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Abstract



Turning agricultural and food processing by-products into health-promoting ingredients is pivotal
for developing sustainable food systems. This study developed an integrated multi-dimensional
evaluation framework to assess whether the common pomelo peel by-product (Citrus grandis (L.)
Osbeck, CGO) can serve as a functionally equivalent alternative to the rare Citrus grandis
‘Tomentosa’ (CGT) for functional food ingredient development. The framework combined
comparative metabolomics and delayed luminescence profiling to characterize chemical and
physical properties, alongside multi-parametric in vivo bioactivity and safety assessment in a diet-
induced vertebrate model. Analyses confirmed CGO and CGT as distinct chemotypes and
physicotypes, with differential enrichment in bioactive pathways like phenylpropanoid
biosynthesis. Crucially, both extracts demonstrated statistically equivalent efficacy in alleviating
hepatic steatosis, oxidative stress, and inflammation in a high-cholesterol diet-induced zebrafish
model, and modulated key genes related to lipid metabolism, antioxidant response, and
inflammation. Safety assessment revealed CGO’s significantly wider safety margin. Data
integration across dimensions demonstrates that despite compositional differences, the net
bioactivity converges on similar beneficial outcomes for liver metabolic health. This work
provides a validated strategy for transforming underutilized residues into a multi-target, dietary-
relevant ingredient, offering a replicable framework for resource-efficient development of

sustainable functional crops and food supply chains.
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Introduction



The valorization of agricultural and food processing by-products into high-value ingredients is a
cornerstone strategy for developing sustainable and circular food systems'. Within this paradigm,
citrus processing generates substantial waste, with peels accounting for approximately 30-50% of
the fruit's fresh weight. Global pomelo (Citrus grandis) production has exceeded 9 million metric
tons annually in recent years, implying a vast and underutilized stream of peel by-product®. These
residues are rich in bioactive flavonoids, phenolic acids, and other secondary metabolites,

positioning them as promising candidates for functional food ingredient development?.

Concurrently, metabolic dysfunction-associated steatotic liver disease (MASLD), formerly termed
non-alcoholic fatty liver disease (NAFLD), has emerged as a prevalent global health burden,
affecting approximately 30% of the adult population®. The condition is characterized by hepatic
lipid accumulation, oxidative stress, and chronic inflammation*®, and currently
has limited approved pharmacological therapies. This therapeutic gap has intensified the search
for dietary bioactive compounds capable of modulating these interconnected pathological
pathways’®, creating a compelling opportunity to valorize food by-products for metabolic health

applications.

Pomelo peel has attracted particular research interest in this context. The dried peel of Citrus
grandis, known as "Huajuhong" in traditional Chinese medicine, has been used historically to
support digestive and metabolic functions’. Recent studies have begun to validate these traditional
applications through modern biomedical investigation. Deng et al. demonstrated that Citrus
grandis "Tomentosa' (CGT) alleviates MASLD progression by mitigating lipid accumulation and
iron metabolism disorders in rodent models!®. Hu et al. reported that citrus peel powder modulates
liver metabolites and gut microbiota composition in mice with diet-induced MASLD!!. Tian et al.
identified coumarin analogues from Citrus grandis (L.) Osbeck (CGO) with significant
hepatoprotective activity'2. Most recently, Li et al. showed that CGT ameliorates alcoholic liver
disease through regulation of hepatic lipid metabolism and iron homeostasis'. Collectively, these
studies establish a robust preclinical evidence base supporting the potential of pomelo peel-derived

bioactivities in managing liver metabolic disorders.

A pivotal regulatory development has further underscored the practical importance of pomelo peel.
In 2024, Citrus grandis peel was formally included in China's "Medicinal and Food Homology"
directory, unlocking substantial opportunities for its incorporation into functional foods. However,
this designation brings a critical supply chain consideration into focus: the Chinese Pharmacopoeia
recognizes two botanical origins for this material—the rare CGT and the common CGO'*!>. CGT
is geographically restricted to specific regions of Guangdong Province, with production

constrained by limited cultivation areas and specific environmental requirements, rendering it



fundamentally incompatible with the scale required for industrial functional food development'*

17, Conversely, CGO is widely cultivated throughout southern China and represents an abundant,

year-round by-product of the fruit processing industry'=.

This disparity between regulatory opportunity and supply reality frames the central question
addressed by our study. Can the common, scalable CGO functionally substitute for the rare CGT
as a viable source of bioactivity for supporting liver metabolic health? Previous comparative
investigations have focused primarily on compositional profiling or generic antioxidant
capacity'®!?, leaving a critical gap in application-oriented functional evaluation. Specifically, a
direct, multi-parametric comparison in a vertebrate model is lacking to determine their functional

equivalence on MASLD-relevant endpoints.

To address this gap, we established an integrated multi-dimensional evaluation framework. First,
we comprehensively characterized the chemical profiles of both varieties using comparative
metabolomics and assessed their physical states via delayed luminescence (DL)*. Subsequently,
we conducted a comparative in vivo evaluation in a zebrafish model of diet-induced hepatic
steatosis, quantifying effects on lipid accumulation, oxidative stress, inflammation, and the
expression of key regulatory genes. This study tests the hypothesis that CGO is functionally
equivalent to CGT in its capacity to mitigate MASLD-relevant pathologies. By systematically
comparing a rare, high-cost material with an abundant by-product across chemical, physical, and
biological dimensions—and by applying a normalized analytical framework to directly address
compositional differences—our work aims to provide a replicable scientific model for evidence-
based substitution decisions in the functional food sector, transforming an underutilized residue

into a validated resource for metabolic health applications.
Results and Discussion

Naringin Content of Pomelo Peel Extracts.

As the primary quality marker specified for Citrus grandis peel®!

in all batches of CGT and CGO extracts by HPLC (Figure 2A). The measured naringin content
ranged from 10.00% to 16.40% across all batches, with all values substantially exceeding the

, naringin content was quantified

Chinese Pharmacopoeia's minimum requirement of 3.5% (Figure 2B). This confirms that all
materials used in this study meet the established quality standard for medicinal and food

applications.

Comparison between the two botanical origins revealed a significant difference in naringin
accumulation. The average naringin content was significantly higher in CGT (14.93%) than in

CGO (11.49%). This finding aligns with the traditional perception of CGT as the premium variety



and is consistent with previous reports documenting higher flavonoid accumulation in the rare

cultivar'>'®,

Metabolomics Reveals Distinct Chemotypes between CGT and CGO.

