


Review Article 
Raspberry Ketone: Advances in Chemistry, Pharmacology, Toxicology, and Emerging Technologies (2015–2025)

Abstract 
Background: Raspberry Ketone (RK, 4-(4-hydroxyphenyl)butan-2-one) is a naturally occurring phenolic compound in various fruits (e.g., raspberry, peach). Recent years have seen multidisciplinary research interests into its chemical properties, mechanistic pharmacology, safety profile, and technological applications.
Objective: To synthesize evidence (2015–2025) on RK’s physicochemical profile, mechanisms of action, absorption–distribution–metabolism–excretion (ADME), safety, and emerging production/formulation technologies.
Methods: We summarize about 50 primary studies (2015–2025) from high-impact journals, covering chemical characterization (X-ray diffraction, NMR, DFT modeling), pharmacological mechanism investigations (in silico docking, omics, CRISPR), toxicological evaluations (ADME, dose-response, computational toxicity), and novel formulation/production technologies for the raspberry ketone.
Results: Across more than 50 studies conducted between 2015 and 2025, the findings consistently confirm that RK exhibits antioxidant activity and modulates metabolic pathways, with preclinical signals for anti-obesity, hepatoprotective, and cardioprotective effects, whereas the research in the field of Pharmacokinetics shows its rapid absorption, extensive first-pass reduction to raspberry alcohol, and tissue distribution influenced by obesity. In general, different models report improved lipid metabolism (through PPAR-α pathway) and reduced oxidative–inflammatory cascades in liver and heart; but magnitude and durability of effects vary with species, dose, and diet. Advances in analytics, bioengineering, and nano-technology have enhanced RK detection, its formulations and sustained production but still, clinical effectiveness and toxicity of chronic use remain insufficiently characterized.
Conclusions: Although the in vivo studies suggest multi-target benefits of RK, but human evidence remains limited and safety at high supplemental doses is not fully established. The ongoing efforts in advanced screening and formulation technologies may address current gaps. Therefore, rigorous clinical validation and toxicological profiling are needed before RK can be considered for therapeutic use.
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1. Introduction

Raspberry ketone, initially being used mainly as a flavoring in the perfume and food industries, was first identified around 1900 as a component of red raspberry aroma. It is naturally present in very small quantities in fruits, so it is one of the most expensive natural flavor compounds[1]. As a result, commercial supplies are progressively dependent on synthetic production methods, particularly biotechnological approaches that employ engineered Escherichia coli strains to convert glucose into raspberry ketone (RK), producing a compound that is "nature-identical."[2]. 
RK is a phenylpropanoid (aromatic phenolic ketone) with molecular formula C10H12O2 and molar mass ~164.2 g/mol. It is a significant component of the aroma of red raspberries (Rubus idaeus), and it is also present in smaller amounts in kiwifruit, peaches, and apples. [3]. In plants, it is biosynthesized via the phenylalanine/tyrosine pathway as a volatile attractant for pollinators and fruit-dispersing insects[4]. Chemically, it is also known as rheosmin or frambinone in older literature.
Beyond its use as a flavor (GRAS status as a food additive[5]), RK gained widespread public attention in the early 2010s due to claims of its weight-loss benefits[6]. This popularization (including media and supplement marketing) spurred a surge in scientific investigations into RK’s biological activities. Figure 1 shows the chemical structure and conformation of RK[7], highlighting its aromatic ring and butanone side chain, which underpin its reactivity and interactions.
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Figure 1. Molecular structure of Raspberry Ketone (RK): ([A]) 2D structure and ([B]) 3D structure, highlighting the characteristic phenyl ring and the 4-(4-hydroxyphenyl)butan-2-one scaffold[7].
Including (a) latest updates on chemical and physicochemical characterizations (b) pharmacological mechanisms and therapeutic evaluations in metabolic and various models in other diseases (c) toxicological and safety studies, including metabolism and computational predictions; (d) emerging applications in formulation technology and green synthesis; (e) critical analysis of current evidence, limitations, and replicability issues; and (f) prospects for future research and development, this study offers a thorough description of RK research from 2015–2025. Our goal is to bring together data from several fields to help both basic research and practical ideas for RK as a potential nutraceutical or medication lead.
1.1. Bibliometric Trend (2015–2025): Publications pertaining to RK have significantly increased during the last ten years, indicating a diversification of research areas. Since 2015 research has broadened, after initially concentrating on the effects of anti-obesity interventions,  to include hepatoprotection, cardioprotection, dermatology (skin lightening), and even entomology.
2. Physicochemical Properties
To determine a drug's solubility, stability, pharmacokinetics, and therapeutic action, the knowledge of physicochemical properties of the substance or chemical is very essential. [8]. They also constitute a very important factor while deciding a delivery system and designing dosage form of particular molecule. Physicochemical parameters are related to the structure and molecular mass of the molecule and drug design involves the synthesis of a stable and therapeutically active molecule through the optimization of these parameters. Some of these parameters are discussed below:
2.1. Molecular Structure and Characterization: Raspberry ketone’s structure consists of a para-hydroxyphenyl ring attached to a butan-2-one (β-ketone) moiety. While advanced spectroscopic techniques including NMR and IR verified the functional groups (aromatic OH, ketone C=O), single-crystal X-ray diffraction analysis confirmed a twisted conformation: the aromatic ring is tilted ~52° out of plane from the carbonyl-bearing side chain which is further reported from DFT (Density Functional Theory) study on RK’s geometry showing a key dihedral angle of ~55°[7].

