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ABSTRACT 

This research is a multidisciplinary exploration of phytoextracts, focusing on the medicinal 

properties of Boswellia serrata extracts and the nutritional efficacy of Arthrospira platensis, 

commonly known as spirulina. The study also evaluates Spirugrass®, a by-product derived 

from the extraction of phycocyanin from A. platensis, for its potential use in animal 

nutrition.  

Through the use of analytical chemistry, statistical analysis and advanced techniques, the 

research provides a holistic view of the multiple applications of these natural phytoextracts.  

The study has evaluated the effects of supplementing Leghorn laying hens with B. serrata 

and S. alba on productivity, welfare and biomarkers. The supplementation did not affect 

productivity or performance and the welfare status of the hens was maintained. Serum 

biochemistry analysis showed no significant differences between the control and 

supplemented groups during the early stages of laying, indicating the safety of 

supplementation within the posology used. In addition, there were no significant 

differences in egg white protein and lower cholesterol levels were measured in the 

treatment group. 

The focus on A. platensis included biochemical characterisation and exploration of potential 

applications in veterinary medicine. A. platensis, which is rich in essential nutrients, 

particularly proteins, lipids, carbohydrates, vitamins and minerals, was investigated for 

iron bioaccumulation and speciation. The research also investigated the bioaccessible iron 

fraction in A. platensis using an in vitro canine digestion model, providing insights into 

potential applications in animal nutrition.  

The characterisation of Spirugrass® included an assessment of its protein profile and iron 

content, and the effect of high pressure pasteurisation. Spirugrass® showed potential as a 

cost-effective ingredient in animal feed, suggesting wider implications for environmental 

sustainability in livestock production.  

In summary, this multi-faceted research expands our understanding of phytoextract 

applications in veterinary medicine, ranging from animal nutrition to sustainable practices. 

The use of diverse methodologies and interdisciplinary studies enriches our knowledge of 

the potential impact of natural products in different areas. 
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1. INTRODUCTION  

1.1 TRADITIONAL MEDICINE AND HERBAL MEDICINE  

Plants have been used for therapeutic purposes since millennia by humans, which have 

developed traditional medical treatments based on phytoextracts. Particularly, traditional 

Chinese medicine (TCM) has an ancient history of thousands of years confirmed by the 

oldest herbal text written 2000 years ago. Additionally, other cultures developed a 

traditional use of medicinal plants based on empiric experiences, such as Ayurvedic 

medicine that was originally born in India [1, 2].   

Phytotherapy is commonly defined as “the study of the use of extracts of natural origin as 

medicines or health-promoting agents and it is an allopathic discipline that is focused on the effects 

aimed to countering symptoms of a specific disease using herbal medicine products” [3]. Herbal 

medicines include herbs, herbal materials, herbal preparations and finished herbal 

products, that contain as active ingredients parts of plants, or other plant materials, or a 

combination of those [4]. Conventional medicines are not fully integrated into the dominant 

health-care system, including often a paired not-conventional approach as deep breathing 

exercise, meditation, chiropractic care, yoga and diet-based therapies [4, 5].  

The World Health Organization (WHO) estimates that 80% of people worldwide rely on 

herbal medicines as part of their primary health care [6]. Therefore, the use of herbal 

medicine is not limited to Eastern countries but has become a worldwide practice, although 

in those countries a larger use than the rest of the world was present, likely due to economic 

and cultural reasons and to a more difficult access to classical pharmacology drugs. WHO 

estimated that in Africa up to 90% and in India up to 70% of the population depend on 

traditional medicine for their primary healthcare [6]. Hence, due to the above-mentioned 

reasons, studies investigating the use of herbal medicine has constantly increased in the last 

two decades: in 2000 the publications regarding this topic on PubMed were 3017 respect 

the 17282 of 2021, as shown in Figure 1 [7]. 
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Figure 1. Articles published from 2000 to 2022 found on PubMed using the keyword “herbal 

medicine” (accessed on 31th of August 2023). 

From the 19th century, with the discovery of the first bioactive molecules, a science-based 

approach started in the use of herbal remedies and this has led to a new era in drug 

discovery and pharmacological use of single natural compounds, such as morphine, 

atropine, acetylsalicylic acid used also as precursors of synthetic drugs [8]. The origin of 

research on the potential pharmacological activity of natural products can be traced to 1805, 

when the German pharmacist Serturner isolated morphine from opium latex and 

discovered the better therapeutic properties of the pure compound.  Nowadays, plant-

derived substances are still an indispensable and considerable source in drug discovery [9].  