A total of 1,835 metabolites were detected, spanning major classes such as flavonoids, lignans and
coumarins, and phenolic acids (Figure 3A). PCA of the metabolomics data showed a clear
separation between CGT and CGO samples (Figure 3B). The first two principal components (PC1
and PC2) explained 60.02% and 17.24% of the total variance, respectively, indicating that the two
botanical origins constitute distinct chemotypes. A comparative heatmap of metabolite class
composition further highlighted systematic differences, suggesting that CGT may have higher

relative abundances in most metabolite classes, except for alkaloids and steroids (Figure 3C).

Detailed analysis at the individual compound level provided a more nuanced picture (Figure 3D).
While distinct, the profiles showed significant overlap, with over 40% of detected metabolites
exhibiting higher abundance in CGO. Applying thresholds of |[Fold Change| > 0.585 and p< 0.05,
we identified 575 significantly differential metabolites (Figure 3E). Among these, 292 were
upregulated in CGO relative to CGT. The differential metabolites were predominantly from five
key classes: flavonoids, lignans and coumarins, alkaloids, phenolic acids, and terpenoids. Notably,
while the number of up- and down-regulated flavonoids was balanced, CGO showed a marked
reduction in upregulated lignans and coumarins compared to CGT, and an increase in upregulated
alkaloids and phenolic acids (Figure 3E). Key differential metabolites within these major
compound classes were screened using superimposed FDR (¢ < 0.1) criteria and visually presented

via heatmaps (Figure 4).

Our analytical data unequivocally establish that CGT and CGO are fundamentally different entities
at the material level. Metabolomics confirmed they are distinct chemotypes. While CGT
accumulated higher levels of certain compounds like specific flavonoids and lignans and
coumarins. CGO presented a rich and unique chemical signature of its own, characterized by
substantial abundances of diverse bioactive metabolites, including distinct alkaloid and steroids

profiles.

KEGG pathway enrichment analysis of the differential metabolites linked these compositional
differences to specific biosynthetic pathways (Figure 5). Significantly enriched pathways included
Phenylpropanoid biosynthesis, Flavone and flavonol biosynthesis, and Isoflavonoid biosynthesis.
This indicates that the metabolic divergence is not random but rooted in the differential regulation
of core biochemical networks responsible for producing bioactive compounds. This not only

provides a systems-biology explanation for their divergence into distinct chemotypes but, more



importantly, highlights that these perturbed pathways are the very source of many bioactive

molecules, such as naringin.

Consequently, these pathway-level differences are noteworthy precisely because they produce the
very compounds implicated in hepatoprotective activity. This raises the central question of our
study. Do these compositional and biosynthetic divergences translate into differential efficacy, or

do the two extracts converge on similar functional outcomes despite their distinct chemical origins?
Physical Characterization between CGT and CGO by Delayed Luminescence.

Before directly testing those questions in a biological system, we sought to determine whether the
chemical differences between CGT and CGO manifest at the physical level. Delayed luminescence
(DL) provides a comprehensive and rapid measurement of the global molecular order and energy
transfer efficiency within a material??2°, offering a complementary lens through which to compare
the two varieties. If CGT and CGO prove to be not only distinct chemotypes but also distinct
"physicotypes,” this would further underscore the complexity of their material differences and
heighten the interest of whether such divergence nevertheless permits functional equivalence in
Vivo.

Photon emission decay curves showed distinct kinetic profiles between CGT and CGO (Figure
6A). In addition, PCA of the full DL parameters set resulted in clear, separate clustering of CGT
and CGO samples (Figure 6B). Moreover, comparative analysis of the derived DL parameters
showed systematic differences. CGO samples had greater values for the initial photon intensity
(Yo), the time constant (Tau) and half-life, indicating a slower photon decay, whereas CGT samples
displayed a higher decay rate constant (K) and plateau value. This demonstrates that the two
varieties possess fundamentally different physical and structural energy states, classifying them as
distinct physicotypes (Figure 6C).

These physical differences have practical implications for by-product valorization. The slower
photon decay and higher initial intensity observed in CGO suggest a more ordered molecular
structure or different energy dissipation pathways, which may influence key processing parameters
such as extraction efficiency, powder flowability, and stability during storage?®28. From an
industrial perspective, such physical characteristics are critical determinants of material handling
and downstream formulation, and the distinct physicotype of CGO should be considered alongside
its chemical profile when developing standardized functional ingredients from this abundant by-
product.

Having established that CGT and CGO differ not only in their chemical composition (chemotypes)
but also in their physical energy states (physicotypes), we next asked whether these material-level



divergences translate into differential biological activity. The following sections address this
question through in vivo safety and efficacy evaluation in a zebrafish model of diet-induced hepatic
steatosis.

Safety Assessment Reveals a Wider Safety Margin for CGO.

Prior to efficacy evaluation, we determined the safe concentration ranges of CGT and CGO
extracts in zebrafish larvae. Exposure to CGT at 20 ug/mL resulted in about 20% mortality,
whereas CGO only reached a similar mortality level at 120 pg/mL (Figure 7A and B). The
calculated median lethal concentration (LCso) for CGO (150.1 pg/mL) was approximately 3.5-fold
higher than that for CGT (42.6 pg/mL) (Figure 7C and D). This substantial difference indicates a
wider safety margin for CGO in this larval model.

The observed disparity in acute toxicity may be attributed to compositional differences between
the two extracts. Metabolomic profiling revealed that CGT is significantly enriched in several
coumarins and alkaloids (Figure 4), classes of compounds known to exhibit bio-toxic effects in
various biological systems?®3!, For instance, compounds such as bergapten were substantially
more abundant in CGT (Figure 4D). While these compounds contribute to the bioactivity of CGT,
their higher concentrations may also underlie its narrower safety margin. Conversely, CGO,
despite containing lower levels of these specific metabolites, retained a rich profile of other
bioactive flavonoids and phenolic acids, which likely contribute to its efficacy without the same
level of acute toxicity. This hypothesis warrants further investigation, including targeted toxicity
assays of individual compounds, to fully elucidate the toxicological implications of the
compositional differences.