[bookmark: _Hlk208188574]2.2. Electronic and Thermodynamic Properties: 
DFT calculations (using high-level composite thermochemical methods) reveal RK’s electronic structure, showing a moderate HOMO-LUMO gap (~7.8 eV in aqueous phase) consistent with its stability and reactivity[9]. Theoretical values for enthalpy of formation (∆fH° ~ -299.4 kJ/mol)  and melting point (~82 °C) agree with experimental data. Conceptual DFT indices (chemical hardness ~7.8 eV, electrophilicity ~1.6) suggest likely nucleophilic attack at the carbonyl and electrophilic substitution on the aromatic ring, in line with its known metabolic pathways.
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Figure 2. Density of states analysis for RK. Abbreviations: TDOS, total density of states; PDOS, partial density of states; HOMO, Highest Occupied Molecular Orbital; LUMO, Lowest Unoccupied Molecular Orbital. Actual figure would show a 3D electron density map or electrostatic potential surface. (adopted from McPherson et al., 2024) [7]

2.3. Solubility and Stability: Raspberry ketone (RK) is sparingly soluble in water, with reported aqueous solubility values of approximately 2–3 mg/mL at ambient temperature. This experimental range aligns well with a calculated solubility of ~2.5 mg/mL derived from its melting point and fusion enthalpy parameters[7]. By contrast, RK dissolves readily in organic solvents such as ethanol and acetone[10], consistent with its log P value of 1.5–1.8, a profile that denotes moderate lipophilicity[7]. Although RK remains stable under neutral to mildly acidic conditions—making it suitable for recrystallization from alcohol solvents without decomposition—it may undergo degradation when exposed to extreme pH or prolonged heating. In such cases, its phenolic OH group can be susceptible to oxidation, and under strongly basic conditions, the ketone moiety may condense, leading to possible structural alterations. Stability studies under physiological conditions are still sparse, but one study indicated RK remained intact during short-term exposure to gastric pH in vitro [11].
Critically, being no published pKa titrations and very limited solubility studies on RK[7] shows that there is a large gap between the in-silico and experimental physiochemical. So, the need for basic characterization (thermodynamic stability, polymorphism, etc.) to be addressed in future research.
3. Pharmacological Research
The pharmacological effect of drug largely depends on how a drug molecule interact with the biological environment of the human body. Apart from drug action, the safety and efficacy of the drug is a critical factor related to its physicochemical nature of the drug[12]. Therefore, better understanding of molecular structure of the drug can be help in the drug designing for the improvement of its pharmacological activity. For concluding the pharmacology of RK we have gone through various published literature.
3.1. Mechanistic Studies (Molecular Targets & Pathways)
In silico docking and reporter assays suggest RK directly binds and activates Peroxisome Proliferator-Activated Receptor alpha (PPAR-α) [13], a nuclear receptor that regulates fatty acid oxidation. Activation of PPAR-α by RK then boosts genes that control antioxidants and fat metabolism, partly explaining its fat-lowering and organ-protective effects. RK also appears to promote norepinephrine-induced lipolysis in adipocytes. [14]. One study showed that RK treatment increased lipolysis and fatty acid oxidation in 3T3-L1 fat cells, similar to β-adrenergic activation [15], [16]. Transcriptomic analysis of adipocytes using RNA sequencing (RNA-seq) indicate RK downregulates adipogenic/lipogenic genes (e.g. PPAR-γ, C/EBPα) and upregulates lipolytic genes [17], supporting its anti-obesity mechanism. Recent research utilizing comprehensive omics techniques has begun to elucidate the diverse biological actions of RK. One such study employing liver cell models reported that RK prompted an increase in enzymes responsible for cellular antioxidant defense, such as superoxide dismutase and catalase, while simultaneously suppressing molecular indicators of apoptosis[18], aligning with its anti-oxidative and anti-apoptotic profile in tissues [19]. While so far, no CRISPR screens for RK target discovery exist, but CRISPR/Cas9 screens can be helpful to identify RK’s molecular targets.
3.2. Therapeutic Applications
RK has been investigated mainly regarding obesity and metabolic syndrome [20]. Several independent rodent studies (2015–2021) indicate that dietary or orally administered RK reduces body weight and adiposity in obese mice subjected to a high-fat diet [21], [22]. For example, giving RK (~50–200 mg/kg) to obese rats improved insulin sensitivity and lowered triglycerides levels in the blood. This was accompanied by release of more adiponectin and glycerol the by adipose tissue [15], [20]. A 2018 study on obese rats found an "optimized dose" (about 100 mg/kg) that worked best to control hyperlipidemia and insulin resistance by increasing adipose adiponectin and lowering inflammatory adipokines. In addition to systemic obesity measures, organ-specific benefits in liver like reduction in hepatic fat accumulation and inflammatory damage have been observed, leading to amelioration of non-alcoholic fatty liver disease (NAFLD) in high fat fed rodents [13], [23], [24]. Mechanistically, these hepatoprotective effects were linked to increase in fatty acid oxidation (via PPAR-α) by RK and its antioxidant action in liver tissue as evidenced by elevated GSH and SOD levels [25]. Figure 3 shows how RK affects multiple pathways in a liver injury model. RK increases the levels of PPAR-α and Nrf2, thereby boosting the body’s defenses against oxidative stress and reducing inflammatory (NF-κB) and apoptotic (caspases) signals to protect hepatocytes [25].
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Figure 3. Schematic of molecular pathways modulated by Raspberry Ketone in metabolic disease creased antioxidant activity (↑GSH, SOD, TAC) and anti-inflammatory effects (↓NF-κB, ↓TNF-α), while also reducing apoptotic markers (↓cytochrome c, ↓caspases).

