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Abstract

Citrulline, a non-protein amino acid, has recently gained prominence as a valuable functional food bioactive due to its

many physiological and nutritional advantages. Citrulline is predominantly found in cucurbit vegetables (like

watermelon, or Citrullus lanatus) and is an active participant in, among other things, the metabolism of plants (primarily

through nitrogen cycling) and stress tolerance in plants. In addition to its applications in plants, there has been a steady

increase in recent years in the use of citrulline in food science, especially for functional foods and nutraceuticals. This

review will provide an overview of citrulline, including its distribution in agricultural commodities, its biosynthesis in

plants, and its physicochemical properties that may be important for use in food systems. The effect of different

processing and storage conditions (both from a raw and finished product perspective) on the stability of citrulline is

reviewed with an emphasis on the need for the development of improved methods to help maintain the bioactivity of

citrulline in foods. Extraction, isolation, and quantification methods are summarized so that citrulline may be efficiently

used in food formulations. A brief discussion of citrulline bioavailability, metabolic fate of citrulline in human beings, and

the associated health benefits of citrulline (such as its role in nitric oxide production, cardiovascular support, and

improved muscle metabolism) is also provided. This review examines the growing trend of utilizing citrulline in the

development of new products using food technology. A wide range of viable methods for incorporating citrulline into

food products is evaluated, as well as several new and innovative delivery methods. The review focuses on the use of

sustainable methods to obtain citrulline, such as the use of agricultural byproducts, such as watermelon rinds, which are

a particularly rich source of citrulline. Ultimately, this review shows that citrulline has considerable potential as a valuable

bioactive compound that can improve food quality and enhance food production sustainability in an environmentally

friendly manner.
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Introduction And Background

Introduction to citrulline as a functional food bioactive

Citrulline is an amino acid that does not form proteins but has recently gained popularity as a bioactive food ingredient,

like other amino acids incorporated directly into proteins [1]. Citrulline exists primarily in its free form but has a major

impact on the metabolism of amino acids and nitrogen balance, as well as many other metabolic processes in the body

[2]. Citrulline was first discovered in watermelon (Citrullus lanatus), and it remains one of the best sources of citrulline in

the plant food chain, which is a significant indicator of citrulline's relationship with plant-based nutrition [3].
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As it relates to nutrition and food science, citrulline is beginning to receive a greater appreciation as a nutritional

component capable of enhancing health beyond its conventional use as a nutrient (i.e., food) [4]. Moreover, citrulline is

the precursor for the production of arginine, and as a result, this would have a major impact on the production of nitric

oxide (NO), an important signaling molecule in the body that impacts blood vessel health, immune function, and cellular

communication [5]. These benefits are contributing to the use of citrulline in functional food and nutraceutical products

that promote cardiovascular health, improve performance during exercise, and support metabolic health [6].

Dietary research regarding citrulline is driven by the growing interest in using naturally occurring plant-based

compounds that are beneficial to human health as ingredients in food or food products [7]. Functional foods such as

fruit-based drinks, enriched with citrulline, are now being researched as a possible means of delivering targeted health

benefits in a natural way that is also acceptable to consumers [8]. Furthermore, since citrulline is present in many of the

world's primary agricultural products, it offers potential as a sustainable source of functional ingredients in food product

development [9].

In addition, the growing understanding of the extensive evidence regarding the benefits of citrulline is being reflected in

its usefulness for food processing and product formulation [10]. To successfully incorporate citrulline into food products,

you need to understand citrulline's stability during processing and its interaction with other food components. Citrulline

also represents a growing opportunity for creating value-added products in the ever-evolving functional foods industry

by bridging the gap between nutrition and health [11].

The objective of this review is to fill this knowledge gap by reviewing the literature on plant-based citrulline. There have

been several literature reviews published in recent years describing particular aspects of L-citrulline, including

cardiovascular benefits, exercise, NO biochemistry, sarcopenia, ageing, and use of watermelon-derived nutraceuticals.

However, most of these reviews do not display any of the aspects related to agriculture, diversity of crops, extraction and

purification techniques, processing and stability studies, analysis, sustainability, and food uses of citrulline-rich agro-

industrial waste. This review addresses some of these aspects by providing a holistic overview of food science

considering production, biosynthesis, physicochemical properties, extraction and processing, and industrial applications

of plant-derived L-citrulline. Comparison of the present review with previous reviews is shown in Table 1.
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Reference Scope Limitations Present review contribution

[12] Cardiovascular health and NO

metabolism

Mainly clinical Includes agricultural sources,

extraction, purification, food

processing, stability and

functional foods

[13] Exercise performance Supplement-focused Covers plant sources and food

technology

[14] Clinical supplementation Human studies only Includes crop sources,

processing, and sustainability

[15] Skeletal muscle and ageing Muscle biology Adds food science and

industrial applications

[16] Watermelon beverages Beverage applications only Covers extraction, purification,

and food formulation

[17] Exercise performance Sports nutrition Agricultural and functional

food perspective

Present Review Agriculture → Extraction →
Purification → Processing →
Bioavailability → Functional

foods → Sustainability

Comprehensive Integrated food science

perspective

TABLE 1: Comparison of Published Reviews on L-Citrulline and the Distinct Scope of the Present Review

NO, Nitric Oxide

Review

Methodology

A narrative review was conducted in an attempt to provide a comprehensive review of the current literature on plant-

derived L-citrulline, focusing on agricultural resources, extraction, processing, bioavailability, and functional food

applications of L-citrulline. Literature studies were obtained through database searches such as Scopus, Web of Science,

PubMed, ScienceDirect, Google Scholar, and SpringerLink. The searches were mainly conducted on the scientific

literature from 2000 to April 2026 using key terms such as L-citrulline, plant-derived citrulline, cucurbit vegetables,

watermelon, extraction, purification, food processing, bioavailability, functional foods, and sustainability. Peer-reviewed

literature in the English language was considered on the basis of their scientific relevance to this review scope.

Conference papers, patents, non-English literature, and literature not related to food applications were excluded from the

review. Recent studies were preferred to be included in this review.
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Chemical structure and physicochemical properties of citrulline

Citrulline (L-citrulline) is a type of amino acid that is not used in the making of protein in the body but is omnipresent in

the body and is frequently added to foods [18]. L-Citrulline differs from the 20 protein-forming amino acids chemically in

that its side chain contains a neutral ureido group. L-Citrulline is a non-protein amino acid, found in proteins. Such amino

acids are mainly involved in nitrogen metabolism and urea cycle. L-Citrulline has a highly polar and uncharged side chain,

which is responsible for its excellent water solubility [19]. Like other amino acids, citrulline consists of an α-amino group, a

carboxyl group, and a side chain containing a ureido group. The unique structure allows citrulline to have a major impact

on metabolism and the presence of nitrogen, while also allowing it to have many different functional characteristics

within food systems [20]. The citrulline molecule also has a great deal of polarity, which makes citrulline soluble in water.

At physiological pH (around 7.0), citrulline is in solution as a zwitterion, meaning it carries two opposite charges (positive

and negative). The pKa₁ of the carboxylic group of citrulline is approximately 2.5, and the pKa₂ of the amino group of

citrulline is approximately 9.5 [21]. Due to the unique charges present on citrulline, it exists primarily as a dipolar ion in

solution, which promotes its use with other polar materials in food. The isoelectric point of citrulline is around 5.9, which

means that citrulline has no net electrical charge at that pH. This is an important consideration when developing food

products that will contain citrulline, as it has a bearing on the way citrulline interacts with proteins, polysaccharides, and

other charged materials in the food matrix [22].

L-Citrulline shows reasonable thermal stability under normal food processing conditions, particularly when the

temperatures are below about 100°C, and the pH of the solution is close to neutral. However, after prolonged exposure to

elevated temperatures (≥120°C), high or low pH, or oxidation, citrulline degradation or incomplete recovery may occur

[23]. These effects of food processing should be distinguished from biological metabolism. L-Citrulline is converted to

arginine through the urea cycle by the argininosuccinate synthase and argininosuccinate lyase enzymes, while ornithine

is produced metabolically. However, conversion into arginine or ornithine cannot be considered as a direct effect of food

processing procedures [24].

From a physicochemical perspective, citrulline has a high level of solubility (>100 g/L in water) and a neutral taste profile,

which can provide advantages when used in foods, as it will not affect the sensory qualities of the food product

negatively [25]. The low reactivity of citrulline relative to reducing sugars and reactive amino acids will also help reduce

its risk of participating in Maillard browning chemistry during processing [26]. Key physicochemical properties of

citrulline that are important to the food system are provided in Table 2.
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S. No. Property Description/Value Relevance to Food Systems

1 Chemical name L-Citrulline Standard nomenclature

2 Molecular formula C₆H₁₃N₃O₃ Defines composition

3 Molecular weight 175.1 9 g/mol Important for formulation

calculations

4 Functional group Ureido (-NH-CO-NH₂) Unique structural feature

5 Solubility Highly soluble in water (>100

g/L)

Suitable for beverages

6 pKa (carboxyl) ~2.5 Influences ionization

7 pKa (amino) ~9.5 Affects buffering capacity

8 Isoelectric point (pI) ~5.9 Important for protein

interactions

9 Physical state White crystalline powder Ease of handling

1 0 Taste Mild, neutral No adverse sensory impact

1 1 Thermal stability Stable under moderate heat Suitable for processing

1 2 Reactivity Low (non-reducing) Minimal Maillard reaction

involvement

TABLE 2: Physicochemical Properties of Citrulline Relevant to Food Applications

Natural sources of citrulline: focus on agricultural crops

Plant sources provide the majority of citrulline; however, members of the cucurbit family concentrate most of the

citrulline found in plants. Of all cucurbit plants, watermelon is by far the greatest natural source of citrulline, a key

contributor to dietary citrulline consumption [27,28]. The first citrulline was isolated from watermelon; however, its

concentration in watermelon varies with variety, stage of ripeness, and part of the plant [29]. The highest citrulline

concentration is typically found in the rind, suggesting that there is potential to utilize agricultural byproducts for

additional value-added purposes [30].

There are also trace amounts of citrulline found in other cucurbit crops (cucumber, pumpkin, and bitter melon), and they

are therefore foods that can be consumed to obtain some of citrulline's bioactive properties [31]. These crops are readily

available and are widely grown and consumed in today's world. In addition to cucurbit vegetables, some other types of

legumes, nuts, and leafy vegetables contain occasional very low levels of citrulline [32]. Still, the amount of citrulline from

these food sources is not likely to be large enough to have a meaningful impact on overall daily consumption.
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L-Citrulline content is highly variable among different plant species, varieties, tissues, ripeness stages, and environmental

conditions. Among agricultural products, watermelon (Citrullus lanatus) has been reported to be the richest source. The

fruit’s rind has been found to contain higher levels of L-citrulline than its flesh. Other cucurbit crops such as cucumber,

pumpkin, melon, and bitter melon contain appreciable but smaller levels of L-citrulline [33]. Table 3 summarizes selected

L-citrulline concentrations in crops.

Plant Source Plant Tissue Representative L-Citrulline

Content

Remarks

Watermelon (Citrullus lanatus) Rind Highest among plant tissues Major agro-industrial by-

product

Watermelon Flesh High Primary dietary source

Watermelon Seeds Low–moderate Limited studies

Melon (Cucumis melo) Flesh Moderate Species-dependent

Cucumber (Cucumis sativus) Fruit Low–moderate Widely cultivated cucurbit

Pumpkin (Cucurbita spp.) Fruit Low Minor source

Bitter melon (Momordica

charantia)

Fruit Low Limited quantitative reports

TABLE 3: Concentrations of Citrulline Reported in Major Agricultural Crops and Plant Tissues
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FIGURE 1: Utilization Pathway of Citrulline-Rich Agro-Waste (Watermelon Rind)

Plant tissues contain citrulline, which is distributed according to many different physiological and environmental

influences [32]. Plants use citrulline to transport nitrogen and regulate osmotic pressure when they face abiotic stresses

such as droughts and salinity. High levels of citrulline in crops under drought conditions may provide the potential for an

agricultural method to increase citrulline in plants grown under abiotic stress due to the stresses placed on these crops

[34]. In addition, the genetic variation found among different cultivars has a large influence on the amount of citrulline

produced in a plant, providing an opportunity to select and breed crops for improved nutrition based on their citrulline

content [35]. Agricultural by-products rich in L-citrulline, such as watermelon peel, are promising feedstocks for waste

valorization in sustainable agri-food systems. The underutilized resources can be used as powders, extracts, or other

functional food components. The process reduces agri-food waste and adds value to these resources in the form of

economically valuable products [36]. Figure 1 depicts the potential pathways for converting citrulline-rich agricultural by-

products into functional food ingredients.

Biosynthesis and role of citrulline in plants

Citrulline is an essential intermediate in plants’ metabolic processes involving nitrogen. It is found mostly in the

biosynthesis pathway between ornithine, citrulline, and arginine (referred to as the ornithine-citrulline-arginine

biosynthesis pathway) [37]. This pathway is closely linked to the urea cycle and to the conversion of one amino acid into

another [38]. The enzyme ornithine transcarbamylase (OTC) makes citrulline from ornithine and carbamoyl phosphate.

This reaction serves as a primary link between nitrogen assimilation and the biosynthesis of amino acids [39]. The second

step in this process involves citrulline being converted to argininosuccinate and subsequently to arginine, which is

considered a major storage form of nitrogen in plants [40].
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The plant lacks the full complement of enzymes for the urea cycle. In contrast, citrulline enters several cycles related to

nitrogen metabolism in plants. Citrulline is used as a nitrogen transport molecule by plants because it has a large amount

of nitrogen relative to carbon. The enzymes that are involved in the metabolism of citrulline in plants are similar to those

involved in the urea cycle of animals, but the physiological roles are quite different [41].

Under normal physiological conditions, glutamine and asparagine are the major nitrogen carriers among the amino acids

involved in nitrogen metabolism due to their efficient assimilation and transport of nitrogen. In contrast, L-citrulline has a

higher nitrogen-to-carbon ratio and therefore is an efficient nitrogen carrier, particularly under environmental stress such

as drought and salinity. Citrulline not only functions as a carrier of nitrogen but also plays an important role in osmotic

adjustment and stress tolerance [42].

Citrulline is now being recognized for the role it plays in helping plants to tolerate stress, and this discovery has

contributed to an increased interest in the study of citrulline in plants. NO is an essential signaling molecule in plant

growth, development, and stress responses. However, there is no conclusive evidence for a canonical nitric oxide

synthase (NOS) similar to the enzyme in animals in higher plants [43]. The available data suggest that NO formation

proceeds via several enzymatic and nonenzymatic routes, including the nitrate reductase-dependent route. However, the

relationship between citrulline catabolism and NO biosynthesis in plants has to be carefully evaluated because it is not

the animal citrulline-arginine-NO pathway [44]. Data show that accumulation of citrulline in plants has been observed as

a response to extreme temperature, drought, salinity, high light intensity, and other abiotic stresses [45]. The role of

citrulline in osmotic adjustment has also been attributed to its role as a compatible solute and osmoprotectant in

response to abiotic stress. It has been generally accepted that the antioxidant effect of citrulline is mainly indirect and not

due to its direct ROS scavenging activity. Citrulline contributes to the stabilization of cellular proteins and membranes, to

the maintenance of the cellular redox balance, and to stress-induced antioxidant defense systems [46]. This dual role

helps plants stay strong and keeps them growing even when the weather is bad.