From a practical standpoint, the wider safety margin of CGO is a favorable attribute for its
development as a food ingredient. It suggests a potentially greater tolerance in processing and
formulation, reducing the risk of adverse effects during handling and consumption. Moreover, as
an abundant by-product of the citrus industry, CGO offers potential advantages in scalability and
supply stability for industrial applications'2. However, direct extrapolation of these larval LCso
values to human safety requires caution, as the exposure route (aqueous) differs from oral
consumption, and further mammalian toxicity studies are necessary.

Comparative Assessment on Lipid Metabolism and Hepatic Steatosis between CGT and
CGO.

Both CGT and CGO extracts effectively attenuated HCD-induced hepatic steatosis in zebrafish
larvae, a well-established vertebrate model for assessing MASLD-related pathologies®>%. Qil Red
O staining revealed severe hepatic lipid accumulation in the HCD model group, which was



markedly attenuated by both CGT and CGO extracts in a dose-dependent manner (Figure 8A).
Quantitative image analysis confirmed that medium and high doses of both extracts significantly
reduced both the lipid-stained area and intensity (grey value), with effects at the highest doses
comparable to the positive control, BZT (Figures 8B, C).

In addition, HCD feeding induced significant elevations in whole-larva total TC and TG. Both
extracts effectively modulated these biochemical parameters (Figures 9A, B). A notable difference
in the response pattern was observed that CGO demonstrated a consistent, dose-dependent
reduction in both TC and TG levels across all tested concentrations. In contrast, CGT significantly
lowered TC only at its highest dose and showed a moderating trend for TG at the same
concentration.

At the molecular level, RT-PCR analysis of key lipid metabolism genes revealed a highly
congruent regulatory pattern between the two extracts (Figure 9C). Both CGT and CGO
significantly upregulated the expression of cptla (fatty acid oxidation) and downregulated fasn
(fatty acid synthesis) and hmgcr (cholesterol synthesis) across multiple dose groups, effectively
reversing the HCD-induced dysregulation.

Interestingly, a more robust regulation of hepatic lipid metabolism was observed in the CGO group,
as evidenced by its enhanced impact on TC and TG levels. As illustrated in the heatmaps (Figure
4D), CGO is uniquely enriched with bioactive furanocoumarins that are relatively different in CGT.
For instance, bergamottin, which is highly abundant in CGO, has been reported to significantly
alleviate lipid accumulation by suppressing key adipogenic transcription factors such as PPARy
and C/EBPa®*%, thereby providing a molecular basis for the enhanced lipid-lowering efficacy
observed in the CGO group. Furthermore, the specific accumulation of shikimic acid derivatives,
such as 3-O-p-Coumaroyl shikimic acid (Figure 4C), exclusively in the CGO group, provides
additional chemical evidence for its specialized role in metabolic regulation®.

Collectively, these results demonstrate that both CGT and CGO extracts possess substantial and
broadly equivalent efficacy in alleviating the core pathological features of MASLD in this model
system. They effectively reduce hepatic lipid accumulation, correct systemic dyslipidemia, and
restore the expression of pivotal metabolic genes. While the potency of the effect may vary,
the principal functional distinction stems from the dose-response characteristics, where CGO
exhibits a more consistent and graded effect on key biochemical markers (TC/TG) across the tested
concentration range.

Comparative Modulation of Oxidative Stress between CGT and CGO.

Consistent with its role as a key driver of MASLD pathology, pronounced oxidative stress was



evident in HCD-fed larvae®’. In vivo ROS detection using the DCFH-DA probe revealed
significantly elevated fluorescence in the hepatic and intestinal regions, which was dose-
dependently and significantly attenuated by both CGT and CGO extracts (Figures 10A, B).

Consistent with the ROS findings, HCD feeding led to a marked increase in the lipid peroxidation
product malondialdehyde (MDA) and reduced activities of the antioxidant enzymes glutathione
peroxidase (GSH-Px) and superoxide dismutase (SOD). Both extracts effectively counteracted
these changes in a largely dose-dependent manner (Figures 11A-C). While CGO showed a
pronounced effect in reducing MDA levels, CGT appeared to induce a stronger upregulation of
GSH-Px and SOD activities at higher doses.

At the transcriptional level, RT-PCR analysis of key genes within the Nrf2/Keapl antioxidant
pathway showed a congruent regulatory pattern (Figure 11D). Both extracts significantly
downregulated the expression of nrf2 and its inhibitor keapl across all doses. For the downstream
effector cat, only high-dose CGT and medium-to-high-dose CGO significantly upregulated its
expression. Both extracts potently increased the expression of sodl and gpxla at high
concentrations, with CGT eliciting a particularly strong induction.

The differences in regulatory capacity of CGT compared to CGO might be attributed to the
significant enrichment of specific bioactive metabolites as visualized in the heatmaps (Figure 4A).
The CGT group exhibits markedly higher levels of key flavonoids, including quercetin, luteolin,
and apigenin, which are well-documented to mitigate oxidative stress by activating
the Nrf2/Keap1 signaling pathway®-4, These compounds serve as potent exogenous antioxidants
that upregulate the gene expression of endogenous enzymes such as sod1, cat, and gpxla, thereby
enhancing the activities of SOD and GSH-Px to scavenge ROS. In contrast, the CGO group is
characterized by a relative deficiency in these protective compounds, providing a chemical basis
for its relatively lower antioxidant efficacy.

These results demonstrate that both CGT and CGO extracts possess largely comparable multi-
target efficacy in mitigating HCD-induced oxidative stress. Both extracts effectively reduced ROS
overproduction, modulated associated biochemical markers, and restored the expression of core
antioxidant genes. Notably, subtle differences in potency for specific endpoints were observed—
for instance, CGO showed a pronounced effect on MDA reduction, whereas CGT induced stronger
upregulation of GSH-Px and SOD activities at higher doses. These distinct yet effective profiles
in re-establishing redox homeostasis reflect the compositional divergence between the two extracts
and underscore the complexity of comparing complex mixtures.

Comparative Attenuation of Hepatic Inflammation between CGT and CGO.



