLI J. https://doi.org/10.17179/EXCLI2019-1136 (2019).

24. Moussavi, M., Haddad, F, Rassouli, . B., Iranshahi, M. & Soleymanifard, S. Synergy between auraptene, ionizing radiation, and
anticancer drugs in colon adenocarcinoma cells. Phytother. Res. 31, 1369-1375 (2017).

25. Saboor-Maleki, S., Rassouli, F. B., Matin, M. M.. & Iranshahi, M. Auraptene attenuates malignant properties of esophageal stem-like
cancer cells. Technol. Cancer Res. Treat. 16, 519-527 (2017).

26. Sekiguchi, H., Takabayashi, E, Irie, K. & Murakami, A. Auraptene attenuates gastritis via reduction of helicobacter pylori coloniza-
tion and pro-inflammatory mediator production in C57BL/6 mice. J. Med. Food 15, 658-663 (2012).

27. Movaftagh, J. et al. 7-geranyloxycoumarin enhanced radiotherapy effects on human gastric adenocarcinoma cells. J. Cancer Res.
Ther. 19, 590-594 (2023).

28. De Medina, P. et al. Auraptene is an inhibitor of cholesterol esterification and a modulator of estrogen receptors. Mol. Pharmacol.
78, 827-836 (2010).

29. Li, G. et al. A new terpene coumarin microbial transformed by Mucor polymorphosporus induces apoptosis of human gastric
cancer cell line MGC-803. Arch. Pharm. Res. 41, 646-654 (2018).

30. Moon, J. Y., Kim, H. & Cho, S. K. Auraptene, a major compound of supercritical fluid extract of Phalsak (Citrus Hassaku Hort
ex Tanaka), induces apoptosis through the suppression of mTOR pathways in human gastric cancer SNU-1 cells. Evid.-Based
Complement. Altern. Med. 2015, 1-10 (2015).

31. Jang, Y. et al. Suppression of mitochondrial respiration with auraptene inhibits the progression of renal cell carcinoma: Involvement
of HIF-1a degradation. Oncotarget 6, 38127-38138 (2015).

32. Motlagh, E M. & Gholami, O. Comparison of umbelliprenin and auraptene in cytotoxic effects and myeloid cell leukemia type-1
(Mcl-1) gene expression. Pharm. Sci. 78, 189 (2016).

33. Lee, J. C. et al. Auraptene induces apoptosis via myeloid cell leukemia 1-mediated activation of caspases in PC3 and DU145 prostate
cancer cells: Apoptotic effect of auraptene. Phytother. Res. 31, 891-898 (2017).

34. Jamialahmadi, K. et al. Auraptene inhibits migration and invasion of cervical and ovarian cancer cells by repression of matrix
metalloproteinasas 2 and 9 activity. J. Pharmacopunct. 21, 177-184 (2018).

35. Kazemi, M. et al. Combination of auraptene and arsenic trioxide induces apoptosis and cellular accumulation in the subG1 phase
in adult T-cell leukemia cells. Iran. J. Basic Med. Sci. 24, 1643 (2021).

36. Hayashi, K. et al. Citrus auraptene suppresses azoxymethane-induced colonic preneoplastic lesions in C57BL/KsJ- db/db Mice.
Nutr. Cancer 58, 75-84 (2007).

37. Ohnishi, H. et al. Inhibition of cell proliferation by nobiletin, a dietary phytochemical, associated with apoptosis and characteristic
gene expression, but lack of effect on early rat hepatocarcinogenesis in vivo. Cancer Sci. 95, 936-942 (2004).

38. Kleiner-Hancock, H. E. et al. Effects of ATRA combined with citrus and ginger-derived compounds in human SCC xenografts.
BMC Cancer 10, 394 (2010).

39. Salari, H. et al. Coadministration of auraptene and radiotherapy; a novel modality against colon carcinoma cells in vitro and in vivo.
Int. J. Radiat. Biol. 96, 1051-1059 (2020).

40. Goudarzi, S. et al. Comparing toxicity of galbanic acid, auraptene and umbelliprenin on adult T-cell leukaemia-lymphoma in
normoxia and hypoxia. Cell. Mol. Biol. 68, 17-20 (2022).

41. Zhang, L., Sun, X,, Si, ], Li, G. & Cao, L. Umbelliprenin isolated from Ferula sinkiangensis inhibits tumor growth and migration
through the disturbance of Wnt signaling pathway in gastric cancer. PLoS ONE 14, 0207169 (2019).

42. Genovese, S. et al. Characterization of the degradation profile of umbelliprenin, a bioactive prenylated coumarin of a ferulago
species. J. Nat. Prod. 80, 2424-2431 (2017).

43. Fiorito, S. et al. Novel biologically active principles from spinach, goji and quinoa. Food Chem. 276, 262-265 (2019).