 

1.2 LIMITATIONS 

However, a fundamental issue that the modern phytotherapy has to face is related to the 

high variability of the biologically active components in plants, due to different origin, 

growth conditions, date of harvest. Cultivating medicinal plants in a controlled 

environment can aid to reduce the variability and allows to monitor the content of 

secondary metabolites leading to a possible standardization. Nevertheless, the majority of 

medicinal plants are still harvested from the wild [3]. Moreover, scientific data on safety 

and mechanism of action are available for few medicinal plants. Although medicinal plants 

represent an unlimited and attractive source of new bioactive compounds, there is a lack of 

scientific evidence-based data. Thus, there is an absence of clarity in the herbal medicine 

market, which is based on products with wide variations in the content of bioactive 

molecules and pharmacological efficacy [10, 11].   

There is a common belief that herbal products are safe, while taking herbal remedies can be 

harmful and consumers are often not aware of their potential adverse effects [12]. 

Furthermore, clinical investigation of the effects of plant extracts is often difficult due to the 

high heterogeneity of the commercial products, different administration protocols and 

duration of treatments. Therefore, there is a discrepancy between the wide availability of 

these products and the scientific information often characterized by poor methodology and 

unreliable clinical analysis [8, 13]. Another important aspect to consider regarding herbal 

remedies is the contamination due to the presence of pollutants. Of those, many studies 

report a considerable risk for health due to the presence of toxic metals and metalloids 

present at concentrations above acceptable regulatory standards [14, 15]. For instance, a 

review that investigated 88 medicinal plant species detected a Pb content beyond the 

permissible limits in 21 plant species, Cd in 44 species, and Hg in 10 [16].  

 

1.3 REGULATION 

The directive 2004/24/EC provides guidelines for the use of traditional herbal medicines 

based on an easier registration step called “traditional use registration” for herbal 

medicines. Particularly, a bibliographical or expert evidence on the effect of the medicinal 
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product, or a corresponding product which has been used during a period of at least 30 

years preceding the date of application, including 15 years of use within the European 

Community is considered enough for the registration [17]. The above-mentioned directive 

also gives the task to the Committee on Herbal Medicinal Products (HMPC) to issue 

scientific opinion on herbal substances and preparations, along with information and 

recommended uses and safe conditions, on behalf of European Medicine Agency (EMA) 

and provides monographs to support the therapeutic use of the latter, in order to regularize 

the European market [17]. Despite many studies claim to solve the lack of evidence-based 

use of herbal medicine, the European framework has provided a powerful regulation model 

for the harmonization of scientific assessment and facilitation of product marketing. 

Furthermore, the use of EU monograph could bring benefits for pharmaceutical industries. 

Qu et al., (2018) suggest that the European model should be used as an example to establish 

the legislation in countries with strong traditional use of herbal remedies and can contribute 

to the safe use of them [18]. Eventually, in 2013 WHO released the WHO Traditional 

Medicine Strategy 2014-2023, a document reviewed by 20 WHO Collaborating Centres for 

Traditional Medicine and 22 members of WHO’s Expert Advisory Panel on Traditional 

Medicine. WHO confirmed that many countries have gradually accepted the contribution 

of traditional and complementary medicine in the healthcare system, although pointed out 

that it is often underestimated and suggested that a global strategy to foster its integration, 

regulation and supervision can be useful to countries wishing to develop a policy towards 

this important part of healthcare [19].  

 

1.4 ETHNOVETERINARY 

As reported by Furst et al., 2015, and shown in Figure 2, animal self-medication is a known 

phenomenon, and it seems that in prehistoric times man has learnt to use certain plants 

through the observation of animal behaviour [8]. Afterwards, humans started to use herbal 

medicines for his own healthcare and for animals reared for human purpose. The 

application of herbal medicines in human and animal health care has a long history that 

can be traced back over millennia. Veterinary herbal medicines comprise plant-based 

medicines and their therapeutic, prophylactic, or diagnostic application in animal health 

care [20]. The application of veterinary herbal medicines is particularly recurrent in rural 

areas where small holders are unable to spend on health of their livestock, mainly for 

economic reasons. 
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Figure 2. The history of herbal remedies adapted from Furst et al., 2015 [8]. 