Consistent with the central role of chronic inflammation in MASLD progression®!, HCD feeding
induced a marked inflammatory response in zebrafish larvae. Using transgenic reporter lines,
fluorescence imaging of Tg(mpx:eGFP) and Tg(mpeg:mCherry) larvae revealed substantial
infiltration of neutrophils (green) and macrophages (red) into the liver region of the HCD model
group, indicating strong diet-induced inflammation (Figures 12A, B). Both CGT and CGO extracts
dose-dependently and significantly reduced this immune cell accumulation (Figures 12C, D).
Quantitative analysis indicated that CGT exhibited a slightly more potent effect on neutrophil
reduction, whereas CGO showed a stronger trend in suppressing macrophage recruitment. In
addition, RT-PCR analysis demonstrated that both extracts effectively downregulated the
expression of key pro-inflammatory cytokines (Figure 12E). They potently suppressed the
expression of tnf-a across all tested doses. While both significantly reduced il-6 expression, CGO
showed a more pronounced inhibitory trend.

These findings confirm that both CGT and CGO extracts possess significant efficacy in mitigating
HCD-induced hepatic inflammation. They effectively reduce the pathological recruitment of
innate immune cells and downregulate central inflammatory mediators. This robust anti-
inflammatory activity, combined with their previously demonstrated effects on steatosis and
oxidative stress, completes the functional profile of both extracts as multi-target agents against
MASLD pathology. The subtle differences in cellular targeting (neutrophils vs. macrophages)
further delineate their distinct bioactivity profiles.

Dose-Normalized Analysis Reveals Mechanistic Nuances yet Phenotypic Equivalence
between CGO and CGT

The preceding sections demonstrate that both CGT and CGO extracts exert largely comparable
multi-target efficacy in alleviating hepatic steatosis, oxidative stress, and inflammation. However,
these assessments were based on crude extract concentrations, which do not account for the
significant difference in naringin content between the two varieties. To rigorously test whether the
observed functional similarities reflect true bio-equivalence—or simply result from compensatory
dosing of the less potent extract—we performed a dose-normalized regression analysis, converting
all crude extract doses to naringin-equivalent concentrations and examining the dose-response

relationships across biochemical, molecular, and phenotypic endpoints.

As shown in Figure 13, the dose-response regression analysis of biochemical and gene expression
markers revealed variety-specific mechanistic preferences. CGO exhibited a steeper negative slope
in lipid metabolic indicators (e.g., TC, TG, and hmgcr expression) per unit of naringin, indicating

a potent direct lipid-lowering capacity despite its lower crude naringin content. This observation



aligns with the more consistent dose-dependent reduction in TC and TG observed for CGO in
Figure 9. Conversely, CGT showed a stronger positive slope in upregulating antioxidant enzymes
(e.g., SOD, GSH-Px activity, and sod1 expression), suggesting a superior capacity for alleviating
oxidative stress per unit of naringin. This is consistent with the stronger induction of GSH-Px and
SOD activities by CGT noted in Figure 11.

Despite these mechanistic nuances at the molecular and biochemical levels, the holistic therapeutic
outcomes on MASLD phenotypes were remarkably equivalent between CGO and CGT. As
visualized in the scatter plots of individual fish (Figure 14), the regression lines for lipid
accumulation area, liver grey value, ROS fluorescence intensity, neutrophils and macrophages
counts showed extensive overlap in their 95% confidence bands. Furthermore, ANCOVA results
(Table 2) confirmed that after adjusting for naringin dosage, there was no statistically significant
difference (p>0.05) between CGO and CGT in ameliorating the key pathological phenotypes—

hepatic steatosis, ROS levels, and immune cell infiltration.

This apparent paradox—mechanistic divergence at the molecular level converging on phenotypic
equivalence—is central to understanding the nature of the functional relationship between CGT
and CGO. CGO appears to compensate for its lower total naringin content with higher potency in
lipid metabolism regulation per unit of the marker compound. In contrast, CGT relies more heavily
on boosting the antioxidant defense system. This phenomenon aligns with the “multi-component,
multi-target” principle of natural products, suggesting that the equivalence observed at the
phenotypic level is an integrated result of different signaling pathways being modulated to

different extents.

Therefore, the significant difference in naringin content between CGT and CGO does not translate
into a disparity in their overall efficacy in supporting liver metabolic health. This observation
further corroborates our central thesis. For complex botanical extracts, while the content of a single
marker compound is an important quality control parameter, the ultimate bioactivity hinges on the
collective functional output resulting from the synergistic interaction of multiple constituents. The
levels of naringin and other bioactive components present in CGO are entirely sufficient to
underpin a biological effect equivalent to that of CGT. Thus, the “equivalence” we claim is not a
simple chemical equivalence of naringin content, but a functional bio-equivalence of the whole

extract, achieved through distinct yet convergent multi-component synergy.

The validation of this bio-equivalence is particularly significant for the industrial application of
CGO. Our results confirm that CGO, a common and abundant food by-product, is not merely a

low-quality substitute but a functionally robust ingredient comparable to the rare CGT. By



achieving the same phenotypic recovery through a distinct mechanistic route, CGO represents a
sustainable and high-value resource for developing functional foods or anti-MASLD supplements,

fully consistent with circular bioeconomy principles.

There are also limitations in this study. The zebrafish model employed in this study, while well-
established for multi-parametric in vivo screening of metabolic and inflammatory endpoints, has
inherent limitations that should be considered when extrapolating the findings. The larvae used
(5-11 dpf) have immature hepatic lipid metabolism and immune systems compared to adult
vertebrates, and the six-day high-cholesterol diet represents an acute nutritional induction rather
than a model of chronic MASLD progression. Similarly, the safety assessment via waterborne
exposure reflects larval gill and skin absorption rather than oral ingestion relevant to food use.
Therefore, the observed LCso values should be interpreted as comparative toxicological endpoints
within this specific model system, but confirmation through mammalian oral toxicity studies

remains essential for food safety evaluation.

Despite these caveats, the core finding of functional equivalence between CGO and CGT is
robustly supported by the dose-normalized analysis, which accounts for compositional differences
and demonstrates phenotypic convergence across multiple endpoints. The observed mechanistic
nuances—CGO exhibiting steeper lipid-lowering slopes per unit naringin and CGT showing
stronger antioxidant enzyme induction—do not undermine this conclusion; rather, they illustrate
how distinct chemical matrices can achieve similar holistic outcomes through different pathways,
consistent with the multi-component synergy principle. For the intended application as a
sustainable food ingredient, this functional substitutability is the key translational insight. Future
studies should extend these findings to mammalian MASLD models with oral administration,
include comprehensive toxicological evaluation following food ingredient guidelines, and
investigate the bioavailability and stability of the active constituents under relevant processing
conditions. Such work will further solidify the evidence base for transforming this abundant by-

product into a validated resource for liver health applications.