44. Kavetsou, E. et al. Synthesis of prenyloxy coumarin analogues and evaluation of their antioxidant, lipoxygenase (LOX) inhibitory
and cytotoxic activity. Med. Chem. Res. 26, 856-866 (2017).

45. Shahzadi, I, Ali, Z., Baek, S. H., Mirza, B. & Ahn, K. S. Assessment of the antitumor potential of umbelliprenin, a naturally occur-
ring sesquiterpene coumarin. Biomedicines 8, 126 (2020).

Scientific Reports |  (2024) 14:11770 | https://doi.org/10.1038/s41598-024-62747-z nature portfolio


https://doi.org/10.17179/EXCLI2019-1136

www.nature.com/scientificreports/

46.

47.

48.

49.

50.

Barthomeuf, C., Lim, S., Iranshahi, M. & Chollet, P. Umbelliprenin from Ferula szowitsiana inhibits the growth of human M4Beu
metastatic pigmented malignant melanoma cells through cell-cycle arrest in G1 and induction of caspase-dependent apoptosis.
Phytomedicine 15, 103-111 (2008).

Hamidinia, M., Ramezani, M. & Mojtahedi, Z. Cytotoxic/proliferative effects of umbelliprenin on colon cancer cell lines. Ann
Colorectal Res 1,101-105 (2013).

Khaghanzadeh, N., Nakamura, K., Kuramitsu, Y., Ghaderi, A. & Mojtahedi, Z. Immune-associated proteins with potential in vivo
anti-tumor activities are upregulated in lung cancer cells treated with umbelliprenin: A proteomic approach. Oncol. Lett. 12,
5295-5302 (2016).

Khaghanzadeh, N., Mojtahedi, Z., Ramezani, M., Erfani, N. & Ghaderi, A. Umbelliprenin is cytotoxic against QU-DB large cell
lung cancer cell line but anti-proliferative against A549 adenocarcinoma cells. Daru 20, 69 (2012).

Rashidi, M. et al. Umbelliprenin is potentially toxic against the HT29, CT26, MCF-7, 4T1, A172, and GL26 cell lines, potentially
harmful against bone marrow-derived stem cells, and non-toxic against peripheral blood mononuclear cells. Iran Red Crescent
Med. ]. 18, 35167 (2016).

51. Khaghanzadeh, N. et al. Umbelliprenin induced production of IFN- y and TNF- a, and reduced IL-10, IL-4, Foxp3 and TGF-  in
a mouse model of lung cancer. Immunopharmacol. Immunotoxicol. 36, 25-32 (2014).

52. Naderi Alizadeh, M., Rashidi, M., Muhammadnejad, A., Moeini Zanjani, T. & Ziai, S. A. Antitumor effects of umbelliprenin in a
mouse model of colorectal cancer. Iran J. Pharm. Res. 17, 976-985 (2018).

53. Rashidi, M. et al. Umbelliprenin shows antitumor, antiangiogenesis, antimetastatic, anti-inflammatory, and immunostimulatory
activities in 4T1 tumor-bearing Balb/c mice. J. Cell. Physiol. 233, 8908-8918 (2018).

54. Fiorito, S. et al. Natural oxyprenylated coumarins are modulators of melanogenesis. Eur. J. Med. Chem. 152, 274-282 (2018).

55. Jang, Y. et al. Auraptene mitigates Parkinson’s disease-like behavior by protecting inhibition of mitochondrial respiration and
scavenging reactive oxygen species. IJMS 20, 3409 (2019).

56. Krishnan, P. et al. Citrus auraptene suppresses cyclin D1 and significantly delays N-methyl nitrosourea induced mammary car-
cinogenesis in female Sprague-Dawley rats. BMC Cancer 9, 259 (2009).

57. Okuyama, S. et al. Anti-inflammatory and neuroprotective effects of auraptene, a citrus coumarin, following cerebral global
ischemia in mice. Eur. J. Pharmacol. 699, 118-123 (2013).

58. Nakajima, M. ef al. Auraptene induces oligodendrocyte lineage precursor cells in a cuprizone-induced animal model of demyelina-
tion. Brain Res. 1639, 28-37 (2016).

59. Vakili, T. et al. Safety evaluation of auraptene in rats in acute and subacute toxicity studies. Regul. Toxicol. Pharmacol. 91, 159-164
(2017).

60. Wang, J. et al. Hepatoprotection of auraptene from the peels of citrus fruits against 17a-ethinylestradiol-induced cholestasis in
mice by activating farnesoid X receptor. Food Funct. 10, 3839-3850 (2019).

61. Shahraki, J. et al. Umbelliprenin relieves paclitaxel-induced neuropathy. J. Pharm. Pharmacol. 72, 1822-1829 (2020).

62. Karimi, P., Ghahfarroki, M. S., Lorigooini, Z., Shahrani, M. & Amini-Khoei, H. Umbelliprenin via increase in the MECP2 and
attenuation of oxidative stress mitigates the autistic-like behaviors in mouse model of maternal separation stress. Front. Pharmacol.
14, 1300310 (2024).