3.3. Cardioprotective Effects
RK pre-treatment (50–200 mg/kg, oral) markedly reduced myocardial infarct size and cardiac injury markers compared to untreated MI controls in isoproterenol-induced myocardial infarction (MI) in rats [12]. Mechanistically, RK-treated hearts after myocardial infarction (MI) showed retained antioxidant enzyme levels (CAT, SOD) and lower lipid peroxidation (MDA) with reduced inflammatory cytokines. This suggests that RK helps in lowering the oxidative stress and inflammatory cascade, thus reducing the cardiac cell death in infarction. The cardioprotection from RK was comparable to that of fenofibrate (a PPAR-α agonist drug), which also reduced the size of the infarct tissue [13], indicating PPAR-α mediated pathways. Figure 4 (below) illustrates the reduction in infarct size by RK: visual tetrazolium-stained heart slices display smaller pale infarct areas with RK, and quantification (panel G) shows dose-dependent lowering of infarct percentage [13]. These findings propose RK as a potential adjunct for cardiometabolic protection, although human data does not exist yet.
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Figure 4. Cardioprotective effect of Raspberry Ketone in a rat myocardial infarction model. (A–F) Representative heart cross-sections (stained to show infarct in pale areas, arrows) for control, isoproterenol-induced MI, and MI with RK or fenofibrate treatments. RK-pretreated groups show visibly smaller infarcts vs. untreated MI. (G) Bar graph of infarct size (% of left ventricle) demonstrates that RK at 50–200 mg/kg significantly reduced infarct area (*p<0.01 vs. MI control) in a dose-dependent manner, approaching the protection afforded by fenofibrate. (Adapted from Khan et al., 2018) [13]

3.4. Gastroprotective and Other Pharmacological Effects
Recent studies have expanded RK's applicability to gastrointestinal and dermatological fields. A 2019 study by Badr, El-Orabi, and Ali showed that RK had strong gastroprotective effects in a murine model of ethanol-induced gastric ulcers as it decreased ulcer area and gastric mucosal damage, presumably by activating Nrf2 (Nuclear factor erythroid 2-related factor 2 – an  antioxidant response factor) and downregulating HMGB1 (High Mobility Group Box 1 – a pro-inflammatory alarmin), thus reducing oxidative stress and apoptosis in gastric tissue[26]. Figure 5 shows the mechanism protection of gastric mucosa by RK. RK boosts Nrf2 signaling, which raises the levels of antioxidant enzymes of catalase and GPx (Glutathione Peroxidase) followed by lowering of inflammatory factors, TNF-α and Bax/Bcl-2 ratio, which together protect the gastric mucosa. 
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Figure 5. Schematic diagram of the different molecular targets involved in the gastroprotective effects of RK against ethanol-induced gastric ulcer in rats.