In conclusion, this study demonstrated that the common pomelo peel by-product CGO is
functionally equivalent to the rare CGT in supporting liver metabolic health. The multi-
dimensional analysis adopted in the study confirmed that while CGT and CGO are distinct
chemotypes and physicotypes, their ethanol extracts elicit statistically indistinguishable efficacy
in alleviating hepatic steatosis, oxidative stress, and inflammation in a vertebrate model of diet-
induced metabolic dysregulation. From a sourcing perspective, CGO is potentially advantageous
due to its abundance as a food by-product, offering scalability and supply stability that the rare

CGT cannot provide. These findings showed the common pomelo peel to be a sustainable, high-



potential source for functional food ingredient development. The study also provided a replicable
scientific framework for assessing the functional equivalence of alternative botanical resources,
offering a pathway to overcome the challenges of scarce traditional materials, enabling the

sustainable production of evidence-based functional food ingredients.
Methods
Preparation of Pomelo Peel Samples

Three independent batches of Citrus grandis "Tomentosa' (CGT) peel (Batch Nos. 20240318,
20240608, 20240728) were obtained from Huazhou Lailiyuan Juhong Co., Ltd. (Huazhou,
Guangdong, China). Three batches of common Citrus grandis (L.) Osbeck (CGO) peel (Batch Nos.
20240101, 20240301, 20240701) were obtained from Guangdong Dongguan Guo Yao Group Co.,
Ltd. All materials were authenticated by Professor Mengmeng Sun (Changchun University of
Chinese Medicine). Voucher specimens were deposited at the Herbarium of Changchun University
of Chinese Medicine. The dried peels were pulverized into a fine powder and passed through a

200-mesh sieve prior to extraction.
Extraction and Quantification of Naringin

Extraction: Each batch powder (5.00 g) was accurately weighed and mixed with 100 mL of 80%
(v/v) ethanol (solid-to-solvent ratio 1:20, w/v) in a conical flask. After soaking overnight at room
temperature, the mixture was subjected to ultrasound-assisted extraction (100 W, 60°C) for 0.5 h*2.
The extract was cooled, filtered, and the residue was re-extracted three more times under identical
conditions. All filtrates were combined, concentrated under reduced pressure at 55°C, and
lyophilized at -80°C. The resulting ethanol extract powder was stored at 4°C for subsequent

analyses.

Naringin quantification: Naringin content was determined by High-Performance Liquid
Chromatography (HPLC) following the method specified in the Chinese Pharmacopoeia (2025
Edition)?!. Analysis was performed on an Agilent 1260 system equipped with an Agilent ZORBAX
SB-C18 column (5 um, 4.6 x 250 mm). The mobile phase consisted of methanol-acetic acid-water
(35:4:61, v/v/v) at a flow rate of 1.0 mL/min under isocratic elution. Column temperature was
maintained at 40°C, and detection wavelength was set at 283 nm with a 10 pL injection volume.
A calibration curve was constructed using a naringin reference standard (Yuanye Bio-Technology,
Shanghai, China). Sample extracts were dissolved in methanol, filtered through a 0.22 um
membrane, and analyzed in triplicate. Naringin content was calculated based on peak area and

expressed as percentage of dry peel weight.



Metabolomics Profiling

Sample preparation: Freeze-dried peel powder (50 mg) was extracted with 0.5 mL of 70% aqueous
methanol at 4°C for 12 h. After centrifugation at 10,000 x g for 5 min, the supernatant was filtered

through a 0.22 pm membrane for analysis.

Ultra-performance liquid chromatography-tandem mass spectrometry (UPLC-MS/MS)
analysis: Metabolite profiling was performed using an ExionLC™ AD UPLC system coupled with
a QTRAP 4500 mass spectrometer (SCIEX). Chromatographic separation was achieved on an
Agilent SB-C18 column (1.8 um, 2.1 x 100 mm) maintained at 40°C. The mobile phase consisted
of (A) water with 0.1% formic acid and (B) acetonitrile with 0.1% formic acid, delivered at 0.35
mL/min with the following gradient: 5% B (0 min), increased linearly to 95% B (9 min), held for
1 min, returned to 5% B (11.1 min), and equilibrated until 14 min. Injection volume was 2 pL.
Mass spectrometry was conducted with an electrospray ionization source operating in both positive
and negative ion modes. The ion spray voltage was set at £5500 V, source temperature at 550°C,
and curtain gas, ion source gas I, and ion source gas II pressures were 25, 50, and 60 psi,
respectively. Data acquisition was performed in multiple reaction monitoring (MRM) mode.
Metabolite identification was based on matching accurate precursor mass, characteristic MS/MS
fragments, and retention time against the MetWare database (MWDB). A quality control sample,
prepared by pooling aliquots of all extracts, was injected at regular intervals to monitor system
stability*.

Delayed Luminescence (DL) Measurement

Dried peel samples were ground to particles smaller than 150 pm and equilibrated in a dark
desiccator with silica gel at room temperature for at least 16 h. DL measurements were performed
using a dedicated system (Meluna Research, Netherlands) as previously described®®. The setup
consisted of a light-tight sample chamber maintained at 22°C and a photomultiplier tube (PMT;
9558QB, Electron Tubes Enterprises Ltd., UK) cooled to -25°C to reduce dark count to ~10
counts/s. For each measurement, 1 g of sample powder was placed in a Petri dish (1 cm diameter).
After excitation with white LED light for 10 s, DL emission was recorded at 0.05-s intervals over
60 s, yielding 1200 data points per kinetic curve. Each batch sample was measured in triplicate,
with five consecutive readings per replicate, resulting in 15 measurements per batch. The decay
curves were fitted to a one-phase exponential decay model in GraphPad Prism 10. The choice of a
single-phase model was based on the observation that a mono-exponential fit adequately described
the decay (R? > 0.98 for all samples) and provided robust and comparable parameters across

samples. Six parameters were derived: initial intensity (Yo), plateau, rate constant (K), time



constant (t = 1/K), half-life (In2/K), and span (Yo — plateau).
Zebrafish Maintenance