The enhanced accumulation of citrulline has been especially evident in cucurbit crops such as watermelon, where

citrulline contributes not only to stress tolerance but also to the quality and nutritional value of fruits [47]. Availability of

nutrients, soil moisture, temperature, and many other environmental factors play a significant role in the accumulation of

citrulline, and there is also considerable genetic variation across cultivars, which affects citrulline levels [48]. Therefore,

there is potential to increase citrulline levels in crops through breeding and selection.

The biosynthesis and regulation of citrulline are two areas of research that can help develop new ways to adapt crops to

stressful conditions and improve the concentration of nutrients in the food derived from plants, as discussed in Table

4  [49]. Various agronomic and biotechnological approaches have been explored in plants to increase citrulline

production. Citrulline production can be improved by agronomic practices such as nitrogen optimization, deficit

irrigation, and controlled abiotic stresses such as drought and salinity. Conversely, classical breeding, cultivar selection,

and metabolic engineering of the enzymes of the ornithine-citrulline-arginine pathway have shown promise for

increasing the citrulline content of the edible parts of plants [50].
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S. No. Step Substrate Enzyme Product Functional

significance

Reference

1 Nitrogen

assimilation

Ammonia Glutamine

synthetase

Glutamine Initial nitrogen

incorporation

[51]

2 Glutamate

formation

Glutamine Glutamate

synthase

Glutamate Amino donor

for pathways

[52]

3 Ornithine

formation

Glutamate Ornithine

aminotransferas

e

Ornithine Precursor for

citrulline

[53]

4 Carbamoyl

phosphate

synthesis

Ammonia + CO₂ Carbamoyl

phosphate

synthetase

Carbamoyl

phosphate

Nitrogen donor [54]

5 Citrulline

formation

Ornithine +

Carbamoyl

phosphate

Ornithine

transcarbamyla

se

Citrulline Key

intermediate

[39]

6 Argininosuccina

te formation

Citrulline Argininosuccina

te synthase

Argininosuccina

te

Precursor to

arginine

[55]

7 Arginine

synthesis

Argininosuccina

te

Argininosuccina

te lyase

Arginine Nitrogen

storage

[56]

8 NO production Arginine/Nitrate Nitrate

reductase-

dependent and

other proposed

pathways

NO Stress signaling [57]

9 Recycling step Citrulline Multiple

enzymes

Ornithine Nitrogen

cycling

[58]

1 0 Stress

accumulation

— — Citrulline

accumulation

Osmoprotectio

n and ROS

scavenging

[59]

TABLE 4: Key Enzymes and Steps Involved in Citrulline Biosynthesis in Plants

* Whether higher plants possess a canonical NO synthase, as is the case for animal systems, is still unclear. NO biosynthesis is
believed to be mediated by both enzyme-mediated and non-enzyme-mediated reactions. ROS, Reactive Oxygen Species;
NO, Nitric Oxide
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Extraction, isolation, and quantification techniques

To use citrulline, which comes from plant materials for functional foods and nutraceuticals, it is necessary to be able to

efficiently extract, isolate (remove), and quantify (measure) the citrulline from the plant material [60]. Citrulline is very

polar and soluble in water; therefore, extracting citrulline will usually use either an aqueous or a hydro-alcoholic

extraction method. The choice of solvent in extraction will be guided mainly by the physical and chemical characteristics

of L-citrulline. L-Citrulline is a non-protein amino acid with high polarity and water solubility and is thus more soluble in

aqueous and hydro-alcoholic solvent systems than in non-polar organic solvents [61]. Water is normally the most

preferred solvent, because it is safe, cost-effective, and environmentally sustainable. Hydro-alcoholic solvents such as

aqueous ethanol may even increase the extraction efficiency due to better solvent penetration through the plant matrix

and release of intracellular metabolites [62]. The method used is determined by the type of raw plant material being used

(e.g., fresh pulp, the rind of the fruit, or the dried powder of the fruit), the desired purity of the end product, and the

anticipated use of the extracted citrulline [63].

Extraction Techniques

Conventional methods of extraction typically involve aqueous extraction of homogenized (ground) fruit materials (e.g.,

watermelon flesh or rind) using distilled water (or buffered) solvent. In addition, four key extraction parameters (i.e., the

pH level, the temperature of the solvent, the solvent-to-solid ratio, and the duration the sample is in interaction with the

solvent) will greatly affect the amount of citrulline obtained [64,65]. Previous studies have shown that L-citrulline

extraction is commonly carried out at slightly acidic to neutral pH (about pH 5.0-7.0) as this pH will allow the stability of

the amino acid while at the same time making the extraction process more efficient. This is because strongly acidic and

alkaline pH can adversely affect the extraction process [66].

To improve extraction efficiencies, a growing number of advanced extraction technologies have been examined. These

advanced extraction processes include the following techniques: Ultrasound-assisted extraction (UAE) [67], in which

ultrasound cavitation enhances mass transfer; microwave-assisted extraction (MAE), where microwaves accelerate

solvent entry into the plant material and decrease the extraction time [68]; and enzyme-assisted extraction (EAE), where

enzymes can help break down cell walls and free up intracellular citrulline [69]. These advanced extraction processes offer

improved extraction yields, reduced solvent use, and shorter processing times, all of which make them applicable to

industrial-scale citrulline extraction. Table 5 summarizes the major methods of extracting plant-based L-citrulline, their

strengths and weaknesses, and their suitability for the industry.
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Extraction technique Advantages Limitations Industrial suitability

Conventional aqueous

extraction

Simple, inexpensive, food-

grade solvent

Longer extraction time, lower

efficiency

High

Hydro-alcoholic extraction Improved recovery of polar

metabolites

Solvent recovery required Moderate to High

Ultrasound-assisted extraction

(UAE)

Short extraction time,

enhanced mass transfer,

reduced solvent use

Requires optimization and

specialized equipment

High

Microwave-assisted extraction

(MAE)

Rapid heating and improved

extraction efficiency

Risk of thermal degradation if

not optimized

Moderate

Enzyme-assisted extraction

(EAE)

Mild conditions,

environmentally friendly,

improved cell wall disruption

Higher enzyme cost and

longer processing time

Moderate

TABLE 5: Comparison of Different Extraction Techniques for Plant-Derived L-Citrulline

The extraction efficiency of L-citrulline is mainly controlled by the extraction conditions like solvent composition, solvent-

to-solid ratio, temperature, time of extraction, and pH. The L-citrulline is very polar and water-soluble, and aqueous

extractions or ethanol solutions are commonly used [70]. Previous studies reported extraction efficiencies at a solvent-to-

solid ratio of 10:1 to 30:1 mL g⁻1, a temperature of 25-60°C, and an extraction time of 30-120 minutes, depending on the

type of plant matrix and extraction method used [71]. The traditional aqueous extraction usually takes a long time and

UAE and MAE  greatly reduce the time without compromising or even improving the efficiency of extraction.

Furthermore, it has been reported that extraction at a slightly acidic to neutral pH (pH ~5.0-7.0) is effective in maintaining

the stability of L-citrulline during the extraction process [60]. Therefore, the optimization of extraction parameters

considering the characteristics of the plant matrix is crucial to obtain L-citrulline with high efficiency and quality in

maximum yield. Generally, the selection of the L-citrulline extraction technique depends on extraction efficiency,

processing time, solvent consumption, economic viability, industrial applicability, and environmental sustainability.

Water-based extraction normally takes longer than other methods; however, the use of solvents that are safe to consume

and the low cost still offer potential for industrial scale. Modern techniques of UAE, MAE, and EAE, in contrast, offer

improved mass transfer and extraction efficiency, reduced processing time, and solvent utilization; however, their large-

scale application may be restricted due to high equipment costs and process optimization.

Isolation and Purification

After the extraction of citrulline, it will generally still be in a complex of amino acids, sugars, and organic acids, and

therefore, purifying citrulline will be considered necessary for either analysis or formulation purposes, not only because it

has been extracted [72]. Common methods of isolating citrulline include: ion-exchange chromatography, which

distinguishes amino acids based on differences in charge; high-performance liquid chromatography (HPLC), which

separates citrulline from contaminants to achieve a highly purified product; and filtration techniques

(ultrafiltration/nanofiltration), which partially purify citrulline. Crystallization methods are also commonly used for
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preparative purification scale (i.e., to provide enough citrulline for subsequent use/analysis) [73,74]. Ion-exchange resins

have proven to be highly effective at selectively binding to and eluting citrulline due to the zwitterionic nature of

citrulline, allowing selective binding and elution to occur under controlled pH conditions [70].

Quantification Methods

Precise quantitation of citrulline is important for multiple reasons: quality control and product labeling, as well as

research use. Analytical methods that have been used to quantify citrulline include HPLC, the most commonly used

method, frequently coupled with either UV spectrophotometric or fluorescence detection after derivatization (e.g., o-

phthalaldehyde) [37]. HPLC is still the most used method among the analytical methods for the determination of L-

citrulline due to its high sensitivity, specificity, precision, and reproducibility. HPLC analysis can be coupled with UV,

fluorescent or mass spectrometry detectors after suitable derivatization of analytes depending on the sample

composition and analytical purposes [75]. This strategy allows for the successful separation of L-citrulline from

structurally similar amino acids and other co-eluting compounds and is therefore applicable to the analysis of complex

matrices of plants. Therefore, HPLC is regarded as the gold standard among  analytical methods for the routine

determination of L-citrulline in plant material. Liquid chromatography-tandem mass spectrometry (LC-MS/MS) provides

high levels of both sensitivity and specificity for very accurate quantitation of citrulline [76]. GC  requires derivatization

due to the non-volatility of citrulline [77].

Various spectrophotometric methods (colorimetrically/color-based methods) are used to rapidly estimate levels of

citrulline, but the precision of the estimation is much lower. The most reliable methods for determining citrulline

concentration in foods are HPLC and  LC-MS/MS, based on reproducibility, sensitivity to low-level quantities, and

compatibility with complex food matrices [78].

Effect of processing and storage on citrulline stability

Citrulline’s stability is a prerequisite, as it affects the amount that is left and how functional that citrulline is in foods after

processing. Citrulline is highly water-soluble and fairly stable as an amino acid, which makes it somewhat resistant to

stability-related aspects associated with typical food preparation, but citrulline can become unstable by heat, acid,

exposure to oxygen, or long times of processing [79].

Effect of Thermal Processing

The stability of L-citrulline can be influenced by thermal treatments such as pasteurization, blanching, drying, and

cooking, according to the temperature of the thermal treatment, duration of heat treatment, oxidation conditions, water

content, and the nature of the food matrix. L-citrulline is a non-protein amino acid and is normally stable under mild to

moderate thermal processing conditions and has a lower tendency to undergo Maillard reactions than most of the

protein amino acids [80]. However, prolonged heating under oxidizing conditions at high temperatures can cause a

gradual degradation and decrease in citrulline content. Thus, the optimization of processing conditions, especially

temperature and duration of the process, is important to maximize citrulline stability [81].

Effect of Drying and Dehydration

The drying technique is important for L-citrulline stability. Freeze-drying is generally considered one of the best methods

for the preservation of L-citrulline, as dehydration takes place at low temperature and pressure, leading to lower losses

from thermal destruction and oxidation [82]. Studies of the rind of watermelons have indicated that vacuum freeze-

drying and vacuum microwave drying better preserve the physical and chemical properties of the material and its

biologically active compounds than hot air drying due to the reduction of drying time and thermal effects [83]. Also, the

optimization of the parameters of the spray-drying process enabled the production of very stable, thermally stable

powders of citrulline with high encapsulation efficiency suitable for application as functional food ingredients. No precise

data are available concerning the quantitative preservation of L-citrulline, but the results obtained demonstrate that the

advanced drying technology is more efficient than traditional drying technology [84].

Influence of pH and Food Matrix
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The pH of the food matrix also influences the stability of L-citrulline. Existing studies' results show that L-citrulline is fairly

stable in the food system at slightly acid to neutral pH (5.0-7.0) [85]. These conditions are often found in fruits and

vegetables. However, if the food system is under highly acidic or highly basic pH, it can cause the degradation of L-

citrulline or modify its recovery. Therefore, it is advisable to keep the process at a slightly acidic to neutral pH [86].

Furthermore, the stability and availability of L-citrulline are also influenced by the composition and structure of the food

matrix. Watermelon peel, which has higher L-citrulline content than the flesh of the fruit, is of great interest as a

functional component in the development of value-added food products [87]. Fiber, phenols, and antioxidants are

present in the plant matrix, which can help to prevent oxidation and degradation during processing and storage [88].

Conversely, liquid food matrices, such as juices, have a high oxygen availability, which limits the stability of L-citrulline.

Moreover, the application of watermelon components in dry powder form and functional food products has been proven

beneficial for storage stability and application in nutraceuticals and functional foods.

Effect of Storage Conditions

Factors affecting stability in the storage process are temperature, light, oxygen, and moisture. The storage conditions

during storage processes influence the stability of L-citrulline [89]. It was observed that keeping the fresh and processed

plant-based foods at a cold temperature of approximately 4°C under refrigeration was capable of holding L-citrulline

better than at room temperature (25-30°C) because of the more rapid rate of reactions leading to loss [90]. Processing the

food and then freezing it (−18 to −20°C) enhances its stability in storage by reducing the chemical reactions that occur.

There is no particular quantitative data on the stability of L-citrulline on storage, but it is highly recommended to store it

at low temperatures to increase its stability. Foods can undergo oxidation reactions when exposed to oxygen. L-citrulline,

however, is less susceptible to oxidation than most other bioactive compounds [91]. Packaging methods, such as vacuum

packaging and modified atmosphere packaging (MAP), improve the stability of oxygen [92]. 

Processing Strategies for Improved Stability

To maximize and retain the amount of citrulline in food products would require using optimal processing methods,

including using mild heat, implementing nonheat treatment (i.e., high-pressure processing), and using protective

methods such as encapsulation and using proper packaging [93,94]. Utilizing these kinds of methods is critical for

creating functional foods that are fortified with citrulline to ensure both the stability and bioavailability of citrulline [14].