RK has been shown in dermatological research to lighten skin by suppressing melanogenesis and inhibiting tyrosinase[27]. Tyrosinase inhibition stops L-tyrosine from being converted normally, which causes it to accumulate locally. This excess tyrosine can then interact with RK to form adducts, accompanied by ROS generation that contributes to selective melanocyte damage[28]. Although less explored, RK has been observed to demonstrate anti-androgenic effects in vitro through the inhibition of androgen receptor activity [29] and also to facilitate bone anabolism in cell line studies by enhancing osteoblast differentiation [30]. One preclinical study has also indicated that RK demonstrates considerable antidepressant-like effects in LPS-Induced Depression Model, likely mediated by increased brain dopamine and serotonin levels and reduced neuroinflammation [31].
3.5. Combination Therapies and Clinical Observations
Although, it is challenging to isolate RK's contribution in formulations containing multiple ingredients yet there are studies where RK has been mixed with other supplements because of its nutraceutical popularity. The overweight people who took the supplement (RK, caffeine and other ingredients) in a randomized 8-week trial, lost a small amount of weight and felt more energetic and had not observed any serious side effects [32]. In another study in animals, RK and white tea extract together improved antioxidant status and lowered liver fat in a model of liver injury caused by toxins [32]. These findings suggest that RK may serve as a candidate for combination therapy in metabolic syndrome, a potential that remains to be confirmed in further studies. As of 2025, human clinical data on RK alone is very limited with only a few small trials or case studies, none of which offer definitive evidence of efficacy. 
Critically, many of these are preliminary often with very small sample size, preclinical tests on mice or rats, and that to with doses much higher than usually taken by humans. As pointed out by most of the reviews, very few human studies that too with small trials do not show benefits with a clarity. Although, one docking study suggests binding with PPAR-α, yet there is no wet lab report from knockout studies or blockers [33]. Another problem is that most papers, especially in nutraceutical research show only positive results, while negative or no-result studies are often not reported. Overall, RK shows many effects in lab and animal studies, but we should apply in Humans only after more clear data from dose and long-term safety studies are available.
4. Toxicological Profile
4.1. Absorption, Distribution, Metabolism, Excretion (ADME)
Recent progress like development of HPLC-MS/MS methods has made it easier to detect and measure RK and its metabolites in plasma and brain [34], [35]. Mammals absorb RK quickly, and a key study in rats, guinea pigs, and rabbits showed that over 90% of an oral dose was taken up and passed out in urine within 24 hours [36]. Mostly RK metabolism involves converting the ketone to rheosmin alcohol i.e.  4-(4-hydroxyphenyl)-2-butanol  which along with its conjugates, such as glucuronides are excreted in urine [2], [6],[18]. Whereas, Minor pathways involve p-hydroxylation of the benzene ring and side-chain β-oxidation, resulting in metabolites such as 4-hydroxybenzoic acid and 4-hydroxyphenyl acetic acid.  A recent study on mice found that RK levels in the blood peaks in just 5 to 30 minutes after oral dosing. It is found in fat and brain, but levels in the blood drop off after a few hours. RK was cleared more slowly and built up more in fat in diet induced obese mice than in lean mice. This is likely because obese mice take more of it due to high fat [33]. Rodents and rabbits produce the same metabolites which differ in their relative proportions[18]. One consequence of the rapid metabolism to raspberry alcohol, which is relatively inert, is that the real effects may also be of shorter duration or if longer, they may be due to presence of other stronger metabolites, if any.
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Figure 6: Image shows the comparison of plasma concentration-time curves of RK in lean vs. obese models, illustrating slower clearance in obesity. Pie charts indicate profile of different phenolic categories. ΔCtotal, net change in total phenol concentration versus baseline. Data are expressed as mean ± SEM (n = 3–5). (Adopted from Zhao et al., 2020) [37].

4.2. Dose–Response and Safety Margins
In animal models, RK shows low acute toxicity. LD50 estimates in rodents are in the g/kg range, which means they can handle large oral doses and have a large safety margin [38]. In 90-day rat studies, doses up to about 700 mg/kg/day showed no significant toxicity or organ damage [39]. However, there are very limited systematic toxicological data [40]. In rodents, elevated doses showed little effects on organ like increased liver and kidney weights without significant histopathological changes [39]. The majority of RK's beneficial effects like weight loss, happen at high doses (50–200 mg/kg in rats), which correspond to an equivalent dose of several hundred milligrams for humans, where safety is not clear. Standard tests have not shown any signs of genotoxicity or mutagenicity (Ames tests negative) [39].