All zebrafish procedures were approved by the Animal Ethics Committee of Changchun University
of Chinese Medicine (Approval No. 2024692) and conducted in accordance with zebrafish model
organism database (zfin.org) standards. Wild-type AB strain larvae were used. Zebrafish larvae
were maintained in an incubator at 28.5 °C with a 14:10 h light/dark photoperiod in embryo
medium. For the evaluation experiments described in this research, allocation of larvae to different
treatment groups was performed using a completely randomized design generated by random
number tables. To minimize observer bias, all subsequent phenotypic assessments were performed
by an experimenter who was blinded to the group allocation. The coding of samples was revealed
only after data acquisition was complete. For imaging procedures, larvae were anesthetized by
immersion in 0.016% tricaine methanesulfonate (MS-222, buffered to pH 7.0) until loss of
equilibrium and cessation of voluntary movement. At the end of the experiments, larvae were
euthanized by an overdose of MS-222 (0.1%, 10 min) followed by rapid freezing at -80 °C for
subsequent biochemical assays, or were immediately processed for RNA extraction as described

below.
Safety Assessment (LCso Determination)

LCso assay: At 3 days post-fertilization (dpf), healthy larvae were distributed into 6-well plates (30
larvae per group). Based on preliminary range-finding experiments, CGT extracts were tested at
10, 20, 50, 100, and 200 pg/mL in zebrafish embryo medium, while CGO extracts were tested at
40, 80, 120, 160, and 200 pg/mL. Exposure continued for 144 h, with medium renewal every 24
h. Mortality and morphological abnormalities were recorded daily. The median lethal
concentration (LCso) at 144 h was calculated by nonlinear regression (log[inhibitor] vs. normalized
response) using GraphPad Prism 10. The non-toxic concentration was defined as the highest
concentration causing no mortality or visible abnormalities, and was used to select doses for

subsequent efficacy experiments.
MASLD Model Induction and Efficacy Evaluation in Zebrafish

A high-cholesterol diet (HCD)-induced MASLD model was established following a published
protocol*. Wild-type AB, Tg(mpx:eGFP) (neutrophil reporter), and Tg(mpeg:mCherry)

(macrophage reporter) larvae were used.

Diet preparation: The base diet (Larval-AP100, Shanghai Haishengcheng Bio) was mixed with

cholesterol dissolved in anhydrous ether to achieve a final concentration of 5% (w/w) cholesterol.



The mixture was stirred thoroughly, and ether was evaporated overnight. The normal diet (ND)

was prepared identically without cholesterol.

Treatment regimen: At 5 dpf, larvae were randomly assigned to nine groups: ND control, HCD
model, positive control (10 uM Bezafibrate, BZT), and three dose groups each for CGT and CGO
extracts. Based on LCso results, the following concentrations were used: CGT at 5, 10, and 20
pg/mL; CGO at 5, 10, and 20 pg/mL. From 5 to 11 dpf, all groups except ND control were fed a
high-cholesterol diet (HCD, 2 mg/day, divided into two feedings). Immediately after each feeding,
the medium was replaced with fresh solution containing the respective extract or BZT. Larvae
were fasted for 12 h before sampling at 11 dpf (Figure 1).

Two independent cohorts of larvae were used for different endpoint analyses. For individual-based
phenotypic assessments (Oil Red O staining, ROS fluorescence imaging, neutrophil/macrophage
quantification), each group initially contained 30 larvae. Due to natural attrition during the 6-day
experimental period, the final number of larvae available for analysis ranged from 15 to 25 per
group. For biochemical assays, at 11 dpf, larvae from each group were randomly divided into three
pools (30 larvae per pool), with each pool serving as one biological replicate, and the mean of the

replicates was used for subsequent statistical analysis.

Lipid accumulation assessment: Larvae were fixed and stained with Oil Red O (Yuanye Bio-
Technology) to visualize neutral lipids. Hepatic steatosis was quantified by analyzing staining area
and intensity using ImageJ. Whole-larva triglycerides (TG) and total cholesterol (TC) were
measured using commercial ELISA kits (Wuhan Enzyme Immunity Biotechnology Co., Ltd.)

according to the manufacturer's protocols.

Oxidative stress assessment: Intracellular reactive oxygen species (ROS) levels were measured in
live larvae incubated with DCFH-DA probe (BIOFOUNT, Beijing, China). Fluorescence was
quantified using ImagelJ. Activities of superoxide dismutase (SOD), glutathione peroxidase (GSH-
Px), and malondialdehyde (MDA) levels in larval homogenates were determined using ELISA kits
(Wuhan Enzyme Immunity Biotechnology Co., Ltd.).

Inflammatory response assessment: Tg(mpx:eGFP) and Tg(mpeg:mCherry) larvae were processed
through the same regimen. At 11 dpf, larvae were anesthetized, and the recruitment of neutrophils
(GFP*) and macrophages (mCherry*) to the liver region was visualized and quantified using

fluorescence microscopy and Imagel.
Gene Expression Analysis by Quantitative Real-Time PCR

Total RNA was extracted from 30 pooled larvae per group using TRIzol reagent (Thermo Fisher



Scientific)®. RNA concentration and purity were determined spectrophotometrically
(CLARIOstar, BMG LABTECH). First-strand cDNA was synthesized from 2 pg total RNA using
a reverse transcription kit (Tiangen, China). Quantitative real-time PCR (RT-PCR) was performed
using SYBR Green Master Mix (Tiangen) on a CFX96 Deep Well Dx system (Bio-Rad). Each
reaction was run in triplicate. Relative expression levels of target genes (cptla, fasn, hmger, nrf2,

27AACT

keapl, cat, sodl, gpxla, tnf-a, il-6) were calculated using the method, with B-actin as the

internal control. Primer sequences are listed in Table 1.
Naringin-Normalized Dose-Response Analysis

To account for the significant difference in naringin content between CGT and CGO extracts and
to rigorously assess their functional equivalence, we performed a dose-normalized regression
analysis integrating data from biochemical assays (Section 2.6) and gene expression analyses
(Section 2.7). All crude extract doses were converted to naringin-equivalent concentrations based
on the quantified naringin content of each batch (Section 2.2). For each endpoint—including lipid
parameters (TC, TQG), oxidative stress markers (SOD, GSH-Px, MDA), and relative mRNA levels
of key genes (cptla, fasn, hmger, nrf2, keapl, cat, sodl, gpxla, tnf-a, il-6)—data were plotted
against naringin-equivalent concentration, and linear regression was performed using GraphPad
Prism 10.