63. Igase, M. et al. Auraptene in the peels of citrus kawachiensis (Kawachibankan) contributes to the preservation of cognitive function:
A randomized, placebo-controlled, double-blind study in healthy volunteers. J. Prev. Alzheimer Dis. https://doi.org/10.14283/jpad.
2017.47 (2017).

64. Shakiba, M. meta: A Meta-analysis Tool (2023).

65. Wells, G. A. et al. The Newcastle-Ottawa Scale (NOS) for Assessing the Quality of Nonrandomised Studies in Meta-Analyses (2014).

66. Rohatgi, A. Webplotdigitizer: Version 4.6 (2022).

67. Viechtbauer, W. Bias and efficiency of meta-analytic variance estimators in the random-effects model. J. Educ. Behav. Stat. 30,
261-293 (2005).

68. Cochran, W. G. The comparison of percentages in matched samples. Biometrika 37, 256 (1950).

69. Knapp, G. & Hartung, J. Improved tests for a random effects meta-regression with a single covariate. Stat. Med. 22, 2693-2710
(2003).

70. Abolhassani, Y. et al. 7-Geranyloxcycoumarin enhances radio sensitivity in human prostate cancer cells. Mol. Biol. Rep. 50, 5709
5717 (2023).

71. Bagheri, R. et al. Radiation response of human leukemia/lymphoma cells was improved by 7-geranyloxycoumarin. Dose-Response
20, 155932582211244 (2022).

72. Epifano, E, Genovese, S., Miller, R. & Majumdar, A. P. N. Auraptene and its effects on the re-emergence of colon cancer stem cells.
Phytother. Res. 27, 784-786 (2013).

73. Epifano, E, Genovese, S., Palumbo, L., Collevecchio, C. & Fiorito, S. Protection of mitochondrial potential and activity by oxypre-
nylated phenylpropanoids. Antioxidants 12, 259 (2023).

74. Tzadi, A., Soukhtanloo, M., Mirzavi, E, Jalili-Nik, M. & Sadeghi, A. Alpha-lipoic acid, auraptene, and particularly their combination
prevent the metastasis of U87 human glioblastoma cells. Evid.-Based Complement. Altern. Med. 2023, 1-9 (2023).

75. Jalilzadeh, N. et al. Novel nano-vehicle for delivery and efficiency of anticancer auraptene against colon cancer cells. Sci. Rep. 10,
1606 (2020).

76. Li,]. et al. Semisynthetic studies identify mitochondria poisons from botanical dietary supplements—Geranyloxycoumarins from
Aegle marmelos. Bioorg. Med. Chem. 21, 1795-1803 (2013).

77. Shiran, M. R. et al. Effect of auraptene on angiogenesis in xenograft model of breast cancer. Horm. Mol. Biol. Clin. Investig. 43,
7-14 (2022).

78. Kamalkazemi, E., Dehghan, G., Abedi-Gaballu, F,, Babaei, E. & Baradaran, B. Umbelliprenin-loaded nanostructured lipid carrier:
A novel approach for inducing cytotoxicity and apoptosis in colorectal cancer cells by altering the p53, survivin, and Bax/Bcl2
ratio. Gene Rep. 30, 101732 (2023).

79. Zhang, L. et al. Umbelliprenin and lariciresinol isolated from a long-term-used herb medicine Ferula sinkiangensis induce apoptosis
and GO/G1 arresting in gastric cancer cells. RSC Adv. 5, 91006-91017 (2015).

80. Ziai, S. A., Gholami, O., Iranshahi, M., Zamani, A. H. & Jeddi-Tehrani, M. Umbelliprenin induces apoptosis in CLL cell lines. Iran
J. Pharm. Res. 11, 653-659 (2012).

Acknowledgements

This study was supported by Ferdowsi University of Mashhad, Mashhad, Iran.

Author contributions
Both authors participated in screening and data extraction. M. Shakiba focused on data visualization, machine
learning, and data synthesis, while E. B. Rassouli contributed to conceptualization and editing of the manuscript.

Scientific Reports |

(2024) 14:11770 | https://doi.org/10.1038/s41598-024-62747 -z nature portfolio


https://doi.org/10.14283/jpad.2017.47
https://doi.org/10.14283/jpad.2017.47

www.nature.com/scientificreports/

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to EB.R.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

Scientific Reports |  (2024) 14:11770 | https://doi.org/10.1038/s41598-024-62747-z nature portfolio


www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Joining up the scattered anticancer knowledge on auraptene and umbelliprenin: a meta-analysis
	Methods
	Eligibility criteria
	Information sources and search strategy
	Screening and data extraction
	Data visualization
	Machine learning
	Data synthesis

	Results
	Discussion
	References
	Acknowledgements