4.3. Computational Toxicology Predictions
For safety, researchers also employed computer models (QSAR) to check RK. These models indicated some risks associated with elevated exposure, such as alterations in heart rhythm or impacts on embryonic development [41]. But still, they are predictions, have not been proven by real experiments, therefore they should be taken as early cautions instead of confirmed conclusions.

4.4. Human Adverse Events
RK has been sold as a weight-loss supplement for many years, but clinical safety data are still limited. A small human trial with a mixed supplement showed no major safety issues compared to placebo over 8 weeks [32]. Since most RK supplements also contain caffeine and other stimulants, it is hard to know the exact safety of RK alone. A 2013 review found no major side effects directly linked to RK, but also noted that human studies are still too few to fully confirm safety [18]. here it is worthwhile to mention that RK has a metabolite named, Rhododendrol, which was earlier used in skin-lightening products in cosmetics but was found to be linked with causing leukoderma by inducing melanocyte cytotoxicity via tyrosinase-mediated quinone formation [18], [42], [43]. But the usual systemic exposure from oral RK is much lower and more spread out.

4.5. Comparative Toxicology (Species Differences)
In rodents, RK is rapidly reduced to raspberry alcohol (rhododendrol), which is then conjugated and excreted. Studies in human liver microsomes suggest a similar pathway, with carbonyl reductase enzymes converting RK to rhododendrol as the main metabolite [18], [44]. Species may differ in phase II metabolism; for example, rabbits may form more sulfate conjugates than rodents. However, no species-specific toxicity has been seen, and RK showed no organ specific toxicity at normal test doses. High-dose effects of RK on the CNS are not well studied, and its similarity to compounds like synephrine (a phenylethylamine, having CNS stimulant effects and used in weight loss) has raised concerns about possible stimulant toxicity. However, animal studies so far have not shown such effects at normal doses. Figure 7 summarizes RK metabolism and distribution. In rats, guinea pigs, and rabbits, about 70–80% of RK is excreted in urine within 24 hours, mainly as conjugated forms of RK and its reduced metabolite, raspberry alcohol. Rabbits show the highest reduction, while minor pathways involve ring hydroxylation and side-chain oxidation, yielding various hydroxylated derivatives and cleavage products [36]. The Figure also shows tissue distribution, showing greater accumulation of RK in fat tissue, with clear differences between lean and obese animals as reported by Zhao et al. (2020). [37].
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Figure 7. (Comparative ADME) [A]A visual summary of RK metabolism across species – for instance, a schematic or chart showing >80% urinary excretion of RK as raspberry alcohol and conjugates in rats vs. projected human pathway. [B] tissue distribution of RK and metabolites in tissues (e.g., accumulation in adipose tissue) differences between lean and obese phenotypes

Present reports show RK is not acutely toxic in doses used by humans, but exact safety limits are not clear. Lack of full toxicology data, especially for long use and effects on reproduction, is a concern for regulators. Due to the high daily intake recommended (up to 1 g/day) and RK's pharmacologically active properties, a cautious approach is necessary.  Since Average Daily intake can not be fixed without more studies, so further controlled work is needed and these should include tests for reproductive toxicity in rodents, tests for possible pro-arrhythmic effects (since RK is structurally similar to some aromatic ketones that can affect ion channels), and tests for hepatotoxicity or nephrotoxicity in long-term use.

5. Emerging Applications
5.1. Nanocarrier Delivery Systems
Researchers have developed delivery systems based on nanotechnology to deal with RK's moderate water solubility and rapid clearance. One approach utilizes self-nanoemulsifying drug delivery systems (SNEDDS) and nanoemulsions [45]. A 2020 work created an RK loaded nanoemulsion with droplet size around 68 nm. This nanoemulsion gave more than double oral bioavailability compared to plain RK suspension in rats. Better absorption was shown by higher Cmax and AUC, maybe due to more solubility and lymphatic transport [46]. RK was also tried in electrospun nanofibers (gelatin/PVA) for controlled release in pharma and food use. Such fibers protect RK from breakdown and release it slowly, useful for skin delivery or functional foods [47], [43]. Liposome encapsulation is another method for drug delivery. It hasn't been widely published for RK yet, but liposomal RK may give better stability in body and easy tissue delivery [48]. Nanocarriers can also send drug to target site e.g., hepatocyte-targeted nanoparticle can take RK to liver for NAFLD treatment, with less systemic exposure.
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Figure 8. Oral delivery of a drug encapsulated in chitosan nanoparticles, emphasizing protection of  RK, enhanced absorption, bypassing hepatic (liver) metabolism and targeted release in the brain.
5.2. AI-Based Compound Optimization
The emergence of artificial intelligence in drug discovery opens new pathways to enhance novel drug molecules [49] such as RK and its analogues. Machine learning models trained on nutraceuticals can predict biological activities, and same can be applied for RK to find more potent or safer analogs. For example, virtual screening by ML may suggest changes in RK structure to increase PPAR-α activity or reduce unwanted effects. AI techniques like as generative chemistry can design new compounds based on RK structure, e.g., by adding halogen to modify lipophilicity or replacing phenolic OH with stable groups while retaining activity. Early investigations employ QSAR models and docking to evaluate the binding affinity of such analogs [50]. AI and optimization algorithms can also help design the best nanocarrier or co-crystal for better RK delivery. Though still early, this shows future use of computational intelligence to solve RK limits and adjust its properties for certain medical needs.
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Figure 9: An AI-driven pipeline for RK analog design