To test whether the two varieties differed in their dose-response relationships, analysis of
covariance (ANCOVA) was conducted with naringin-equivalent concentration as the covariate and
variety (CGT vs. CGO) as the fixed factor. A non-significant variety effect (p>0.05) was
interpreted as evidence of functional equivalence for that endpoint, provided that the regression
slopes were significant and in the expected direction. This approach allowed us to dissect whether
the observed phenotypic similarities arose from comparable bioactivity per unit of the primary

marker compound or from distinct synergistic interactions within the complex extract matrix.
Statistical Analysis

Multivariate analysis: For metabolomics data, principal component analysis (PCA) was performed
to visualize overall metabolite profile differences. Differential metabolites were identified using
thresholds of |Fold Change| > 0.585 and p < 0.05. Hierarchical clustering heatmaps and KEGG
pathway enrichment analysis were conducted using MetaBioAnalyst. For DL data, the six kinetic

parameters were auto-scaled and subjected to PCA to distinguish sample groups.

Univariate analysis: Data are presented as mean + SEM. Comparisons between two groups were
performed using unpaired two-tailed Student's t-test. Multiple group comparisons were analyzed

by one-way ANOVA followed by Tukey's post hoc test for pairwise comparisons. To account for



multiple comparisons, a false discovery rate (FDR) approach was applied where appropriate, with
q < 0.1 considered significant. All statistical analyses were performed using GraphPad Prism 10,

with p < 0.05 considered statistically significant unless otherwise specified.
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Figure 1. Experimental design for MASLD induction and bioactivity assessment in zebrafish.
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of significantly upregulated, downregulated, and non-significant metabolites in CGO compared to CGT.

A Group

Isovitexin 2-O-beta-D-glucoside
Malonyl-Apigenin-glucoside 1
Luteolin-7-O-rutinaside
Quercetin-3-O-(8-0-malonyljglucoside 05
Eriodictyal

Catechin

Pinacembrin {Dihydrachrysin)
Sinensetin

Daidzein

Chrysin
Po] Apigenin
I Quercetin
Luteolin

3-O-Methylquercetin

Vitexin-2-O-rhamnoside*

Vitexin-2-O-glucoside
Apigenin-7-0-(2-0-apiosyl)(B-Malonyljglucoside
Acacetin

192
€190

==

" Group
10-Formyltetrahydrofolic Acid
Oxindole
Methoxyindoleacetic acid
3-Indoleacetonitrile
Synephrine
5-Hydroxyindole-3-acetic acid
Stachydrine
2-Phenylethylamine
Dictamine
2-oxindole-3-acetic acid

!1

0.5

[

Ins
-

Lumichreme

Graup

ceo

I cer

Group
Caffeic acid
3-0-p-Coumaroylshikimic acid
Trans-5-O-(p-Coumaroyljshikimate
Ferulic acid
Benzoylfarmic acid
Cinnamic acid
Hydrocinnamic acid
2-Hydraxyphenylacetic acid a5
DL-3,4-Dihydroxymandelic acid
3.4-Dihydroxybenzoic acid (Protocatechuic acid) El
Sinapinaldehyde

Sinapoyl-beta-D-glucose

2-Amine-3-methoxybenzoic acid
Chioragenic acid (3-O-Caffeoylquinic acid)

15 Srovp

Group

Bergamottin
6,7-Dihydroxybergamottin =~ 1 ©
Epoxybergamottin
Demethylsubsrosin 08
Bergapten
Isapimpinellin
3,4-Dihydrocoumarin

~ Calumbianstin & "
-E Osthenol .
. Umbelliferone -

d

o ceT

0

19D
€192

Figure 4. Heatmaps of key differential metabolites within the major classes. (A) Flavonoids

(C) Phenolic acids. (D) Lignans and coumarins.

Top 20 of Enrichment

CGO_vs_CGT GeneNumber

Phenylpropanoid biosynthesis q

Stilbenoid, diarylheptanoid and gingerol biosynthesis 4
Cyanoamino acid metabolism

Phenylalanine metabolism

Ubiquinone and other terpenoid-quinone biosynthesis 4
Flavone and flavonol biosynthesis

Tyrosine metabolism

Tryptophan metabolism A

Carbon metabolism -

One carbon pool by folate A

Riboflavin metabolism -

Vitamin B6 metabolism 4

Aminoacyl-tRNA biosynthesis

Biosynthesis of various plant secondary metabolites |
Biosynthesis of secondary metabolites

Anthocyanin biosynthesis 1

Glycerophaspholipid metabolism 4

Isoflavonoid biosynthesis 4

Benzoxazinoid biosynthesis 1

Lysine degradation

= e 1

@ ~

p-value

-
0.4

Category

0.2

L}

A L&PRA&T
B P3A

e P

[ ]
[ ]

0.0

0.6

1.2 ‘1;6

Enrichment Score

24 3.0

. (B) Alkaloids.

L&P&ASTEF
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alkaloids; P means phenolic acids; L means lignans and coumarins; T means terpenoids.
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Figure 6. The DL measurement results between CGT and CGO samples. (A) DL decay curves. (B) The PCA

scores obtained from the DL data. (C) The six DL parameters analyzed in the samples. Data are presented as

mean + SEM. ****p<(.0001.
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Evaluation of the safety concentration range between CGT and CGO. (A) Survival curves of



larvae exposed to CGT. (B) LC50 of CGT. (C) Survival curves of larvae exposed to CGO. (D) LC50 of CGO.
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Figure 8. Effects of CGT and CGO extracts on hepatic steatosis in HCD-induced zebrafish. (A)
Representative images of Oil Red O staining in zebrafish larvae from different treatment groups. Bar scale (left):
200um; (right): 50pum. (B, C) Quantitative analysis of hepatic lipid accumulation. (B) Lipid-stained area and (C)
staining intensity (grey value) in the liver region were measured. Data are presented as mean £ SEM. *Model

versus Treatment, *p<0.05, ***p<0.001, ****p<0.0001; #Control versus Model, ###p<0.001, ####p<0.0001;