Table 6 represents the effect of processing and storage conditions on citrulline stability.
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S. No. Processing/storag

e factor

Representative

condition

Effect on L-

citrulline

Key remarks Reference

1 Pasteurization 60–90°C, short

duration

Minimal loss Suitable for

beverages

[95]

2 High-temperature

heating

>100°C, prolonged

heating

Progressive

degradation

Avoid prolonged

heating

[96]

3 Blanching 80–100°C for short

time

Slight reduction Time-dependent [97]

4 Freeze drying Low temperature,

reduced pressure

Highest

preservation

Best drying

method

[98]

5 Hot-air drying 50–70°C Moderate loss Temperature

dependent

[99]

6 Vacuum

drying/Microwave

drying

Reduced oxygen,

shorter drying time

Better preservation

than hot-air drying

Lower thermal

damage

[100]

7 pH pH 5–7 Maximum stability Suitable for food

processing

[101]

8 Alkaline conditions pH >8 Increased

degradation

Avoid extreme pH [102]

9 Refrigerated

storage

~4°C Improved stability Extends shelf life [103]

10 Frozen storage −18 to −20°C Highest storage

stability

Long-term

preservation

[104]

TABLE 6: Effect of Processing and Storage Conditions on Citrulline Stability

Bioavailability and metabolic fate in humans

L-Citrulline is a key physiologically active nonprotein amino acid, involved in several physiological processes, including

nitrogen metabolism, endogenous synthesis of L-arginine, and synthesis of NO. This compound is not considered a

nutritionally essential amino acid, as it can be synthesized within the organism, but its particular biochemical activity and

pharmacokinetic profile have aroused much interest [12]. Citrulline, after ingestion through the mouth, is quickly and

efficiently absorbed in the small intestine using sodium-dependent amino acid transporters [105]. Unlike orally

administered L-arginine, L-citrulline is less subject to first-pass effect after oral administration, thus having higher

bioavailability for the synthesis of L-arginine. Consequently, citrulline can be a lot more efficient substrate (precursor) for

the production of endogenous arginine [106]. Oral L-arginine is subject to extensive metabolism by the enzyme arginase
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in the gastrointestinal tract and liver before it reaches the bloodstream. Most L-citrulline, however, bypasses this first-pass

effect. L-citrulline is absorbed by the intestine, taken up by the kidney, and efficiently converted into L-arginine by the

enzymes argininosuccinate synthase (ASS) and argininosuccinate lyase (ASL) [107]. In humans, supplementation with L-

citrulline has been shown to increase the blood levels of L-citrulline and L-arginine, improving the bioavailability of NO.

Absorption and Transport

After citrulline is consumed, it is efficiently absorbed into the bloodstream. Citrulline is then transported to tissues

outside of the blood vascular system, with the kidney being an important organ where citrulline is converted to arginine

[108]. The lack of substantial amount of metabolism of citrulline by either the gastrointestinal system or the liver leads to

elevated concentrations of citrulline that are sustained within the blood [109]. Because of these factors, citrulline can

showcase higher bioavailability and thus is well suited to functional food formulations that will enhance the physiological

effects that occur from increased NO levels in the body [110].

Conversion to Arginine and NO Production

Citrulline is converted to arginine through an enzymatic two-step process occurring in the kidney and utilizes the

following enzymes for its conversion: ASS and ASL. The arginine that was synthesized then acts as the substrate for nitric

oxide synthase (NOS), causing production of NO, a key chemical messenger or signaling molecule responsible for causing

vasodilation, regulating blood flow, and communicating with cells  [111]. The pathway formed when citrulline is

converted to arginine results in NO production, which makes up much of the health benefits obtained from citrulline

intake, such as enhancing heart health and increasing your performance capacity to exercise [112].

The transformation of L-citrulline to L-arginine is a key process in the maintenance of NO homeostasis, especially when

the availability of arginine in the body is reduced. Increased NO bioavailability leads to NO-dependent vasodilation via

eNOS, improved endothelial function, and improved tissue perfusion and delivery of oxygen and nutrients to peripheral

tissues [113]. In humans, clinical studies have demonstrated that the intake of L-citrulline increases the plasma

concentrations of L-arginine and NO bioavailability, with vascular benefits. These physiological functions explain why L-

citrulline is increasingly used in functional foods and nutraceuticals [114].

Tissue Distribution and Utilization

Researchers have observed citrulline and its metabolites in different tissues, including vascular endothelial cells, skeletal

muscle, and immune cells [112]. Citrulline also enhances detoxification of ammonia and aids in providing nitrogen

balance by serving as a precursor for the recycling of amino acids [115].

Factors Influencing Bioavailability

Many elements play a role in how well our body is capable of using citrulline (bioavailability). The main things that affect

bioavailability are as follows [87]:

1. Dosage and form (whether you consume citrulline naturally or as a supplement).

2. Food matrix interactions.

3. Individual differences in metabolism.

4. Processing conditions that affect citrulline stability.

The body readily absorbs L-citrulline from natural sources such as watermelon, which then helps the body produce L-

arginine. Research in humans has demonstrated that the supplementation of L-citrulline from a purified source would

exert greater effects on the levels of plasma L-citrulline and L-arginine than its consumption in food due to the presence

of standardized dosages. These responses will vary with the dose, formulation, duration of administration, and the

subjects, such as the age, health, and activity of the study participants. The presence of L-arginine in the diet and dietary

nitrate may play an important role in the metabolism of nitric oxide, as they provide complementary substrates for NO

production, whereas carbohydrates, proteins, and dietary fiber in the food may affect the digestion and absorption of L-

citrulline [114].
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Excretion and Safety Considerations

L-Citrulline is considered safe and well tolerated in healthy adults taking it at the usual doses used in the human trials

performed. Administration of this amino acid at a daily dose of about 3 to 8 g/day for 2-6 weeks does not cause

significant adverse effects. Occasionally, nausea, abdominal pain, and diarrhea have been reported in patients taking

higher doses, but these effects are temporary and usually resolve on their own. Note that there is still a lack of clinical

data in this population and people with severe renal impairment, hereditary urea cycle disorder and those receiving nitric

oxide-modulating therapy could be at risk.

FIGURE 2: Absorption and Distribution of Citrulline in the Human Body

Figure 2 depicts the absorption, transport, and tissue distribution of citrulline following dietary intake.

Health-promoting properties of citrulline

L-Citrulline has been extensively studied for its role as a precursor of L-arginine and NO, both important mediators in the

vasculature, skeletal muscle, and several physiological processes [116]. The health effects of L-citrulline have been

explored in vitro, in animal models, in clinical trials and in systematic reviews, but the strength of evidence varies

according to the health effect being studied. L-arginine and nitric oxide production are increased in plasma levels in

human subjects, but other benefits claimed of L-citrulline, such as antioxidant and anti-inflammatory effects, immune

modulation and metabolic effects, have only been demonstrated in experimental studies and need to be confirmed in

large-scale clinical trials [117]. L-Citrulline is naturally present in cucurbit crops such as watermelon, melon, cucumber,

pumpkin, and gourd.

Cardiovascular Health
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The potential of L-citrulline to help improve cardiovascular function has been examined due to the ability of L-citrulline

to convert into L-arginine, the precursor to NO [118]. The production of NO increases vascular dilation and endothelial

function, which leads to an increase in blood circulation in the blood vessels. L-citrulline supplementation has been

shown in human clinical trials to be associated with improvement of endothelial function and arterial compliance,

especially in those with poor vascular function. The benefits observed in terms of blood pressure and other

cardiovascular functions have been inconsistent in various studies depending on dose and other factors like duration of

supplementation, subject’s health condition, and population under study [13].

Exercise Performance and Muscle Function

L-Citrulline has been extensively studied to assess its possible benefit for performance during exercise and skeletal

muscle function [119]. Clinical data in humans suggest that supplementation with L-citrulline can improve exercise

performance, as well as muscular endurance and recovery via increased NO bioavailability resulting in increased oxygen

and nutrient delivery to muscle [120,121]. L-Citrulline is also involved in the removal of ammonia from the blood

following prolonged or intense exercise and may therefore contribute to delayed muscle fatigue and recovery following

physical activity [122]. However, heterogeneity of the described effects was observed among the clinical trials. The

effectiveness of L-citrulline intake seems to be affected by such factors as dosage, duration, type of exercise, training

status, and participants’ characteristics.

Antioxidant and Anti-Stress Effects

L-Citrulline itself is not an antioxidant, but it may contribute to antioxidant defense through the improvement of NO

availability, enhancement of endothelial function, and modulation of pathways related to oxidative stress [123]. L-

Citrulline is thought to function as a ROS scavenger and osmoprotectant in plant physiology, assisting the cells of plants

in avoiding oxidative damage during the abiotic stress period [124]. It is important to note, however, that the

mechanisms described above cannot be directly extrapolated to human physiology. In humans, the antioxidant effect of

L-citrulline is proposed to be mediated by NO metabolism and vessel function, while direct antioxidant activity has not

been sufficiently proven.

Metabolic Health and Nutritional Support

L-Citrulline has also been researched for its effects on metabolic health, specifically lipid metabolism and insulin

sensitivity. L-Citrulline has been associated with improvements in lipid metabolism and insulin sensitivity and thus overall

metabolic health via pathways associated with NO production, amino acid metabolism, and nitrogen balance [125].

Nevertheless, there is relatively little current evidence for the effect of L-citrulline in humans, and the results are

inconsistent depending on the population, the supplementation process, and the duration of the intervention used.

Thus, while there is promise in the use of L-citrulline as a nutrition-based strategy in metabolic health, further research

needs to be done [126].

Immune Function and Detoxification

L-Citrulline indirectly promotes immunity through its involvement in L-arginine metabolism and formation of NO, both of

which are critical for proper functioning of immune cells and signaling [127]. L-Citrulline is a precursor for endogenous L-

arginine, contributes to nitrogen balance, and plays a key role in physiological events related to immune system

homeostasis. Moreover, the involvement of L-citrulline in the urea cycle helps in the detoxification of ammonia and thus

aids in nitrogen metabolism and prevents accumulation of nitrogenous waste products [128]. However, there is not

enough scientific evidence regarding the immunomodulatory effects of L-citrulline and more studies are needed to

confirm the mechanism.

Applications in functional foods and nutraceutical development

Due to the upsurge in the popularity of healthy food options, citrulline has become a widely known bioactive material for

the creation of functional foods and nutraceuticals [129]. The properties of citrulline, like its ease of dissolution in water,

its lack of taste, and its established effect on the human body, give it numerous possible uses in different food systems
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[130]. After much research and industry interest, there has been a push to get innovative and consumer-ready products

out into the marketplace using citrulline-rich plant-based raw materials.

Functional Food Applications

L-Citrulline has been used in various experimental formulations of functional foods, such as beverages, and nutraceutical

products. Watermelon juice as well as beverages from watermelon rinds have gained popularity due to their natural

content of L-citrulline along with vitamins, minerals, and antioxidants that allow them to be used as functional beverages

[131]. At the same time, watermelon rind powder has been applied successfully in bakery products, snack bars, and

beverages in order to increase their nutritional value and valorize agricultural waste [132]. In dairy products, L-citrulline

containing ingredients have been considered for the development of yoghurts and fermented milk drinks, while

powdered forms have been tested for use in ready-to-drink beverages and sports nutrition products.  Selection of a

proper formulation approach would depend on the application purpose, desired L-citrulline level, consumer acceptance,

and processing requirements. Despite the evidence of technological feasibility of the formulations presented here, more

studies are needed to optimize formulation properties, storage stability, and consumer acceptability of products before

commercialization [133].

Some typical examples of functional food products enriched with L-citrulline that were successfully developed

experimentally and are available commercially are presented in Table 7. This table highlights the flexibility of using L-

citrulline-containing food ingredients, especially the watermelon-based ones, for making functional food products.
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Product/Application L-Citrulline source Formulation strategy Technological

challenges

Sensory/Storage

characteristics

Functional beverage Fresh watermelon juice Direct utilization of

natural L-citrulline-rich

juice

Microbial stability and

shelf-life limitations

Good consumer

acceptance;

refrigeration required

Fortified

beverage/smoothie

Watermelon rind

extract or powder

Addition of rind

extract/powder to fruit

beverages

Sedimentation and

color stability

Acceptable sensory

quality after

formulation

optimization

Bakery products Watermelon rind

powder

Partial replacement of

wheat flour

Changes in texture and

moisture retention

Acceptable sensory

properties at optimized

incorporation levels

Dairy products L-Citrulline-rich

watermelon ingredients

Fortification of yoghurt

and fermented dairy

products

Maintaining product

texture and flavor

Good stability under

refrigerated storage

Sports nutrition

products

Purified L-citrulline

powder

Ready-to-mix powders,

protein supplements

and sports drinks

Uniform dispersion and

dosage standardization

High stability under dry

storage conditions

Nutraceutical

formulations

Purified L-citrulline Capsules, tablets, and

powdered supplements

Ingredient purity,

regulatory compliance,

and dosage consistency

Excellent storage

stability when

protected from

moisture

TABLE 7: Functional Food Products Developed Using L-Citrulline-Rich Ingredients and Their Technological Characteristics

Nutraceutical and Dietary Supplement Development

Citrulline is most commonly sold as capsules, tablets, and powdered supplements in the nutraceutical industry. Generally,

these products usually target cardiovascular health or sports performance. Citrulline is widely used with other bioactive

substances (e.g., arginine, antioxidants, vitamins), either by itself or in combination with them. This is due to it being more

biologically available than arginine, which has contributed to the popularity of products that may enhance NO

production and physical performance [134]. L-Citrulline products intended for commercial purposes have to meet quality

standards, purity of ingredients, labeling, and acceptable health claims as per the governing regulatory authorities for

ensuring the safety of the products and building customer trust [78].

Encapsulation and Delivery Systems

Several encapsulation systems have been investigated to improve L-citrulline stability, bioavailability, and controlled

release in functional foods [135]. Of these encapsulation technologies, the microencapsulation technology based on

biopolymers, such as alginate, gelatin, maltodextrin, and gum arabic, is widely used because of its ease of use, lower cost,

and compatibility with food systems. However, this technique has the problems of early release and insufficient
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protection during processing [136]. Nanoencapsulation has benefits of better stability against degradation, improved

bioavailability, and controlled release due to its tiny particle size, but problems of higher cost and processing complexity

[140]. Liposomal delivery systems are effective for the delivery of water-soluble bioactive compounds due to their

stability in the gastrointestinal tract and the ability to target delivery; however, the issues of physical stability and high

cost of production continue to be critical problems [137]. To summarize, the selection of appropriate encapsulation

systems is dependent on variables such as food application, stability during storage, processing conditions, cost of

production, and controlled release [138]. Different kinds of encapsulation systems used for L-citrulline delivery in food

applications are demonstrated in Table 8. 

Encapsulation system Advantages Limitations Suitability for food

applications

References

Microencapsulation

(alginate, gelatin,

maltodextrin, gum

arabic)

Cost-effective, easy to

scale, protects during

storage

Limited protection

under severe

processing

Functional beverages,

bakery, dairy

[139]

Nanoencapsulation High bioavailability,

controlled release

High cost, regulatory

concerns

Nutraceuticals, targeted

delivery

[140]

Liposomes Excellent protection of

hydrophilic

compounds, improved

gastrointestinal delivery

Physical instability,

expensive production

Functional beverages

and nutraceuticals

[141]

TABLE 8: Different Types of Encapsulation Systems With Their Advantages and Limitations Used in Food Systems

Product Development and Commercial Potential

The application of agricultural waste products rich in citrulline has become increasingly popular as an environmentally

friendly approach for producing value-added functional food ingredients. The use of watermelon peel, usually discarded

during processing, is effective for producing powder, extract, and functional ingredients used in beverages, bakery

products, bars, and sports nutrition products [142]. This approach not only adds nutritive value to foods but also helps

valorize agro-waste products and is in line with the principles of the circular economy [143]. The utilization of the peels of

melon and cucumber processing residues as a source of L-citrulline in nutraceutical and functional foods has also been

studied besides watermelon peel. The commercial outlook is promising, but there is room for improvement [144]. 

Sustainability aspects and future perspectives

Increasing focus on sustainable food systems and circular economy methods has resulted in increased interest in

bioactive materials, especially citrulline, because it is found naturally in many crops and industrial by-products [145].

Citrulline has strong potential as a sustainable resource, especially from plant by-products such as the watermelon rind,

which is typically considered waste but has high levels of citrulline. Incorporating these by-products into food value

chains will both reduce waste and promote the application of economical and environmentally sound functional

ingredients [146].