5.3. Biotechnological Production & Green Chemistry
Because RK demand is high in industry, sustainable production is focus now. Scientists have genetically modified microbes and plants to make RK and reduce need of chemical synthesis, which uses harmful reagents and makes waste[51]. Bioengineered E. coli can change glucose to RK through phenylpropanoid pathway; one study got about 62 mg/L by overexpressing key enzymes [2]. Transgenic tobacco plants with RK synthase also made RK but in low amount. Enzyme-based biocatalysis can also convert cheap precursors to RK in one step. These green chemistry methods are cheaper and safer for environment. RK itself is biodegradable, so there is no risk of accumulation, but chemical synthesis wastes (traces of organic solvent such as methanol, propylene glycol) are very harmful to human cell. Green chemistry avoid these chemicals which cut down the harmful effects[2].

5.4. Environmental Impact and Ecological Aspects
It's interesting that RK has ecological roles that are being used. Raspberry ketone analogs, like cue-lure, are used in farming to attract fruit flies and pest control. RK has been evaluated as an attractant to entice male fruit flies (Bactrocera species) for population control, utilizing the compound's inherent role in plant-insect interactions [52]. Even though RK is a natural substance, the mass release of synthetic RK into ecosystems should be monitored. This is because adding a lot of it could change how pollinators act or how microbial communities work. So far, no negative effects on the environment have been reported. RK is thought to be safer for the environment than traditional insecticides when used in integrated pest management.
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Figure 10: Presenting comparison of microbial RK production vs. chemical synthesis

6. Critical Analysis
This critical analysis evaluates peer-reviewed research (2015–2025) on raspberry ketone (RK), focusing on methodological rigor, experimental reproducibility, translational validity, computational model accuracy, and commercial scalability. The objective is to pinpoint knowledge deficiencies and prospective research strategies to facilitate RK's transdisciplinary progress. Outcomes are discussed as follows:
6.1. Limitations of Current Studies: Despite with many studies on RK, there are limitations and mixed results. Reproducibility is problem, as many activities like anti-obesity or liver protection are shown only by one or two groups. More studies in different labs and models are needed to confirm. Some anti-obesity works used RK with mixtures or lifestyle changes, so results are not clear. Also, there is no standardization in dose, duration, or outcome, which makes comparison and meta-analysis difficult
6.2. Human Relevance and Translational Gap: A critical gap is translation to humans. Almost all RK pharmacological data is preclinical, and human trials are very few. Rodent effective dose (~100 mg/kg) is much higher than human supplement dose (100–500 mg/day), so similar plasma level may not come unless special formulation used. Because human efficacy data are missing, we cannot confirm benefit in weight loss or liver health. Marketing shows strong claims, but clinical proof is weak, so proper human trials are needed.
6.3. Safety and Regulatory Issues: Safety data on RK are not complete, which is a big concern. In EU and other places, RK is sold as supplement or flavor, so it did not face strict testing like new drug. This gap means people use it without full toxicology or clinical trial proof. If used as medicine, agencies like FDA or EMA would ask for chronic toxicity, carcinogenicity, and human pharmacokinetics data. At present RK is in gray zone – sold widely and thought safe due to food use, but not approved for medicinal use. Physicians cannot prescribe it with confidence, and since RK cannot be patented, pharma companies have less interest to do costly trials
6.4. Methodological Robustness: Some methods in RK research are not strong. Proper controls and blinding in animal studies are often missing, which can give bias if investigator knows treatment group. In metabolic studies, food intake and diet should be controlled, since RK itself may reduce eating and cause weight change. Purity of RK must also be checked, as some commercial products have other ingredients. Without chemical tests like HPLC, results may be confused by impurities
6.5. Interpretation and Hype: RK has been promoted with big claims like ‘miracle fat burner,’ but these are not based on strong science. Animal studies show only modest effect, like 5–10% less weight than controls [21], not a magic result. RK should be taken as bioactive compound of interest, not proven therapy. Clear view of data is needed to avoid wrong expectations and guide research properly.
6.6. Positive Controls and Comparators: Important point is how RK works compared to existing drugs. In obesity, drugs like orlistat or GLP-1 agonists have proven effect, but RK is rarely compared with them. Only few studies, like cardioprotection work, showed RK similar to fenofibrate in antioxidant action [13]. Without such comparisons, real value of RK is not clear. Future studies should use standard drugs as positive control to judge RK efficacy.
Reproducibility Initiatives: RK research can benefit from open data and the preregistration of animal studies. Sharing protocols and raw data will help make things more consistent. Multi-center studies can enhance reproducibility and validate findings across many laboratories.