ns, no significant difference.
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Figure 9. Effects of CGT and CGO extracts on systemic lipid profile and related gene expression. (A, B)
Biochemical levels of (A) total cholesterol (TC) and (B) triglycerides (TG) in whole zebrafish larvae. (C)
Relative mRNA expression levels of key lipid metabolism genes: cptla (fatty acid oxidation), fasn (fatty acid
synthesis), and hmger (cholesterol synthesis). Gene expression was normalized to f-actin and calculated relative
to the Control group. Data are presented as mean = SEM. *Model versus Treatment, *p<0.05, **p<0.01,
***p<0.001, ****p<0.0001; #Control versus Model, ##p<0.01, ###p<0.001, ####p<0.0001. All measurements
were performed in triplicate. Doses L, M, and H correspond to concentrations of 5, 10, and 20 pg/mL,

respectively.
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Figure 10. Effects of CGT and CGO extracts on ROS levels in zebrafish larvae. (A) Representative
fluorescence images showing ROS levels (green) in the hepatic and intestinal regions of zebrafish larvae detected
by the DCFH-DA probe. Bar scale (left): 200um; (right): 200um. (B) Quantitative analysis of ROS fluorescence
intensity. Data are presented as mean = SEM. *Model versus Treatment, ****p<(0.0001; #Control versus Model,

#H##p<0.0001.
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Figure 11. Effects of CGT and CGO extracts on oxidative stress biomarkers and gene expression. (A-C)
Biochemical levels of (A) malondialdehyde (MDA), (B) glutathione peroxidase (GSH-Px) activity, and (C)
superoxide dismutase (SOD) activity in whole zebrafish larvae. (D) Relative mRNA expression levels of key
antioxidant pathway genes: nrf2, keapl, cat, sod1, and gpx1la. Gene expression was normalized to f-actin. Data
are presented as mean = SEM. *Model versus Treatment, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001;
#Control versus Model, #p<0.05, ##p<0.01, ###p<0.001, ####p<0.0001. All measurements were performed in

triplicate. Doses L, M, and H correspond to concentrations of 5, 10, and 20 pg/mL, respectively.
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Figure 12. Effects of CGT and CGO extracts on hepatic inflammation in zebrafish larvae. (A, B)
Representative fluorescence images showing the recruitment of (A) neutrophils (green, Tg(mpx:eGFP)) and (B)
macrophages (red, Tg(mpeg:mCherry)) to the liver region. (C, D) Quantitative analysis of the number of (C)
neutrophils and (D) macrophages in the liver region. Data are presented as mean = SEM. (E) Relative mRNA
expression levels of the pro-inflammatory cytokines tnf-o and il-6. Gene expression was normalized to f-actin.
Data are presented as mean + SEM. *Model versus Treatment, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001;
#Control versus Model, #p<0.05, ##p<0.01, ###p<0.001, ###p<0.0001. ns, no significant difference. All
measurements were performed in triplicate. Doses L, M, and H correspond to concentrations of 5, 10, and 20

ug/mL, respectively.
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Figure 13. Dose-response regression analysis of biochemical and gene expression markers normalized by
Naringin content. (A) Results of hepatic steatosis related biochemical or gene expression levels. (B) Results of
oxidative stress related biochemical or gene expression levels. (C) Results of inflammation related gene
expression levels. The X-axis represents the Naringin equivalent concentration (ug/mL) converted from crude
extract doses. The Y-axis represents the biochemical or gene expression levels. Red lines (CGO) and blue lines
(CGT) represent the linear regression fit with 95% confidence bands (shaded areas). The Y-intercept is
constrained to the mean of the Model group (shared baseline). The horizontal dashed line represents the mean

level of the Control group (target baseline). Note the distinct slopes indicating variety-specific potency in lipid



regulation (e.g., TC, TG) versus antioxidant defense (e.g., SOD).
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Figure 14. Evaluation of phenotypic bio-equivalence using individual data regression analysis. Scatter plots
showing the regression of (A) Lipid accumulation area, (B) Liver grey value, (C) ROS fluorescence intensity,
(D) Neutrophils counts, (E) Macrophages counts against Naringin equivalent concentration. Each point
represents an individual zebrafish. Red (CGO) and Blue (CGT) areas indicate the 95% confidence bands of the
regression lines. The extensive overlap of the confidence bands visually confirms the bio-equivalence of the two

varieties at the phenotypic level. The horizontal dashed line indicates the mean of the Control group.



Tables

Table 1. Sequence of primers for the RT-PCR analysis.

Gene Forward Sequence (5'—3") Reverse Sequence  (5'—3")
sodl ACCGGCACCGTCTATTTCAA AGCATGGACGTGGAAACCAT
cat AACTACCAGTCAACTGCCCG GTCAGGAGCACTGAAGCTGT
gpxla TATCATCTGGAGCCCCGTGT CCTCTTGAATGGTTCCCCGT
il-6 CAGACATCCAGCACTTCCCT AACAGGATCGAGTGGACCGT
tnf-a ACCAGGCCTTTTCTTCAGGT TTTGCCTCCGTAGGATTCAG
nfe2l2a (nrf2) AGGAGGTGCACCACATTAGG TCCATGTCCTGTTGGCTTGG

keapla(keapl) CCAACGGCATAGAGGTAGTTAT CCTGTATGTGGTAGGAGGGTT
cptla TGGACCGGGCTCAAATCAAA ACGTGCTGTACTGAGTCCCT
fasn GGCCAAAGAGGGAATCACGA TGATGCTTCAGGGCAGAGTC
hmgcra GGTGATTGGTGTGGGGACAA TGGCCAAGACAGACATGCAA
P-actin GCCAACAGAGAGAAGATGACACAG CAGGAAGGAAGGCTGGAAGAG

Table 2. ANCOVA results for phenotypic endpoints comparing CGO and CGT efficacy

p-value  Interaction
Endpoint Difference (CGT — CGO) [95% CI]
(Variety) p-value

Lipid accumulation area 450.3 [-1427 to 2328] 0.6360 0.2637
Liver grey value 16619 [-66734 to 99973] 0.6939 0.3511
ROS fluorescence intensity 52745 [-30980 to 136470] 0.2148 0.6357
Neutrophils count -0.4862 [-2.097 to 1.124] 0.5520 0.9028
Macrophages count 1.072 [-0.4126 to 2.557] 0.1552 0.5138

The analysis controls for Naringin Equivalent Concentration as a covariate. P-values for the “Variety” factor



indicate no significant difference (p>0.05) in therapeutic efficacy between the two groups, supporting the

conclusion of equivalence.