Agro-Waste Valorization and Circular Economy
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Using this method helps to minimize waste and increase resource efficiency while providing a new income for farmers

and processors [147]. The use of green extraction technologies also improves sustainability due to reduced solvent usage,

lower energy requirements, and less environmental damage [148].

Sustainable Processing and Green Technologies

Developing environmentally safe processing methods is needed to obtain high amounts of citrulline but also to minimize

the impact on the environment. For example, newer technologies such as UAE, MAE, and membrane filtration can help

reduce processing time and reduce dependence on chemicals in obtaining citrulline [149]. Furthermore, nonthermal

processing technologies, such as HPP and cold press extraction technology, have been investigated for the production of

L-citrulline-containing foods. The primary advantage of the cold press method is that the juice extraction process does

not involve heat production and thus helps to preserve heat-sensitive bioactive compounds. However, HPP is primarily

used after the extraction process to enhance microbial safety and extend the shelf-life of juice [150].

Crop Selection and Agricultural Strategies

Increasing the content of citrulline in crops can be an important tool for getting long-term sustainability. By selecting for

high-citrulline varieties, optimizing irrigation methodologies, and managing abiotic factors affecting crops, it has been

successfully proven that citrulline levels in crops can increase significantly [151]. Additionally, it has been demonstrated

that regulated stress can promote increases in citrulline levels that may be used to potentially improve biofortification

and enhance crops through controlled exposure to particular stressors [152].

Challenges and Research Gaps

The regulatory requirements for products containing L-citrulline vary from country to country. In the European Union, the

European Food Safety Authority (EFSA) requires scientific evidence to support any health claims that are to be made

before they appear on any food products. In the United States, products containing L-citrulline are generally classified as

dietary supplements and are therefore regulated by the Food and Drug Administration (FDA) under the Dietary

Supplement Health and Education Act (DSHEA), which requires manufacturers to ensure the safety of their products

[153]. In India, the Food Safety and Standards Authority of India (FSSAI), a regulatory agency for the manufacture and sale

of nutraceuticals and functional foods, governs products containing L-citrulline [154]. There are regulations governing L-

citrulline products, but some of the challenges to bringing these products to market include labeling, quality

standardization, dosage standardization, and developing strong clinical evidence for health claims [154,155].

While citrulline has great potential, many barriers must be overcome to fully leverage citrulline’s potential for use within

sustainable food systems [156], such as variability of citrulline content because of crop and growing conditions;

limitations in large-scale processing and commercialization strategies; and the need for clarifying regulations

surrounding the use of citrulline in functional foods. To address these challenges, researchers will need to conduct

interdisciplinary studies that integrate food science, agriculture, and biotechnology.

Future Perspectives

Future studies related to citrulline should include: A focus on developing new and improved functional foods with

greater stability and bioavailability [157], investigating advanced methods of delivering citrulline, such as

nanoencapsulation technology [158], investigating the requirement of citrulline as an integrated component of

personalized diet plans and programs [159], and investigating the increased use of citrulline in plant-based and

sustainable diets. Furthermore, researchers and consumers alike must have a greater understanding of citrulline, as well

as more collaboration between researchers, consumers, and the industry, in order to transfer research into successful

consumer and commercial products. The alignment of citrulline research with current global issues, including nutrition

safety, environmental sustainability, and health promotion, makes citrulline further relevant to today’s food systems.
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Conclusions

L-Citrulline is a non-proteinogenic amino acid that has been of increasing interest to scientists in its application to

functional food products and nutraceuticals due to its physiological importance in the synthesis of NO, the metabolism of

L-arginine, and nitrogen balance. High levels of L-citrulline are present only in some cucurbits, especially watermelon and

its products, which provide potential opportunities to develop novel functional food ingredients. The current scientific

literature points to the ability of L-citrulline to raise plasma levels of L-arginine and NO availability, and even more so,

clinical studies have shown potential health benefits for cardiovascular physiology, physical activity, and metabolism.

However, the evidence for such health effects varies, and some of the proposed benefits need to be proven in clinical

studies on humans.

The advances in green extraction methods, encapsulation techniques, and new food formulations have increased the

possibilities of using L-citrulline in functional foods and nutraceuticals and have enabled the sustainable exploitation of

agricultural residues such as watermelon rinds within the framework of circular economy approaches. However, there are

still some difficulties, such as the development of standard methods for the extraction and analysis of L-citrulline, optimal

processing conditions, product stability, harmonization of regulations, and more clinical evidence to support the health

claims. More scientific work is needed on industrial-scale manufacturing, long-term safety and efficacy trials, food

formulation improvements, and sustainable processing technologies to help bring L-citrulline functional foods to the

market. These findings will, in total, enable the integration of L-citrulline into evidence-based functional nutrition.

Additional Information

Author Contributions

All authors have reviewed the final version to be published and agreed to be accountable for all aspects of the work.

Concept and design:  Muthusamy Sukumar, Sonali L, Kanimozhi N V, Suneetha Chinta

Critical review of the manuscript for important intellectual content:  Muthusamy Sukumar

Supervision:  Muthusamy Sukumar

Acquisition, analysis, or interpretation of data:  Sonali L, Pavithra R

Drafting of the manuscript:  Sonali L, Kanimozhi N V, Pavithra R, Suneetha Chinta

Disclosures

Conflicts of interest: In compliance with the ICMJE uniform disclosure form, all authors declare the following:

Payment/services info: All authors have declared that no financial support was received from any
organization for the submitted work.

Financial relationships: All authors have declared that they have no financial relationships at present
or within the previous three years with any organizations that might have an interest in the submitted
work.

Other relationships: All authors have declared that there are no other relationships or activities that
could appear to have influenced the submitted work.

Data Availability Statements

Data sharing is not applicable. This work is theoretical; no datasets were generated or analyzed.

How to cite this article:
L S, N V K, R P, et al. (October 12, 2026) Plant-Derived Citrulline: From Agricultural Sources to Functional Food Applications.
Cureus J. Agri. Food Sci 2 : es44497-026-00318-y. DOI https://doi.org/10.7759/s44497-026-00318-y Page 22 of 30

Plant-Derived Citrulline: From Agricultural Sources to Functional Food Applications

http://www.icmje.org/coi_disclosure.pdf


Acknowledgements

The first author would like to express her gratitude to Anna University for the award of Anna Research Fellowship (ARF).

The authors would also like to express their sincere gratitude to the Centre for Food Technology, Department of

Biotechnology, and Centre for Research (CFR) at Anna University for their support.

References

1. Şengün N: Bioactive and sustainable sports nutrition. Northern Journal of Health Sciences. 2025, 1:229-240.

2. Aguayo E, Martínez-Sánchez A, Fernández-Lobato B, Alacid F: L-citrulline: a non-essential amino acid with important roles in
human health. Applied Sciences. 2021, 11:3293. 10.3390/app11073293

3. Sorokina M, McCaffrey KS, Deaton EE, et al.: A catalog of natural products occurring in watermelon—Citrullus lanatus. Frontiers in
Nutrition. 2021, 8:729822. 10.3389/fnut.2021.729822

4. Allerton TD, Proctor DN, Stephens JM, Dugas TR, Spielmann G, Irving BA: L-citrulline supplementation: impact on cardiometabolic
health. Nutrients. 2018, 10:921. 10.3390/nu10070921

5. Lv X, Chen C, Liang Y, Song Y, Liu J, Chen W, Li H: The emerging role of citrulline and theanine in health and disease: a
comprehensive review. Nutrients. 2025, 17:3496. 10.3390/nu17213496

6. Li A, Li H, Chen J: The effects of L-citrulline supplementation on cerebrovascular function during sprint interval training in
taekwondo athletes. Journal of Exercise Science & Fitness. 2025, 23:222-228. 10.1016/j.jesf.2025.04.004

7. Uyanga VA, Amevor FK, Liu M, Cui Z, Zhao X, Lin H: Potential implications of citrulline and quercetin on gut functioning of
monogastric animals and humans: a comprehensive review. Nutrients. 2021, 13:3782. 10.3390/nu13113782

8. Gonçalves AC, Nunes AR, Flores-Félix JD, Alves G, Silva LR: Cherries and blueberries-based beverages: functional foods with
antidiabetic and immune booster properties. Molecules. 2022, 27:3294. 10.3390/molecules27103294

9. Baião DDS, da Silva DVT, Paschoalin VMF: Watermelon nutritional composition with a focus on L-citrulline and its cardioprotective
health effects—a narrative review. Nutrients. 2025, 17:3221. 10.3390/nu17203221

10. Nobari H, Samadian L, Saedmocheshi S, Prieto-González P, MacDonald C: Overview of mechanisms related to citrulline malate
supplementation and different methods of high-intensity interval training on sports performance: A narrative review. Heliyon.
2025, 11:e42649.

11. Eberhardt D, Jensen JVK, Wendisch VF: L-citrulline production by metabolically engineered Corynebacterium glutamicum from
glucose and alternative carbon sources. AMB Express. 2014, 4:85. 10.1186/s13568-014-0085-0

12. Park HY, Kim SW, Seo J, et al.: Dietary arginine and citrulline supplements for cardiovascular health and athletic performance: a
narrative review. Nutrients. 2023, 15:1268. 10.3390/nu15051268

13. Volino-Souza M, Oliveira GVD, Conte-Junior CA, Figueroa A, Alvares TS: Current evidence of watermelon (Citrullus lanatus)
ingestion on vascular health: a food science and technology perspective. Nutrients. 2022, 14:2913. 10.3390/nu14142913

14. Smeets ETHC, Mensink RP, Joris PJJ: Effects of l-citrulline supplementation and watermelon consumption on longer-term and
postprandial vascular function and cardiometabolic risk markers: a meta-analysis of randomised controlled trials in adults. British
Journal of Nutrition. 2022, 128:1758-1770. 10.1017/S0007114521004803

15. Marcangeli V, Youssef L, Dulac M, et al.: Impact of high‐intensity interval training with or without l‐citrulline on physical
performance, skeletal muscle, and adipose tissue in obese older adults. Journal of Cachexia, Sarcopenia and Muscle. 2022,
13:1526-1540. 10.1002/jcsm.12955

16. Nyawose S, Naidoo R, Naumovski N, McKune AJ: The effects of consuming amino acids L-arginine, L-citrulline (and their
combination) as a beverage or powder, on athletic and physical performance: a systematic review. Beverages. 2022, 8:48.
10.3390/beverages8030048

17. Xie S, Li S, Shaharudin S: The effects of combined exercise with citrulline supplementation on body composition and lower limb
function of overweight older adults: a systematic review and meta-analysis. Journal of Sports Science and Medicine. 2023, 22:541-
548. 10.52082/jssm.2023.541

18. Weckman AM, McDonald CR, Baxter J-AB, Fawzi WW, Conroy AL, Kain KC: Perspective: L-arginine and L-citrulline supplementation
in pregnancy: a potential strategy to improve birth outcomes in low-resource settings. Advances in Nutrition. 2019, 10:765-777.

How to cite this article:
L S, N V K, R P, et al. (October 12, 2026) Plant-Derived Citrulline: From Agricultural Sources to Functional Food Applications.
Cureus J. Agri. Food Sci 2 : es44497-026-00318-y. DOI https://doi.org/10.7759/s44497-026-00318-y Page 23 of 30

Plant-Derived Citrulline: From Agricultural Sources to Functional Food Applications

https://izlik.org/JA48ZP77DJ
https://dx.doi.org/10.3390/app11073293
https://dx.doi.org/10.3390/app11073293
https://dx.doi.org/10.3390/app11073293
https://dx.doi.org/10.3389/fnut.2021.729822
https://dx.doi.org/10.3389/fnut.2021.729822
https://dx.doi.org/10.3390/nu10070921
https://dx.doi.org/10.3390/nu10070921
https://dx.doi.org/10.3390/nu10070921
https://dx.doi.org/10.3390/nu17213496
https://dx.doi.org/10.3390/nu17213496
https://dx.doi.org/10.3390/nu17213496
https://dx.doi.org/10.1016/j.jesf.2025.04.004
https://dx.doi.org/10.1016/j.jesf.2025.04.004
https://dx.doi.org/10.1016/j.jesf.2025.04.004
https://dx.doi.org/10.3390/nu13113782
https://dx.doi.org/10.3390/nu13113782
https://dx.doi.org/10.3390/nu13113782
https://dx.doi.org/10.3390/molecules27103294
https://dx.doi.org/10.3390/molecules27103294
https://dx.doi.org/10.3390/molecules27103294
https://dx.doi.org/10.3390/nu17203221
https://dx.doi.org/10.3390/nu17203221
https://dx.doi.org/10.3390/nu17203221
https://www.cell.com/heliyon/fulltext/S2405-8440(25)01029-1
https://www.cell.com/heliyon/fulltext/S2405-8440(25)01029-1
https://dx.doi.org/10.1186/s13568-014-0085-0
https://dx.doi.org/10.1186/s13568-014-0085-0
https://dx.doi.org/10.1186/s13568-014-0085-0
https://dx.doi.org/10.3390/nu15051268
https://dx.doi.org/10.3390/nu15051268
https://dx.doi.org/10.3390/nu15051268
https://dx.doi.org/10.3390/nu14142913
https://dx.doi.org/10.3390/nu14142913
https://dx.doi.org/10.3390/nu14142913
https://dx.doi.org/10.1017/S0007114521004803
https://dx.doi.org/10.1017/S0007114521004803
https://dx.doi.org/10.1017/S0007114521004803
https://dx.doi.org/10.1002/jcsm.12955
https://dx.doi.org/10.1002/jcsm.12955
https://dx.doi.org/10.1002/jcsm.12955
https://dx.doi.org/10.3390/beverages8030048
https://dx.doi.org/10.3390/beverages8030048
https://dx.doi.org/10.3390/beverages8030048
https://dx.doi.org/10.52082/jssm.2023.541
https://dx.doi.org/10.52082/jssm.2023.541
https://dx.doi.org/10.52082/jssm.2023.541
https://dx.doi.org/10.1093/advances/nmz015
https://dx.doi.org/10.1093/advances/nmz015


10.1093/advances/nmz015

19. Kaore SN, Kaore NM: Arginine and citrulline as nutraceuticals: Efficacy and safety in diseases. Nutraceuticals. 2016, 511-529.
10.1016/B978-0-12-802147-7.00037-1

20. Breuillard C, Cynober L, Moinard C: Citrulline and nitrogen homeostasis: an overview. Amino Acids. 2015, 47:685-691.
10.1007/s00726-015-1932-2

21. Caruso A, Rossi M, Gahn C, Caruso F: A structural and computational study of citrulline in biochemical reactions. Structural
Chemistry. 2017, 28:1581-1589. 10.1007/s11224-017-0996-x

22. Mohseni M, Mousavi M, Kiani H, Tao Y, Homayoonfal M: Ionic liquid-based ultrasonic-assisted extraction of L-citrulline from
watermelon rind. Waste and Biomass Valorization. 2023, 15:251-264. 10.1007/s12649-023-02142-3

23. Vraneš M, Borović TT, Bešter-Rogač M, Šarac B, Papović S: Thermal stability, aqueous solubility, and hydration properties of L-
citrulline from density, viscosity, and acoustic measurements, supported by DFT and MD simulations. Food Research International.
2026, 223:117875. 10.1016/j.foodres.2025.117875

24. Li Y, Mei J, Xie J: Citral: bioactivity, metabolism, delivery systems, and food preservation applications. Comprehensive Reviews in
Food Science and Food Safety. 2025, 24:e70168. 10.1111/1541-4337.70168

25. Emmanuel K, Jean Nepo H, Jean Bernard M, Janvière T, Leandrine M: Physicochemical characteristics of citrulline extracted from
watermelon peels. International Research Journal of Advanced Engineering and Science. 2023, 8:163-171.