In summary, RK shows biological activity but research has many gaps. To move RK from nutraceutical to real therapy, studies must be better designed, reproducible, and include full safety data. Conclusions should be careful, like saying RK may help metabolism, until human proof is there. Future proper work will show if RK is truly useful or only hype.

7. Future Directions
To clarify RK’s mechanisms, CRISPR-Cas9 screening platforms such as Perturb-Seq are theoretically promising for identifying gene dependencies mediating RK-induced lipolysis or antioxidant activity. Though direct studies on RK are lacking, this approach has been validated for metabolic effectors in adipocytes.
Integrated multi-omics in vivo studies—combining transcriptomics and metabolomics in hepatic and adipose tissues—are needed to distinguish RK’s primary targets. In a model addressing diet-induced metabolic dysfunction, systems biology linked fatty acid oxidation to nuclear receptor activation, offering a framework to apply in RK studies.
Biosynthesis and Metabolic Engineering – On the production side, continued efforts in metabolic engineering are anticipated. Microbial biosynthesis of RK using engineered E. coli or yeast strains has been explored to improve yield and sustainability. One study engineered Saccharomyces cerevisiae for raspberry ketone synthesis via tyrosine-derived pathways, laying groundwork for scalable bioproduction [53].
Targeted delivery using nanocarriers remains conceptual for RK, but analogs like zingerone and capsaicin have shown improved bioavailability when encapsulated in lipid-based systems. Such strategies could be adapted for RK in NAFLD or obesity models.
Transdermal and functional food delivery formats have been proposed, building on anecdotal and in vitro studies. Harada et al. reported that topical RK promoted hair growth and dermal IGF-I expression in mice, suggesting local delivery feasibility [54].
Though clinical trial data are scarce, PK profiling of phenolic compounds structurally related to RK (e.g., capsaicin, vanillin) support initial dosing safety. Preclinical data indicate a wide safety margin for RK in rodents.
Structure–activity relationship (SAR) analysis highlights analogues like zingerone and 4-hydroxybenzylacetone, structurally similar to RK, as promising candidates with improved metabolic stability and for depression. Efforts in SAR could guide medicinal chemistry programs to develop a lead compound from the RK scaffold with pharmaceutical potential (for instance, adding halogen might improve receptor binding affinity).
To elevate RK research, Nature/Science-style rigor should be pursued—emphasizing reproducibility (e.g., ARRIVE guidelines), interdisciplinary integration, and negative result transparency. By treating RK not just as a supplement but as a scientific compound of interest, future research will likely apply cutting-edge methods and maintain high standards of evidence.
Figure 11 provides a forward-looking schematic: This workflow enables systematic discovery of RK's molecular targets and resistance mechanisms. The lentiviral approach maintains sgRNA representation throughout screening, while ML-enhanced sorting enables phenotype detection without fluorescent markers. Integrating CRISPR screening with RK treatment provides a powerful tool to deconvolve its polypharmacology and optimize therapeutic applications. This encapsulates how future directions converge to fully realize (or refute) RK’s potential as a beneficial compound.
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Figure 11: CRISPR screening workflow showing the cells are lentivirally transduced with sgRNA libraries, exposed to RK, and sorted for a phenotype (such as cells resistant to RK’s effect), then sequencing reveals which gene disruptions were enriched [55].

Conclusion:
This review discusses the multifaceted profile of Raspberry Ketone (RK) which has evolved from a flavoring agent to a bioactive compound of significant scientific interest. It integrates advances in its physicochemical characterization, and pharmacological effects—particularly its roles in lipid metabolism, antioxidant defense, and hepatic protection. While in vitro and animal studies suggest multi-target benefits, human evidence remains limited, and the safety of RK at high supplemental doses is not yet fully established.
Latest advancements in technology including CRISPR screening, multi-omics profiling, and nanocarrier-based delivery are offering promising avenues to address current translational gaps and clarify RK’s therapeutic potential. However, rigorous clinical validation and toxicological profiling are needed prior to establishing RK as a reliable nutraceutical or therapeutic agent. A systems-level approach, underpinned by robust experimental design and interdisciplinary collaboration, will be critical to fully realize RK’s biomedical potential.

Appendix
•	Literature Search Strategy: A comprehensive literature search was performed to gather relevant studies from 2015–2025 using databases PubMed, Scopus, and Web of Science with a combination of keywords and Boolean operators. The core search term was (“raspberry ketone” OR “4-(4-hydroxyphenyl)butan-2-one”) that included both the common name and chemical name. This was combined with topic-related terms to filter for specific aspects, for example:
•	For pharmacology/biological activity: AND (“bioactivity” OR “mechanism” OR “PPAR” OR “obesity” OR “metabolic” OR “pharmacology”).
•	For toxicology/safety: AND (“toxicity” OR “toxicology” OR “safety” OR “ADME” OR “metabolism”).
Additionally, date ranges from “2015” through “2025” were selected in PubMed’s publication date filter (e.g., ("2015"[DP] : "2025"[DP]) in PubMed syntax) to get the latest results to the last 10 years. An example of a final query string in PubMed was:
("raspberry ketone" OR "4-(4-hydroxyphenyl)butan-2-one") AND (mechanism OR toxicity OR bioactivity OR synthesis) AND ("2015"[Date - Publication] : "2025"[Date - Publication]).
•	Inclusion/Exclusion Criteria: We used mainly peer-reviewed primary research publications focusing journals with Impact Factor >5.0 to make sure high-quality studies. Key review articles (e.g., Rao et al., 2021 pmc.ncbi.nlm.nih.gov) were consulted for background and reference mining but emphasis was on original experimental data. We excluded anecdotal reports, non-peer-reviewed sources, and studies before 2015 (except for historical context) to keep the content current. Non-English articles were also excluded unless an English abstract provided critical information.
•	Data Extraction: Data from each study were extracted regarding objectives, methods, key findings, and relevance to RK’s chemistry or bioactivity. These were tabulated and then synthesized into the sections above. Particular attention was given to results that were well-validated (e.g., dose-dependent effects with statistics, or mechanistic insights confirmed by multiple methods), as per the instruction to prioritize “mechanistically deep, well-validated studies.”
•	Bibliometric Data: We looked for "RK" in the article title, abstract, and keywords on Dimensions.ai and compiled the publication trends. We filtered for articles between 2015 and 2025 and analyzed the number published year wise. These exhibited an upward trend, as shown in Figure S1. We also found the best journals and research fields for these publications, such as pharmacology/toxicology journals (about 30%), food science journals (about 20%), and so on.
Supplementary Figures:
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Figure S1. Preliminary bibliometric analysis of Raspberry Ketone (RK) research trends.
([A]) Year-wise distribution of publications on RK.
([B]) Domain-wise distribution of publications on RK.
Publication source: Dimensions.ai. Search criteria: "Raspberry Ketone" AND ("anti-obesity effects" OR hepatoprotection OR cardioprotection OR dermatology OR entomology") in full data.

Supplementary Table:
Table S1. Various RK production methods (chemical vs. bio-based) and their environmental footprints (energy use, waste generation).
	Sr. No.
	Production Method
	Precursor/Substrate Used
	Yield / Productivity
	Environmental Footprint
	Scale
	Reference

	1
	Enzymatic biocatalytic cascade[56]
	Rhododendrol glycosides from Betula pendula
	~93% isolated yield from 150 mg substrate
	GMO-free; efficient cofactor recycling; minimal waste
	Lab-scale
	Becker et al., 2021

	2
	Chemical synthesis[57]
	p-Hydroxybenzaldehyde and acetone
	Not specified; general overview
	Involves use of solvents and catalysts; potential environmental concerns
	Industrial-scale
	Guo et al., 2021

	3
	Microbial fermentation using engineered E. coli[3]
	p-Coumaric acid
	Up to 5 mg/L
	Genetically modified; moderate environmental impact
	Lab-scale
	Beekwilder et al., 2007

	4
	Transgenic plant-based biosynthesis[4]
	Tyrosine via phenylpropanoid pathway
	Not specified; proof-of-concept
	Plant biofactory; sustainable potential; GMO concerns
	Lab-scale
	Koeduka et al., 2021

	5
	Fungal fermentation [58]
	Glucose-based media
	Not specified; optimization study
	Potential low impact; submerged fermentation
	Lab-scale
	Zhang et al., 2024
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