26. El Hosry L, Elias V, Chamoun V, Halawi M, Cayot P, Nehme A, Bou-Maroun E: Maillard reaction: mechanism, influencing parameters,
advantages, disadvantages, and food industrial applications: a review. Foods. 2025, 14:1881. 10.3390/foods14111881

27. Valle-Vargas MF, Durán-Barón R, Quintero-Gamero G, Valera R: Caracterización fisicoquímica, químico proximal, compuestos
bioactivos y capacidad antioxidante de pulpa y corteza de sandía (Citrullus lanatus. Información tecnológica. 2020, 31:21-28.
10.4067/S0718-07642020000100021

28. Joshi V, Fernie AR: Citrulline metabolism in plants. Amino Acids. 2017, 49:1543-1559. 10.1007/s00726-017-2468-4

29. Assefa AD, Hur OS, Ro NY, et al.: Fruit morphology, citrulline, and arginine levels in diverse watermelon (Citrullus lanatus)
germplasm collections. Plants. 2020, 9:1054. 10.3390/plants9091054

30. Fan J, Park E, Zhang L, Edirisinghe I, Burton-Freeman B, Sandhu AK: Pharmacokinetic parameters of watermelon (rind, flesh, and
seeds) bioactive components in human plasma: a pilot study to investigate the relationship to endothelial function. Journal of
Agricultural and Food Chemistry. 2020, 68:7393-7403. 10.1021/acs.jafc.0c02756

31. Hartman J, Wehner T, Ma G, Perkins-Veazie P: Citrulline and arginine content of taxa of Cucurbitaceae. Horticulturae. 2019, 5:22.
10.3390/horticulturae5010022

32. Mulwa PM, Njue W, Ng’ang’a M: Assessment of L-citrulline, L-arginine, and L-glutamic acid content in selected fruits, vegetables,
seeds, and nuts sold in markets in Nairobi City County, Kenya. European Journal of Agriculture and Food Sciences. 2020,
2:10.24018/ejfood.2020.2.5.100

33. Hdider C, Tlili I, Ilahy R: Watermelon. Nutritional Composition and Antioxidant Properties of Fruits and Vegetables. 2020, 515-531.
10.1016/B978-0-12-812780-3.00032-5

34. Hafeez A, Rasheed R, Ashraf MA, Hussain I: Citrulline reduces copper toxicity in sunflower (Helianthus annuus L.) by modulating
photosynthesis, osmoregulation, redox homeostasis, and nutrient relations. Journal of Soil Science and Plant Nutrition. 2025,
25:7565-7587. 10.1007/s42729-025-02614-6

35. Aslam A, Shengjie Z, Xuqiang L, Nan H, Wenge L: Rootstock mediates transcriptional regulation of citrulline metabolism in grafted
watermelon. Brazilian Journal of Biology. 2021, 81:125-136. 10.1590/1519-6984.223633

36. Buenrostro-Figueroa JJ, Tafolla-Arellano JC, Torre LS, Kannan P, Haghi AK: Sustainable Agricultural and Food Systems Engineering:
New Research, Practices, and Developments. Apple Academic Press, New York; 2024. 10.1201/9781003504214

37. Shafaei A, Aisha AFA, Siddiqui MJA, Ismail Z: Analysis of L-citrulline and L-arginine in Ficus deltoidea leaf extracts by reverse phase
high performance liquid chromatography. Pharmacognosy Research. 2015, 7:32. 10.4103/0974-8490.147196

38. Song Q, Joshi M, DiPiazza J, Joshi V: Functional relevance of citrulline in the vegetative tissues of watermelon during abiotic
stresses. Frontiers in Plant Science. 2020, 11:512. 10.3389/fpls.2020.00512

How to cite this article:
L S, N V K, R P, et al. (October 12, 2026) Plant-Derived Citrulline: From Agricultural Sources to Functional Food Applications.
Cureus J. Agri. Food Sci 2 : es44497-026-00318-y. DOI https://doi.org/10.7759/s44497-026-00318-y Page 24 of 30

Plant-Derived Citrulline: From Agricultural Sources to Functional Food Applications

https://dx.doi.org/10.1093/advances/nmz015
https://dx.doi.org/10.1016/B978-0-12-802147-7.00037-1
https://dx.doi.org/10.1016/B978-0-12-802147-7.00037-1
https://dx.doi.org/10.1007/s00726-015-1932-2
https://dx.doi.org/10.1007/s00726-015-1932-2
https://dx.doi.org/10.1007/s11224-017-0996-x
https://dx.doi.org/10.1007/s11224-017-0996-x
https://dx.doi.org/10.1007/s12649-023-02142-3
https://dx.doi.org/10.1007/s12649-023-02142-3
https://dx.doi.org/10.1007/s12649-023-02142-3
https://dx.doi.org/10.1016/j.foodres.2025.117875
https://dx.doi.org/10.1016/j.foodres.2025.117875
https://dx.doi.org/10.1016/j.foodres.2025.117875
https://dx.doi.org/10.1111/1541-4337.70168
https://dx.doi.org/10.1111/1541-4337.70168
https://irjaes.com/wp-content/uploads/2023/12/IRJAES-V8N4P268Y23.pdf
https://irjaes.com/wp-content/uploads/2023/12/IRJAES-V8N4P268Y23.pdf
https://dx.doi.org/10.3390/foods14111881
https://dx.doi.org/10.3390/foods14111881
https://dx.doi.org/10.3390/foods14111881
https://dx.doi.org/10.4067/S0718-07642020000100021
https://dx.doi.org/10.4067/S0718-07642020000100021
https://dx.doi.org/10.4067/S0718-07642020000100021
https://dx.doi.org/10.1007/s00726-017-2468-4
https://dx.doi.org/10.1007/s00726-017-2468-4
https://dx.doi.org/10.3390/plants9091054
https://dx.doi.org/10.3390/plants9091054
https://dx.doi.org/10.3390/plants9091054
https://dx.doi.org/10.1021/acs.jafc.0c02756
https://dx.doi.org/10.1021/acs.jafc.0c02756
https://dx.doi.org/10.1021/acs.jafc.0c02756
https://dx.doi.org/10.3390/horticulturae5010022
https://dx.doi.org/10.3390/horticulturae5010022
https://dx.doi.org/10.24018/ejfood.2020.2.5.100
https://dx.doi.org/10.24018/ejfood.2020.2.5.100
https://dx.doi.org/10.24018/ejfood.2020.2.5.100
https://dx.doi.org/10.1016/B978-0-12-812780-3.00032-5
https://dx.doi.org/10.1016/B978-0-12-812780-3.00032-5
https://dx.doi.org/10.1007/s42729-025-02614-6
https://dx.doi.org/10.1007/s42729-025-02614-6
https://dx.doi.org/10.1007/s42729-025-02614-6
https://dx.doi.org/10.1590/1519-6984.223633
https://dx.doi.org/10.1590/1519-6984.223633
https://dx.doi.org/10.1590/1519-6984.223633
https://dx.doi.org/10.1201/9781003504214
https://dx.doi.org/10.1201/9781003504214
https://dx.doi.org/10.1201/9781003504214
https://dx.doi.org/10.4103/0974-8490.147196
https://dx.doi.org/10.4103/0974-8490.147196
https://dx.doi.org/10.4103/0974-8490.147196
https://dx.doi.org/10.3389/fpls.2020.00512
https://dx.doi.org/10.3389/fpls.2020.00512
https://dx.doi.org/10.3389/fpls.2020.00512


39. Couchet M, Breuillard C, Corne C, Rendu J, Morio B, Schlattner U, Moinard C: Ornithine transcarbamylase—from structure to
metabolism: an update. Frontiers in Physiology. 2021, 12:748249. 10.3389/fphys.2021.748249

40. Barmore W, Azad F, Stone WL: Physiology, Urea Cycle. StatPearls Publishing, Treasure Island, FL; 2023.

41. Yu S, Zhu M, Li P, et al.: Dissection of the spatial dynamics of biosynthesis, transport, and turnover of major amino acids in tea
plants (Camellia sinensis). Horticulture Research. 2024, 11:uhae060. 10.1093/hr/uhae060

42. Fang J, Ling J, Liu X, et al.: Reprogramming of nitrogen metabolism in tumors: mechanisms and therapeutic implications. Amino
Acids. 2026, 58:31. 10.1007/s00726-026-03517-1

43. Hossain A, Pamanick B, Venugopalan VK, et al.: Emerging roles of plant growth regulators for plants adaptation to abiotic stress-
induced oxidative stress. 2022, 1-72. 10.1016/B978-0-323-91005-7.00010-2

44. Khan M, Ali S, Al Azzawi TNI, Yun BW: Nitric oxide acts as a key signaling molecule in plant development under stressful conditions.
International Journal of Molecular Sciences. 2023, 24:4782. 10.3390/ijms24054782

45. Farooq U, Ashraf MA, Rasheed R: Correction: Citrulline enhances salinity tolerance via photosynthesis, redox balance, osmotic and
hormonal regulation, and nutrient assimilation in sunflower (Helianthus annuus L.). Physiology and Molecular Biology of Plants.
2025, 31:2255-2256. 10.1007/s12298-025-01683-2

46. Farooq U, Ghafoor A, Zafar S, et al.: Citrulline regulates photosynthesis, water relations, redox equilibrium, ion homeostasis, and
osmotic adjustment to lessen alkaline stress in sunflower (Helianthus annuus L.). Russian Journal of Plant Physiology. 2025, 72:224.
10.1134/s1021443725604069

47. Burton-Freeman B, Freeman M, Zhang X, Sandhu A, Edirisinghe I: Watermelon and L-citrulline in cardio-metabolic health: review of
the evidence 2000-2020. Current Atherosclerosis Reports. 2021, 23:81. 10.1007/s11883-021-00978-5

48. Ding Z, Wen T, Teng X, et al.: Enhancing soil citrulline degrading function to mitigate soil-borne Fusarium wilt. Nature
Communications. 2026, 17:1868. 10.1038/s41467-026-68606-x

49. Bahri S, Zerrouk N, Aussel C, et al.: Citrulline: From metabolism to therapeutic use. Nutrition. 2013, 29:479-484.
10.1016/j.nut.2012.07.002

50. Bacelar E, Pinto T, Anjos R, Morais MC, Oliveira I, Vilela A, Cosme F: Impacts of climate change and mitigation strategies for some
abiotic and biotic constraints influencing fruit growth and quality. Plants. 2024, 13:1942. 10.3390/plants13141942

51. Jiang M, Zhao D, Huang L, Zeng Y, Liu J, Xiang H, Zheng Y: The role of glutamine synthetase in regulating ammonium assimilation
and iron-only nitrogenase expression in a photosynthetic diazotroph. Microbiology Spectrum. 2023, 11:e0495322.
10.1128/spectrum.04953-22

52. Masclaux-Daubresse C, Reisdorf-Cren M, Pageau K, et al.: Glutamine synthetase-glutamate synthase pathway and glutamate
dehydrogenase play distinct roles in the sink-source nitrogen cycle in tobacco. Plant Physiology. 2006, 140:444-456.
10.1104/pp.105.071910

53. Marini JC: Arginine and ornithine are the main precursors for citrulline synthesis in mice. The Journal of Nutrition. 2012, 142:572-
580. 10.3945/jn.111.153825

54. Shi D, Caldovic L, Tuchman M: Sources and fates of carbamyl phosphate: a labile energy-rich molecule with multiple facets.
Biology. 2018, 7:34. 10.3390/biology7020034

55. Michimori Y, Yokooji Y, Atomi H: An energy-conserving reaction in amino acid metabolism catalyzed by arginine synthetase. PNAS.
2024, 121:e2401313121. 10.1073/pnas.2401313121

56. Ávila C, Llebrés MT, Cánovas FM, Castro-Rodríguez V: Arginine, a key amino acid for nitrogen nutrition and metabolism of forest
trees. Journal of Experimental Botany. 2025, 76:5238-5251. 10.1093/jxb/eraf260

57. Allagulova CR, Lubyanova AR, Avalbaev AM: Multiple ways of nitric oxide production in plants and its functional activity under
abiotic stress conditions. International Journal of Molecular Sciences. 2023, 24:11637. 10.3390/ijms241411637

58. Tang K, Zhang H, Deng J, et al.: Ammonia detoxification promotes CD8+ T cell memory development by urea and citrulline cycles.
Nature Immunology. 2023, 24:162-173. 10.1038/s41590-022-01365-1

59. Zulfiqar F, Akram NA, Ashraf M: Osmoprotection in plants under abiotic stresses: new insights into a classical phenomenon. Planta.
2020, 251:3. 10.1007/s00425-019-03293-1

How to cite this article:
L S, N V K, R P, et al. (October 12, 2026) Plant-Derived Citrulline: From Agricultural Sources to Functional Food Applications.
Cureus J. Agri. Food Sci 2 : es44497-026-00318-y. DOI https://doi.org/10.7759/s44497-026-00318-y Page 25 of 30

Plant-Derived Citrulline: From Agricultural Sources to Functional Food Applications

https://dx.doi.org/10.3389/fphys.2021.748249
https://dx.doi.org/10.3389/fphys.2021.748249
https://dx.doi.org/10.3389/fphys.2021.748249
https://www.ncbi.nlm.nih.gov/books/NBK513323/
https://dx.doi.org/10.1093/hr/uhae060
https://dx.doi.org/10.1093/hr/uhae060
https://dx.doi.org/10.1093/hr/uhae060
https://dx.doi.org/10.1007/s00726-026-03517-1
https://dx.doi.org/10.1007/s00726-026-03517-1
https://dx.doi.org/10.1016/B978-0-323-91005-7.00010-2
https://dx.doi.org/10.1016/B978-0-323-91005-7.00010-2
https://dx.doi.org/10.1016/B978-0-323-91005-7.00010-2
https://dx.doi.org/10.3390/ijms24054782
https://dx.doi.org/10.3390/ijms24054782
https://dx.doi.org/10.1007/s12298-025-01683-2
https://dx.doi.org/10.1007/s12298-025-01683-2
https://dx.doi.org/10.1007/s12298-025-01683-2
https://dx.doi.org/10.1134/s1021443725604069
https://dx.doi.org/10.1134/s1021443725604069
https://dx.doi.org/10.1134/s1021443725604069
https://dx.doi.org/10.1007/s11883-021-00978-5
https://dx.doi.org/10.1007/s11883-021-00978-5
https://dx.doi.org/10.1007/s11883-021-00978-5
https://dx.doi.org/10.1038/s41467-026-68606-x
https://dx.doi.org/10.1038/s41467-026-68606-x
https://dx.doi.org/10.1016/j.nut.2012.07.002
https://dx.doi.org/10.1016/j.nut.2012.07.002
https://dx.doi.org/10.3390/plants13141942
https://dx.doi.org/10.3390/plants13141942
https://dx.doi.org/10.3390/plants13141942
https://dx.doi.org/10.1128/spectrum.04953-22
https://dx.doi.org/10.1128/spectrum.04953-22
https://dx.doi.org/10.1128/spectrum.04953-22
https://dx.doi.org/10.1104/pp.105.071910
https://dx.doi.org/10.1104/pp.105.071910
https://dx.doi.org/10.1104/pp.105.071910
https://dx.doi.org/10.3945/jn.111.153825
https://dx.doi.org/10.3945/jn.111.153825
https://dx.doi.org/10.3390/biology7020034
https://dx.doi.org/10.3390/biology7020034
https://dx.doi.org/10.1073/pnas.2401313121
https://dx.doi.org/10.1073/pnas.2401313121
https://dx.doi.org/10.1093/jxb/eraf260
https://dx.doi.org/10.1093/jxb/eraf260
https://dx.doi.org/10.1093/jxb/eraf260
https://dx.doi.org/10.3390/ijms241411637
https://dx.doi.org/10.3390/ijms241411637
https://dx.doi.org/10.3390/ijms241411637
https://dx.doi.org/10.1038/s41590-022-01365-1
https://dx.doi.org/10.1038/s41590-022-01365-1
https://dx.doi.org/10.1007/s00425-019-03293-1
https://dx.doi.org/10.1007/s00425-019-03293-1


60. Mohseni M, Mousavi SM, Kiani H, Azimi Y: Evaluating green techniques for the extraction of L-citrulline from watermelon rind.
Food Chemistry Advances. 2025, 8:101050. 10.1016/j.focha.2025.101050

61. Cai Y, Liu C, Zhao J, et al.: Non-covalent modification of soy protein isolate by non-protein amino acids: Insights into gelation
mechanisms from physicochemical analysis, molecular docking, and molecular dynamics simulation. Food Hydrocolloids. 2026,
180:112917. 10.1016/j.foodhyd.2026.112917

62. Carpentieri S, Soltanipour F, Ferrari G, Pataro G, Donsì F: Emerging green techniques for the extraction of antioxidants from agri-
food by-products as promising ingredients for the food industry. Antioxidants. 2021, 10:1417. 10.3390/antiox10091417

63. Kim SJ, Matsushita Y, Fukushima K, Aoki D, Yagami S, Yuk HG, Lee SC: Antioxidant activity of a hydrothermal extract from
watermelons. LWT - Food Science and Technology. 2014, 59:361-368. 10.1016/j.lwt.2014.04.041

64. Zia S, Khan MR, Aadil RM, Medina-Meza IG: Bioactive recovery from watermelon rind waste using ultrasound-assisted extraction.
ACS Food Science & Technology. 2024, 4:687-699. 10.1021/acsfoodscitech.3c00601

65. Ahamad S, Mohammad Azmin SNH, Mat Nor MS, Zamzuri NDD, Babar M: Recent trends in preprocessing and extraction of
watermelon rind extract: A comprehensive review. Journal of Food Processing and Preservation. 2022, 46:e16711.
10.1111/jfpp.16711

66. Mohseni M, Mousavi SM, Kiani H, Homayoonfal M: Microwave-assisted aqueous two-phase extraction of l-Citrulline from
watermelon rind: optimization, antioxidant potential, and microstructural insight. Journal of Food Measurement and
Characterization. 2024, 18:9983-9998. 10.1007/s11694-024-02936-6

67. Shen L, Pang S, Zhong M, et al.: A comprehensive review of ultrasonic assisted extraction (UAE) for bioactive components:
Principles, advantages, equipment, and combined technologies. Ultrasonics Sonochemistry. 2023, 101:106646.
10.1016/j.ultsonch.2023.106646

68. Tanruean K, Luangkamin S, Srisurat T, Bunmusik W, Suttiarporn P: Optimization of microwave-assisted extraction process for
production of polyphenol-rich crude extract from Cinnamomum iners leaves. Applied Sciences. 2025, 15:1265.
10.3390/app15031265

69. Łubek-Nguyen A, Ziemichód W, Olech M: Application of enzyme-assisted extraction for the recovery of natural bioactive
compounds for nutraceutical and pharmaceutical applications. Applied Sciences. 2022, 12:3232. 10.3390/app12073232

70. Tran VN, Phan TQL, Le NDQ, Tran TMT, Lai QD: Study on the adsorption kinetics of L-citrulline from the pseudo aqueous solution of
watermelon rind on ion exchange resin. Vietnam Journal of Catalysis and Adsorption. 2024, 13:40-45. 10.62239/jca.2024.006

71. Hoffola AA, Robi AG, Tefera ZT, Abera WG: Optimization of antioxidant extraction from Citrullus colocynthis seed using response
surface methodology. Scientific Reports. 2026, 16:5586. 10.1038/s41598-026-35921-8

72. Gałęzowska G, Ratajczyk J, Wolska L: Determination of amino acids in human biological fluids by high-performance liquid
chromatography: critical review. Amino Acids. 2021, 53:993-1009. 10.1007/s00726-021-03002-x

73. Reuhs BL: High-performance liquid chromatography. Food Analysis. Food Science Text Series. Nielsen SS (ed): Springer, Cham;
2017. 213-226. 10.1007/978-3-319-45776-5_13

74. Acquaviva A, Romero L, Castells C, Ramis-Ramos G, Herrero-Martinez JM: Reliable and simple analytical methods for
determination of citrulline and metabolically related amino acids by liquid chromatography after derivatization: comparison
between monolithic and core-shell columns. Analytical Methods. 2014, 6:5830. 10.1039/c4ay00496e

75. Corleto KA, Singh J, Jayaprakasha GK, Patil BS: A sensitive HPLC-FLD method combined with multivariate analysis for the
determination of amino acids in l-citrulline rich vegetables. Journal of Food and Drug Analysis. 2019, 27:717-728.
10.1016/j.jfda.2019.04.001

76. Jones JW, Tudor G, Bennett A, et al.: Development and validation of a LC-MS/MS assay for quantitation of plasma citrulline for
application to animal models of the acute radiation syndrome across multiple species. Analytical and Bioanalytical Chemistry.
2014, 406:4663-4675. 10.1007/s00216-014-7870-0

77. Baskal S, Bollenbach A, Tsikas D: GC-MS discrimination of citrulline from ornithine and homocitrulline from lysine by chemical
derivatization: Evidence of formation of N5-carboxy-ornithine and N6-carboxy-lysine. Molecules. 2021, 26:2301.
10.3390/molecules26082301

78. Durazzo A, Sorkin BC, Lucarini M, et al.: Analytical challenges and metrological approaches to ensuring dietary supplement
quality: International perspectives. Frontiers in Pharmacology. 2022, 12:714434. 10.3389/fphar.2021.714434

How to cite this article:
L S, N V K, R P, et al. (October 12, 2026) Plant-Derived Citrulline: From Agricultural Sources to Functional Food Applications.
Cureus J. Agri. Food Sci 2 : es44497-026-00318-y. DOI https://doi.org/10.7759/s44497-026-00318-y Page 26 of 30

Plant-Derived Citrulline: From Agricultural Sources to Functional Food Applications

https://dx.doi.org/10.1016/j.focha.2025.101050
https://dx.doi.org/10.1016/j.focha.2025.101050
https://dx.doi.org/10.1016/j.foodhyd.2026.112917
https://dx.doi.org/10.1016/j.foodhyd.2026.112917
https://dx.doi.org/10.1016/j.foodhyd.2026.112917
https://dx.doi.org/10.3390/antiox10091417
https://dx.doi.org/10.3390/antiox10091417
https://dx.doi.org/10.3390/antiox10091417
https://dx.doi.org/10.1016/j.lwt.2014.04.041
https://dx.doi.org/10.1016/j.lwt.2014.04.041
https://dx.doi.org/10.1016/j.lwt.2014.04.041
https://dx.doi.org/10.1021/acsfoodscitech.3c00601
https://dx.doi.org/10.1021/acsfoodscitech.3c00601
https://dx.doi.org/10.1111/jfpp.16711
https://dx.doi.org/10.1111/jfpp.16711
https://dx.doi.org/10.1111/jfpp.16711
https://dx.doi.org/10.1007/s11694-024-02936-6
https://dx.doi.org/10.1007/s11694-024-02936-6
https://dx.doi.org/10.1007/s11694-024-02936-6
https://dx.doi.org/10.1016/j.ultsonch.2023.106646
https://dx.doi.org/10.1016/j.ultsonch.2023.106646
https://dx.doi.org/10.1016/j.ultsonch.2023.106646
https://dx.doi.org/10.3390/app15031265
https://dx.doi.org/10.3390/app15031265
https://dx.doi.org/10.3390/app15031265
https://dx.doi.org/10.3390/app12073232
https://dx.doi.org/10.3390/app12073232
https://dx.doi.org/10.3390/app12073232
https://dx.doi.org/10.62239/jca.2024.006
https://dx.doi.org/10.62239/jca.2024.006
https://dx.doi.org/10.62239/jca.2024.006
https://dx.doi.org/10.1038/s41598-026-35921-8
https://dx.doi.org/10.1038/s41598-026-35921-8
https://dx.doi.org/10.1038/s41598-026-35921-8
https://dx.doi.org/10.1007/s00726-021-03002-x
https://dx.doi.org/10.1007/s00726-021-03002-x
https://dx.doi.org/10.1007/s00726-021-03002-x
https://dx.doi.org/10.1007/978-3-319-45776-5_13
https://dx.doi.org/10.1007/978-3-319-45776-5_13
https://dx.doi.org/10.1039/c4ay00496e
https://dx.doi.org/10.1039/c4ay00496e
https://dx.doi.org/10.1039/c4ay00496e
https://dx.doi.org/10.1039/c4ay00496e
https://dx.doi.org/10.1016/j.jfda.2019.04.001
https://dx.doi.org/10.1016/j.jfda.2019.04.001
https://dx.doi.org/10.1016/j.jfda.2019.04.001
https://dx.doi.org/10.1007/s00216-014-7870-0
https://dx.doi.org/10.1007/s00216-014-7870-0
https://dx.doi.org/10.1007/s00216-014-7870-0
https://dx.doi.org/10.3390/molecules26082301
https://dx.doi.org/10.3390/molecules26082301
https://dx.doi.org/10.3390/molecules26082301
https://dx.doi.org/10.3389/fphar.2021.714434
https://dx.doi.org/10.3389/fphar.2021.714434
https://dx.doi.org/10.3389/fphar.2021.714434


79. Maric S, Restin T, Muff JL, et al.: Citrulline, biomarker of enterocyte functional mass and dietary supplement: Metabolism,
transport, and current evidence for clinical use. Nutrients. 2021, 13:2794. 10.3390/nu13082794

80. Brückner L, Cramer B, Humpf HU: Reactions of citrinin with amino compounds modelling thermal food processing. Mycotoxin
Research. 2024, 40:709-720. 10.1007/s12550-024-00557-y

81. Chowdhury VS: L-Citrulline: A novel hypothermic amino acid promoting thermotolerance in heat-exposed chickens. Animal
Science Journal. 2023, 94:e13826. 10.1111/asj.13826

82. Ankeli JA, Igbum OG, Okibe FG: Comparative effects of drying methods on physicochemical properties of puree blends of some
indigenous varieties of watermelon (Citrullus lanatus), orange (Citrus sinensis) and mango (Mangifera indica) fruits. Journal of
Agriculture, Aquaculture, and Animal Science. 2025, 2:15-29. 10.69739/jaaas.v2i1.214

83. Bozkır H: Hot air vs. vacuum microwave drying of lemon slices: Effects on drying kinetics and quality attributes at different
temperatures. Foods. 2026, 15:1646. 10.3390/foods15101646

84. Liu D, Galvanin F, Yu Y: Formulation screening and freeze-drying process optimization of Ginkgolide B lyophilized powder for
injection. AAPS PharmSciTech. 2018, 19:541-550. 10.1208/s12249-017-0858-2

85. Jayaprakasha GK, Chidambara Murthy KN, Patil BS: Rapid HPLC-UV method for quantification of l-citrulline in watermelon and its
potential role on smooth muscle relaxation markers. Food Chemistry. 2011, 127:240-248. 10.1016/j.foodchem.2010.12.098

86. Wang W, Cai S, Liu K, Luo P: Synergistic effect of long-term L-citruline supplementation combined with exercise on body
composition in adults: A systematic review and meta-analysis of randomized controlled trials. Complementary Therapies in
Medicine. 2026, 98:103339. 10.1016/j.ctim.2026.103339

87. Gu I, Balogun O, Brownmiller C, Kang HW, Lee SO: Bioavailability of citrulline in watermelon flesh, rind, and skin using a human
intestinal epithelial Caco-2 cell model. Applied Sciences. 2023, 13:4882. 10.3390/app13084882

88. Fernandes A, Mateus N, de Freitas V: Polyphenol-dietary fiber conjugates from fruits and vegetables: Nature and biological fate in
a food and nutrition perspective. Foods. 2023, 12:1052. 10.3390/foods12051052

89. Casarotto LT, Richard C, Gelin V, Aguirre-Lavin T, Lasserre O, Dahl GE, Chavatte-Palmer P: Citrulline supplementation does not
reverse the effects of late gestation heat stress in ewes on feto-placental development. Theriogenology. 2025, 249:117656.
10.1016/j.theriogenology.2025.117656

90. Mohamad Salin NS, Md Saad WM, Abdul Razak HR, Salim F: Effect of storage temperatures on physicochemicals, phytochemicals
and antioxidant properties of watermelon juice (Citrullus lanatus). Metabolites. 2022, 12:75. 10.3390/metabo12010075

91. Tsuge M, Ichihara E, Hasegawa K, et al.: Increased oxidative stress and decreased citrulline in blood associated with severe novel
coronavirus pneumonia in adult patients. International Journal of Molecular Sciences. 2024, 25:8370. 10.3390/ijms25158370

92. Onyeaka HN, Nwabor OF: Green technology in food processing and preservation. Food Preservation and Safety of Natural
Products. 2022, 87-118. 10.1016/B978-0-323-85700-0.00011-3

93. Tarazona-Díaz MP, Martínez-Sánchez A, Aguayo E: Preservation of bioactive compounds and quality parameters of watermelon
juice enriched with L-citrulline through short thermal treatment. Journal of Food Quality. 2017, 2017:3283054.
10.1155/2017/3283054

94. Dai W, Xiong H, Sun W, et al.: Emulsion gels in food systems: Advances, oxidative stability challenges, and mitigation. Food Reviews
International. 2025, 41:3345-3366. 10.1080/87559129.2025.2559869

95. Dhar R, Bhalerao PP, Chakraborty S: Formulation of a mixed fruit beverage using fuzzy logic optimization of sensory data and
designing its batch thermal pasteurization process. Journal of Food Science. 2021, 86:463-474. 10.1111/1750-3841.15583

96. Polak N, Kalisz S, Kruszewski B: High-temperature short-time and ultra-high-temperature processing of juices, nectars and
beverages: Influences on enzyme, microbial inactivation and retention of bioactive compounds. Applied Sciences. 2024, 14:8978.
10.3390/app14198978

97. Yu J, Zhou J, Zhou T, et al.: Phenolic mediated browning of sushi ginger slices during storage and its inhibition by enzyme
inactivation and reduced phenolic availability during mild blanching. Food Bioscience. 2026, 83:109511.
10.1016/j.fbio.2026.109511

98. Uwineza A, Zhang X: Application of freeze-drying technology in the food industry: A review. Foods. 2026, 15:790.
10.3390/foods15040790

How to cite this article:
L S, N V K, R P, et al. (October 12, 2026) Plant-Derived Citrulline: From Agricultural Sources to Functional Food Applications.
Cureus J. Agri. Food Sci 2 : es44497-026-00318-y. DOI https://doi.org/10.7759/s44497-026-00318-y Page 27 of 30

Plant-Derived Citrulline: From Agricultural Sources to Functional Food Applications

https://dx.doi.org/10.3390/nu13082794
https://dx.doi.org/10.3390/nu13082794
https://dx.doi.org/10.3390/nu13082794
https://dx.doi.org/10.1007/s12550-024-00557-y
https://dx.doi.org/10.1007/s12550-024-00557-y
https://dx.doi.org/10.1111/asj.13826
https://dx.doi.org/10.1111/asj.13826
https://dx.doi.org/10.69739/jaaas.v2i1.214
https://dx.doi.org/10.69739/jaaas.v2i1.214
https://dx.doi.org/10.69739/jaaas.v2i1.214
https://dx.doi.org/10.3390/foods15101646
https://dx.doi.org/10.3390/foods15101646
https://dx.doi.org/10.3390/foods15101646
https://dx.doi.org/10.1208/s12249-017-0858-2
https://dx.doi.org/10.1208/s12249-017-0858-2
https://dx.doi.org/10.1208/s12249-017-0858-2
https://dx.doi.org/10.1016/j.foodchem.2010.12.098
https://dx.doi.org/10.1016/j.foodchem.2010.12.098
https://dx.doi.org/10.1016/j.foodchem.2010.12.098
https://dx.doi.org/10.1016/j.ctim.2026.103339
https://dx.doi.org/10.1016/j.ctim.2026.103339
https://dx.doi.org/10.1016/j.ctim.2026.103339
https://dx.doi.org/10.3390/app13084882
https://dx.doi.org/10.3390/app13084882
https://dx.doi.org/10.3390/app13084882
https://dx.doi.org/10.3390/foods12051052
https://dx.doi.org/10.3390/foods12051052
https://dx.doi.org/10.3390/foods12051052
https://dx.doi.org/10.1016/j.theriogenology.2025.117656
https://dx.doi.org/10.1016/j.theriogenology.2025.117656
https://dx.doi.org/10.1016/j.theriogenology.2025.117656
https://dx.doi.org/10.3390/metabo12010075
https://dx.doi.org/10.3390/metabo12010075
https://dx.doi.org/10.3390/metabo12010075
https://dx.doi.org/10.3390/ijms25158370
https://dx.doi.org/10.3390/ijms25158370
https://dx.doi.org/10.3390/ijms25158370
https://dx.doi.org/10.1016/B978-0-323-85700-0.00011-3
https://dx.doi.org/10.1016/B978-0-323-85700-0.00011-3
https://dx.doi.org/10.1155/2017/3283054
https://dx.doi.org/10.1155/2017/3283054
https://dx.doi.org/10.1155/2017/3283054
https://dx.doi.org/10.1080/87559129.2025.2559869
https://dx.doi.org/10.1080/87559129.2025.2559869
https://dx.doi.org/10.1111/1750-3841.15583
https://dx.doi.org/10.1111/1750-3841.15583
https://dx.doi.org/10.1111/1750-3841.15583
https://dx.doi.org/10.3390/app14198978
https://dx.doi.org/10.3390/app14198978
https://dx.doi.org/10.3390/app14198978
https://dx.doi.org/10.1016/j.fbio.2026.109511
https://dx.doi.org/10.1016/j.fbio.2026.109511
https://dx.doi.org/10.1016/j.fbio.2026.109511
https://dx.doi.org/10.3390/foods15040790
https://dx.doi.org/10.3390/foods15040790


99. Demarchi SM, Quintero Ruiz NA, Concellón A, Giner SA: Effect of temperature on hot-air drying rate and on retention of
antioxidant capacity in apple leathers. Food and Bioproducts Processing. 2013, 91:310-318. 10.1016/j.fbp.2012.11.008

100. Bozkir H: Effects of hot air, vacuum infrared, and vacuum microwave dryers on the drying kinetics and quality characteristics of
orange slices. Journal of Food Process Engineering. 2020, 43:e13485. 10.1111/jfpe.13485

101. Chhikara N, Kushwaha K, Sharma P, Gat Y, Panghal A: Bioactive compounds of beetroot and utilization in food processing industry:
A critical review. Food Chemistry. 2019, 272:192-200. 10.1016/j.foodchem.2018.08.022

102. Peng S, Zou L, Zhou W, Liu W, Liu C, McClements DJ: Encapsulation of lipophilic polyphenols into nanoliposomes using pH-driven
method: Advantages and disadvantages. Journal of Agricultural and Food Chemistry. 2019, 67:7506-7511.
10.1021/acs.jafc.9b01602

103. Tedeschi P, Brugnoli F, Merighi S, et al.: The effect of different storage conditions on phytochemical composition, shelf-life, and
bioactive compounds of Voghiera garlic PDO. Antioxidants. 2023, 12:499. 10.3390/antiox12020499

104. Neri L, Faieta M, Di Mattia C, Sacchetti G, Mastrocola D, Pittia P: Antioxidant activity in frozen plant foods: Effect of cryoprotectants,
freezing process and frozen storage. Foods. 2020, 9:1886. 10.3390/foods9121886

105. Sulyman AO, Aliyu OM, Ajani EO, et al.: Mechanisms of L-citrulline on phosphodiesterase 5 in erectile dysfunction intervention.
Scientific African. 2025, 27:e02572. 10.1016/j.sciaf.2025.e02572

106. Agarwal U, Didelija IC, Yuan Y, Wang X, Marini JC: Supplemental citrulline is more efficient than arginine in increasing systemic
arginine availability in mice. The Journal of Nutrition. 2017, 147:596-602. 10.3945/jn.116.240382

107. Bahadoran Z, Mirmiran P, Kashfi K, Ghasemi A: Endogenous flux of nitric oxide: Citrulline is preferred to Arginine. Acta
Physiologica. 2020, 231:e13572. 10.1111/apha.13572

108. Uyanga VA, Sun L, Liu Y, et al.: Effects of arginine replacement with L-citrulline on the arginine/nitric oxide metabolism in chickens:
An animal model without urea cycle. Journal of Animal Science and Biotechnology. 2023, 14:9. 10.1186/s40104-022-00817-w

109. Sontam T, Deutz NEP, Cruthirds CL, et al.: Prolonged disturbances in citrulline metabolism following resistance exercise in COPD.
Clinical Nutrition. 2025, 49:21-32. 10.1016/j.clnu.2025.03.021

110. Theodorou AA, Zinelis PT, Malliou VJ, et al.: Acute L-citrulline supplementation increases nitric oxide bioavailability but not
inspiratory muscle oxygenation and respiratory performance. Nutrients. 2021, 13:3311. 10.3390/nu13103311

111. Oyovwi MO, Atere AD: Exploring the medicinal significance of l-Arginine mediated nitric oxide in preventing health disorders.
European Journal of Medicinal Chemistry Reports. 2024, 12:100175. 10.1016/j.ejmcr.2024.100175

112. Selvaraj S, Petridis L, Majtényi H, et al.: Acute effects of combined supplementation of L-arginine and citrulline malate on aerobic,
anaerobic, and CrossFit exercise performance. Scientific Reports. 2025, 15:33067. 10.1038/s41598-025-16374-x

113. Wu G, Meininger CJ, McNeal CJ, Bazer FW, Rhoads JM: Role of L-arginine in nitric oxide synthesis and health in humans. Advances
in Experimental Medicine and Biology. 2021, 1332:167-187. 10.1007/978-3-030-74180-8_10

114. Gonzalez AM, Trexler ET: Effects of citrulline supplementation on exercise performance in humans: a review of the current
literature. Journal of Strength and Conditioning Research. 2020, 34:1480-1495. 10.1519/jsc.0000000000003426

115. Imbard A, Bouchereau J, Arnoux JB, et al.: Citrulline in the management of patients with urea cycle disorders. Orphanet Journal of
Rare Diseases. 2023, 18:207. 10.1186/s13023-023-02800-8

116. Speer HH, D'Cunha NM, Davies MJ, McKune AJ, Naumovski N: The physiological effects of amino acids arginine and citrulline: is
there a basis for development of a beverage to promote endurance performance? A narrative review of orally administered
supplements. Beverages. 2020, 6:11. 10.3390/beverages6010011

117. Lin X, Zhang Y, Pu J, Peng Y: Targeting muscle-vasculature crosstalk in aging through the integrative roles of L-citrulline, leucine,
and exercise: focus on muscle metabolism, vascular function, and sarcopenia prevention. Frontiers in Nutrition. 2026, 12:1739173.
10.3389/fnut.2025.1739173

118. Romero MJ, Platt DH, Caldwell RB, Caldwell RW: Therapeutic use of citrulline in cardiovascular disease. Cardiovascular Drug
Reviews. 2006, 24:275-290. 10.1111/j.1527-3466.2006.00275.x

119. Rhim HC, Kim SJ, Park J, Jang KM: Effect of citrulline on post-exercise rating of perceived exertion, muscle soreness, and blood
lactate levels: A systematic review and meta-analysis. Journal of Sport and Health Science. 2020, 9:553-561.
10.1016/j.jshs.2020.02.003

How to cite this article:
L S, N V K, R P, et al. (October 12, 2026) Plant-Derived Citrulline: From Agricultural Sources to Functional Food Applications.
Cureus J. Agri. Food Sci 2 : es44497-026-00318-y. DOI https://doi.org/10.7759/s44497-026-00318-y Page 28 of 30

Plant-Derived Citrulline: From Agricultural Sources to Functional Food Applications

https://dx.doi.org/10.1016/j.fbp.2012.11.008
https://dx.doi.org/10.1016/j.fbp.2012.11.008
https://dx.doi.org/10.1016/j.fbp.2012.11.008
https://dx.doi.org/10.1111/jfpe.13485
https://dx.doi.org/10.1111/jfpe.13485
https://dx.doi.org/10.1111/jfpe.13485
https://dx.doi.org/10.1016/j.foodchem.2018.08.022
https://dx.doi.org/10.1016/j.foodchem.2018.08.022
https://dx.doi.org/10.1016/j.foodchem.2018.08.022
https://dx.doi.org/10.1021/acs.jafc.9b01602
https://dx.doi.org/10.1021/acs.jafc.9b01602
https://dx.doi.org/10.1021/acs.jafc.9b01602
https://dx.doi.org/10.3390/antiox12020499
https://dx.doi.org/10.3390/antiox12020499
https://dx.doi.org/10.3390/antiox12020499
https://dx.doi.org/10.3390/foods9121886
https://dx.doi.org/10.3390/foods9121886
https://dx.doi.org/10.3390/foods9121886
https://dx.doi.org/10.1016/j.sciaf.2025.e02572
https://dx.doi.org/10.1016/j.sciaf.2025.e02572
https://dx.doi.org/10.3945/jn.116.240382
https://dx.doi.org/10.3945/jn.116.240382
https://dx.doi.org/10.3945/jn.116.240382
https://dx.doi.org/10.1111/apha.13572
https://dx.doi.org/10.1111/apha.13572
https://dx.doi.org/10.1186/s40104-022-00817-w
https://dx.doi.org/10.1186/s40104-022-00817-w
https://dx.doi.org/10.1186/s40104-022-00817-w
https://dx.doi.org/10.1016/j.clnu.2025.03.021
https://dx.doi.org/10.1016/j.clnu.2025.03.021
https://dx.doi.org/10.3390/nu13103311
https://dx.doi.org/10.3390/nu13103311
https://dx.doi.org/10.3390/nu13103311
https://dx.doi.org/10.1016/j.ejmcr.2024.100175
https://dx.doi.org/10.1016/j.ejmcr.2024.100175
https://dx.doi.org/10.1038/s41598-025-16374-x
https://dx.doi.org/10.1038/s41598-025-16374-x
https://dx.doi.org/10.1038/s41598-025-16374-x
https://dx.doi.org/10.1007/978-3-030-74180-8_10
https://dx.doi.org/10.1007/978-3-030-74180-8_10
https://dx.doi.org/10.1519/jsc.0000000000003426
https://dx.doi.org/10.1519/jsc.0000000000003426
https://dx.doi.org/10.1519/jsc.0000000000003426
https://dx.doi.org/10.1186/s13023-023-02800-8
https://dx.doi.org/10.1186/s13023-023-02800-8
https://dx.doi.org/10.3390/beverages6010011
https://dx.doi.org/10.3390/beverages6010011
https://dx.doi.org/10.3390/beverages6010011
https://dx.doi.org/10.3390/beverages6010011
https://dx.doi.org/10.3389/fnut.2025.1739173
https://dx.doi.org/10.3389/fnut.2025.1739173
https://dx.doi.org/10.3389/fnut.2025.1739173
https://dx.doi.org/10.1111/j.1527-3466.2006.00275.x
https://dx.doi.org/10.1111/j.1527-3466.2006.00275.x
https://dx.doi.org/10.1016/j.jshs.2020.02.003
https://dx.doi.org/10.1016/j.jshs.2020.02.003
https://dx.doi.org/10.1016/j.jshs.2020.02.003


120. Villareal MO, Matsukawa T, Isoda H: L-Citrulline supplementation-increased skeletal muscle PGC-1α expression is associated with
exercise performance and increased skeletal muscle weight. Molecular Nutrition & Food Research. 2018, 62:e1701043.
10.1002/mnfr.201701043

121. Harnden CS, Agu J, Gascoyne T: Effects of citrulline on endurance performance in young healthy adults: a systematic review and
meta-analysis. Journal of the International Society of Sports Nutrition. 2023, 20:10.1080/15502783.2023.2209056

122. Gough LA, Sparks SA, McNaughton LR, et al.: A critical review of citrulline malate supplementation and exercise performance.
European Journal of Applied Physiology. 2021, 121:3283-3295. 10.1007/s00421-021-04774-6

123. Porto AA, Gonzaga LA, Benjamim CJR, Valenti VE: Absence of effects of L-arginine and L-citrulline on inflammatory biomarkers and
oxidative stress in response to physical exercise: a systematic review with meta-analysis. Nutrients. 2023, 15:1995.
10.3390/nu15081995

124. Hussein HAA: Citrulline modulates the antioxidant machinery of two faba bean (Vicia faba) cultivars: a sustainable biostimulant
strategy for improving crop growth and productivity. Sustainability. 2026, 18:2766. 10.3390/su18062766

125. Flores-Ramírez AG, Tovar-Villegas VI, Maharaj A, Garay-Sevilla ME, Figueroa A: Effects of L-citrulline supplementation and aerobic
training on vascular function in individuals with obesity across the lifespan. Nutrients. 2021, 13:2991. 10.3390/nu13092991

126. Viribay A, Fernández-Landa J, Castañeda-Babarro A, Collado PS, Fernández-Lázaro D, Mielgo-Ayuso J: Effects of citrulline
supplementation on different aerobic exercise performance outcomes: a systematic review and meta-analysis. Nutrients. 2022,
14:3479. 10.3390/nu14173479

127. Lee YC, Su YT, Liu TY, Tsai CM, Chang CH, Yu HR: L-arginine and L-citrulline supplementation have different programming effect on
regulatory T-cell function of infantile rats. Frontiers in Immunology. 2018, 9:2911. 10.3389/fimmu.2018.02911

128. Sen K, Nagamani SCS, Lichter-Konecki U: Urea cycle disorders. Swaiman’s Pediatric Neurology. 2026, 530-538. 10.1016/B978-0-443-
10944-7.00060-3

129. Fitsum S, Gebreyohannes G, Sbhatu DB: Bioactive compounds in fermented foods: Health benefits, safety, and future perspectives.
Applied Food Research. 2025, 5:101097. 10.1016/j.afres.2025.101097

130. Papadia C, Osowska S, Cynober L, Forbes A: Citrulline in health and disease. Review on human studies. Clinical Nutrition. 2018,
37:1823-1828. 10.1016/j.clnu.2017.10.009

131. Manivannan A, Lee ES, Han K, Lee HE, Kim DS: Versatile nutraceutical potentials of watermelon—a modest fruit loaded with
pharmaceutically valuable phytochemicals. Molecules. 2020, 25:5258. 10.3390/molecules25225258

132. Ben Romdhane M, Bouallegue A, Bourhia M, Bougatef A, Salamatullah AM, Ellouz-Chaabouni S, Haddar A: Watermelon rind dietary
fibers as natural source to enhance texture of wheat bread. Foods. 2024, 13:2909. 10.3390/foods13182909

133. Ciriminna R, Meneguzzo F, Delisi R, Pagliaro M: Citric acid: emerging applications of key biotechnology industrial product.
Chemistry Central Journal. 2017, 11:22. 10.1186/s13065-017-0251-y

134. Kurhaluk N: The effectiveness of L-arginine in clinical conditions associated with hypoxia. International Journal of Molecular
Sciences. 2023, 24:8205. 10.3390/ijms24098205

135. Garbati P, Picco C, Magrassi R, et al.: Targeting the gut: a systematic review of specific drug nanocarriers. Pharmaceutics. 2024,
16:431. 10.3390/pharmaceutics16030431

136. Wang X, Gao S, Yun S, Zhang M, Peng L, Li Y, Zhou Y: Microencapsulating alginate-based polymers for probiotics delivery systems
and their application. Pharmaceuticals. 2022, 15:644. 10.3390/ph15050644

137. Simão AMS, Bolean M, Cury TAC, Stabeli RG, Itri R, Ciancaglini P: Liposomal systems as carriers for bioactive compounds.
Biophysical Reviews. 2015, 7:391-397. 10.1007/s12551-015-0180-8

138. Duran-Barón R, Valle-Vargas MF, Quintero-Gamero G, Quintanilla-Carvajal MX, Alean J: Encapsulation of citrulline extract from
watermelon (Citrullus lanatus) by-product using spray drying. Powder Technology. 2021, 385:455-465.
10.1016/j.powtec.2021.03.014

139. Szpicer A, Bińkowska W, Stelmasiak A, et al.: Innovative microencapsulation techniques of bioactive compounds: impact on
physicochemical and sensory properties of food products and industrial applications. Applied Sciences. 2025, 15:11908.
10.3390/app152211908

140. Hao M, Tan X, Liu K, Xin N: Nanoencapsulation of nutraceuticals: enhancing stability and bioavailability in functional foods.
Frontiers in Nutrition. 2026, 12:1746176. 10.3389/fnut.2025.1746176

How to cite this article:
L S, N V K, R P, et al. (October 12, 2026) Plant-Derived Citrulline: From Agricultural Sources to Functional Food Applications.
Cureus J. Agri. Food Sci 2 : es44497-026-00318-y. DOI https://doi.org/10.7759/s44497-026-00318-y Page 29 of 30

Plant-Derived Citrulline: From Agricultural Sources to Functional Food Applications

https://dx.doi.org/10.1002/mnfr.201701043
https://dx.doi.org/10.1002/mnfr.201701043
https://dx.doi.org/10.1002/mnfr.201701043
https://dx.doi.org/10.1080/15502783.2023.2209056
https://dx.doi.org/10.1080/15502783.2023.2209056
https://dx.doi.org/10.1080/15502783.2023.2209056
https://dx.doi.org/10.1007/s00421-021-04774-6
https://dx.doi.org/10.1007/s00421-021-04774-6
https://dx.doi.org/10.3390/nu15081995
https://dx.doi.org/10.3390/nu15081995
https://dx.doi.org/10.3390/nu15081995
https://dx.doi.org/10.3390/su18062766
https://dx.doi.org/10.3390/su18062766
https://dx.doi.org/10.3390/su18062766
https://dx.doi.org/10.3390/nu13092991
https://dx.doi.org/10.3390/nu13092991
https://dx.doi.org/10.3390/nu13092991
https://dx.doi.org/10.3390/nu14173479
https://dx.doi.org/10.3390/nu14173479
https://dx.doi.org/10.3390/nu14173479
https://dx.doi.org/10.3389/fimmu.2018.02911
https://dx.doi.org/10.3389/fimmu.2018.02911
https://dx.doi.org/10.3389/fimmu.2018.02911
https://dx.doi.org/10.1016/B978-0-443-10944-7.00060-3
https://dx.doi.org/10.1016/B978-0-443-10944-7.00060-3
https://dx.doi.org/10.1016/B978-0-443-10944-7.00060-3
https://dx.doi.org/10.1016/j.afres.2025.101097
https://dx.doi.org/10.1016/j.afres.2025.101097
https://dx.doi.org/10.1016/j.clnu.2017.10.009
https://dx.doi.org/10.1016/j.clnu.2017.10.009
https://dx.doi.org/10.3390/molecules25225258
https://dx.doi.org/10.3390/molecules25225258
https://dx.doi.org/10.3390/molecules25225258
https://dx.doi.org/10.3390/foods13182909
https://dx.doi.org/10.3390/foods13182909
https://dx.doi.org/10.3390/foods13182909
https://dx.doi.org/10.1186/s13065-017-0251-y
https://dx.doi.org/10.1186/s13065-017-0251-y
https://dx.doi.org/10.3390/ijms24098205
https://dx.doi.org/10.3390/ijms24098205
https://dx.doi.org/10.3390/pharmaceutics16030431
https://dx.doi.org/10.3390/pharmaceutics16030431
https://dx.doi.org/10.3390/ph15050644
https://dx.doi.org/10.3390/ph15050644
https://dx.doi.org/10.3390/ph15050644
https://dx.doi.org/10.1007/s12551-015-0180-8
https://dx.doi.org/10.1007/s12551-015-0180-8
https://dx.doi.org/10.1016/j.powtec.2021.03.014
https://dx.doi.org/10.1016/j.powtec.2021.03.014
https://dx.doi.org/10.1016/j.powtec.2021.03.014
https://dx.doi.org/10.3390/app152211908
https://dx.doi.org/10.3390/app152211908
https://dx.doi.org/10.3390/app152211908
https://dx.doi.org/10.3389/fnut.2025.1746176
https://dx.doi.org/10.3389/fnut.2025.1746176


141. Mankan E, Karakas CY, Saroglu O, Mzoughi M, Sagdic O, Karadag A: Food-grade liposome-loaded delivery systems: current trends
and future perspectives. Foods. 2025, 14:2978. 10.3390/foods14172978

142. Pandey VK, Singh K, Pathak A, Singh S, Panesar PS: Biotechnological potentialities and valorization of watermelon by-products.
Biorefining Fruit Waste: Technological Advances in a Circular Bioeconomy. Panesar PS, Ray RC, Aguilar-Rivera N (ed): Wiley, 2025.
429-453. 10.1002/9781394301256.ch16

143. Merino L, Teijeiro M, Castagnini JM, Sebastià A, Martí-Quijal FJ, Bucci P: Valorization of food industry by-products for sustainable
functional food production: recent advances and future perspectives. Foods. 2026, 15:2116. 10.3390/foods15122116

144. Oketch-Rabah HA, Roe AL, Gurley BJ, Griffiths JC, Giancaspro GI: The importance of quality specifications in safety assessments of
amino acids: the cases of L-tryptophan and L-citrulline. The Journal of Nutrition. 2016, 146:2643S-2651S. 10.3945/jn.115.227280

145. Nguyen TH, Wang X, Utomo D, Gage E, Xu B: Circular bioeconomy and sustainable food systems: What are the possible
mechanisms?. Cleaner and Circular Bioeconomy. 2025, 11:100145. 10.1016/j.clcb.2025.100145

146. Priastomo M, Adlia A, Rohayati R, Lumbantobing V, Widayat W, Bahri S, Adnyana IK: Citrulline and arginine quantification in
watermelon rind and anti-inflammatory potential using in silico analysis. Research Journal of Pharmacy and Technology. 2025,
4849-4856. 10.52711/0974-360x.2025.00699

147. Nissar J, Sidiqi US, Dar AH, Akbar U: Nutritional composition and bioactive potential of watermelon seeds: a pathway to
sustainable food and health innovation. Sustainable Food Technology. 2025, 3:375-395. 10.1039/d4fb00335g

148. Capaldi G, Binello A, Aimone C, Mantegna S, Grillo G, Cravotto G: New trends in extraction-process intensification: Hybrid and
sequential green technologies. Industrial Crops and Products. 2024, 209:117906. 10.1016/j.indcrop.2023.117906

149. Martínez-Sánchez A, Alacid F, Rubio-Arias JA, Fernández-Lobato B, Ramos-Campo DJ, Aguayo E: Consumption of watermelon juice
enriched in L-citrulline and pomegranate ellagitannins enhanced metabolism during physical exercise. Journal of Agricultural and
Food Chemistry. 2017, 65:4395-4404. 10.1021/acs.jafc.7b00586

150. Nabi BG, Mukhtar K, Arshad RN, et al.: High-pressure processing for sustainable food supply. Sustainability. 2021, 13:13908.
10.3390/su132413908

151. Slama I, Abdelly C, Bouchereau A, Flowers T, Savouré A: Diversity, distribution and roles of osmoprotective compounds
accumulated in halophytes under abiotic stress. Annals of Botany. 2015, 115:433-447. 10.1093/aob/mcu239

152. Amerian M, Gohari G, Panahirad S, Ntatsi G: Coordinated N metabolism and NO signaling underlie allantoin-citrulline synergy in
salt-stressed cucumber. BMC Plant Biology. 2026, 26:422. 10.1186/s12870-026-08146-0

153. Ajeeshkumar KK, Aneesh PA, Raju N, Suseela M, Ravishankar CN, Benjakul S: Advancements in liposome technology: Preparation
techniques and applications in food, functional foods, and bioactive delivery: A review. Comprehensive Reviews in Food Science
and Food Safety. 2021, 20:1280-1306. 10.1111/1541-4337.12725

154. Hazra S, Singh PA: Safety aspects of herb interactions: Current understanding and future prospects. Current Drug Metabolism.
2024, 25:28-53. 10.2174/0113892002289753240305062601

155. de Boer A: Fifteen years of regulating nutrition and health claims in Europe: The past, the present and the future. Nutrients. 2021,
13:1725. 10.3390/nu13051725

156. Martínez A, Abanto M, Días NB, et al.: Recent trends in food quality and authentication: The role of omics technologies in dairy and
meat production. International Journal of Molecular Sciences. 2025, 26:4405. 10.3390/ijms26094405

157. Birch CS, Bonwick GA: Ensuring the future of functional foods. International Journal of Food Science and Technology. 2019,
54:1467-1485. 10.1111/ijfs.14060

158. Mohseni M, Mousavi M, Kiani H, Homayoonfal M, Khademi A: Enhancing the bioaccessibility of L-Citrulline using chitosan-coated
nanoliposomes: Physicochemical properties and release kinetics in simulated gastrointestinal conditions. Journal of Agriculture
and Food Research. 2025, 19:101630. 10.1016/j.jafr.2025.101630

159. Ma Y, Liu T, Chen S, Shen H, Wang J: Dietary supplementation with L-citrulline improves amino acid composition and broiler
performance, and modulates gut microbiota. Frontiers in Microbiology. 2025, 16:1551012. 10.3389/fmicb.2025.1551012

How to cite this article:
L S, N V K, R P, et al. (October 12, 2026) Plant-Derived Citrulline: From Agricultural Sources to Functional Food Applications.
Cureus J. Agri. Food Sci 2 : es44497-026-00318-y. DOI https://doi.org/10.7759/s44497-026-00318-y Page 30 of 30

Plant-Derived Citrulline: From Agricultural Sources to Functional Food Applications

https://dx.doi.org/10.3390/foods14172978
https://dx.doi.org/10.3390/foods14172978
https://dx.doi.org/10.3390/foods14172978
https://dx.doi.org/10.1002/9781394301256.ch16
https://dx.doi.org/10.1002/9781394301256.ch16
https://dx.doi.org/10.3390/foods15122116
https://dx.doi.org/10.3390/foods15122116
https://dx.doi.org/10.3390/foods15122116
https://dx.doi.org/10.3945/jn.115.227280
https://dx.doi.org/10.3945/jn.115.227280
https://dx.doi.org/10.3945/jn.115.227280
https://dx.doi.org/10.1016/j.clcb.2025.100145
https://dx.doi.org/10.1016/j.clcb.2025.100145
https://dx.doi.org/10.1016/j.clcb.2025.100145
https://dx.doi.org/10.52711/0974-360x.2025.00699
https://dx.doi.org/10.52711/0974-360x.2025.00699
https://dx.doi.org/10.52711/0974-360x.2025.00699
https://dx.doi.org/10.1039/d4fb00335g
https://dx.doi.org/10.1039/d4fb00335g
https://dx.doi.org/10.1039/d4fb00335g
https://dx.doi.org/10.1016/j.indcrop.2023.117906
https://dx.doi.org/10.1016/j.indcrop.2023.117906
https://dx.doi.org/10.1016/j.indcrop.2023.117906
https://dx.doi.org/10.1021/acs.jafc.7b00586
https://dx.doi.org/10.1021/acs.jafc.7b00586
https://dx.doi.org/10.1021/acs.jafc.7b00586
https://dx.doi.org/10.3390/su132413908
https://dx.doi.org/10.3390/su132413908
https://dx.doi.org/10.1093/aob/mcu239
https://dx.doi.org/10.1093/aob/mcu239
https://dx.doi.org/10.1093/aob/mcu239
https://dx.doi.org/10.1186/s12870-026-08146-0
https://dx.doi.org/10.1186/s12870-026-08146-0
https://dx.doi.org/10.1186/s12870-026-08146-0
https://dx.doi.org/10.1111/1541-4337.12725
https://dx.doi.org/10.1111/1541-4337.12725
https://dx.doi.org/10.1111/1541-4337.12725
https://dx.doi.org/10.2174/0113892002289753240305062601
https://dx.doi.org/10.2174/0113892002289753240305062601
https://dx.doi.org/10.3390/nu13051725
https://dx.doi.org/10.3390/nu13051725
https://dx.doi.org/10.3390/ijms26094405
https://dx.doi.org/10.3390/ijms26094405
https://dx.doi.org/10.3390/ijms26094405
https://dx.doi.org/10.1111/ijfs.14060
https://dx.doi.org/10.1111/ijfs.14060
https://dx.doi.org/10.1016/j.jafr.2025.101630
https://dx.doi.org/10.1016/j.jafr.2025.101630
https://dx.doi.org/10.1016/j.jafr.2025.101630
https://dx.doi.org/10.3389/fmicb.2025.1551012
https://dx.doi.org/10.3389/fmicb.2025.1551012
https://dx.doi.org/10.3389/fmicb.2025.1551012