Despite the traditional use of plants in animal care, the definition of ethnoveterinary (EVM) 

is referred to 1998 as “the interdisciplinary study of local knowledge and its associated skills, 

practices, beliefs and social structures pertaining to the healthcare and healthful husbandry of food, 

work, and other income-producing animals, with an eye to practical development applications within 

livestock production and livelihood system and with the ultimate goal of increasing human well-

being via increased benefits from stock raising” [21]. Albeit in minor size respect to the herbal 

medicines for human use, the development of EVM is nowadays characterised by an 

increase of publications year over year, as reported in Figure 3: in 2000 the publications 

regarding this topic on PubMed were only two respect the 48 of 2022. 

 

Figure 3. Articles published from 2000 to 2022 found on PubMed using the keyword 

“ethnoveterinary” (accessed on 5th of September 2023). 
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Particularly, most of the studies investigating ethnoveterinary are limited to countries 

where the use of synthetic drugs for livestock health care is unaffordable [22, 23, 24]. This 

situation led to important insight to face worldwide problems as antibiotic-resistance in 

livestock. For instance, in the case of bovine mastitis, an infectious disease of the udder 

tissue mainly caused by Gram-negative and Gram-positive bacteria, the use of plants is of 

particular importance in order to avoid the rising of antibiotic resistance phenomenon [25, 

26]. WHO defined antibiotic resistance as one of the biggest threats to global health, food 

security and development due to the fact that a growing number of infections are becoming 

harder to treat as the antibiotic used becomes less effective. Antibiotic resistance occurs 

naturally, but misuse of antibiotics in humans and animals is accelerating the process [27].  

Regarding Europe, the EC regulation for Organic Farming states that phytotherapeutic 

products should be used in preference to chemically synthesized allopathic veterinary 

treatment or antibiotics [28]. In Europe, a total of 590 plants species are reported to be used 

for animal treatment, although ethnoveterinary data are available just in few countries. Of 

those, the most comprehensive data were available from Italy, Spain and Turkey [29]. 

Moreover, very few phytotherapic products are currently registered for the treatment of 

livestock and scientific information regarding veterinary phytotherapy is rare [29]. 

Phytotherapic products are not authorised centrally in the European Union, but locally by 

the national institutions. Thus, one of the most significant issues that hampers the 

application of ethnoveterinary is due to legal uncertainties. Nevertheless, plant materials 

containing different formulation are allowed to be sold as feed additives with claims 

concerning optimisation of nutrition, support of physiological conditions, unless they don’t 

contain a claim declaring that they prevent or treat a specific disease of the animals. 

Therefore, herbal remedies can be sold as feed additives, and they can be used as presumed 

products with presumed therapeutic properties without a scientific assessment of their 

efficacy.  

The limitations in ethnoveterinary field are quite similar to those of herbal medicines for 

human use: poor study design, lack of reproducibility, poor standardisation of products, 

cost-benefit concerns, lack of veterinarian training and poor data availability. As reported 

by Blanca-Penedo et al., (2018), to overcome these obstacles there is a need to improve study 

the design in clinical trials and to implement a monitoring system to assess the efficacy of 

phytotherapic treatments in farm practice [30]. Eventually, the use of phytotherapic 

remedies in veterinary medicines can be fundamental in the prevention of many diseases 

and helpful to avoid antibiotic resistance.  

 

1.5 FOOD SUPPLEMENT, NOVEL FOOD AND FEED ADDITIVES 

The definition of food supplement was established in the Directive 2002/46/EC of the 

European Parliament and of the Council of 10th June 2002, recently consolidated in 

September 2022. Food supplement means “foodstuffs the purpose of which is to supplement the 

normal diet and which are concentrated sources of nutrients or other substances with a nutritional 
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or physiological effect, alone or in combination, marketed in dose form, namely forms such as 

capsules, pastilles, tablets, pills and other similar forms to be taken in small unit quantities” [31].  

Due to the globalization, an increasing number of foodstuffs enters in the EU market 

offering to consumers new products, dietary alternatives, and environmentally sustainable 

sources: this phenomenon led to create the so-called “novel food” category, regulated by 

the 2015/2283 EU Regulation [32]. The European Food Safety Authority (EFSA) has been 

involved in the risk assessment of novel food since 2003; however, the implementation of 

the Regulation above-mentioned in 2018 declared that EFSA is the only EU institution 

responsible of risk assessment and authorisation to market access of novel foods in 

European Union [33].  

Novel food has been defined as all kind of food that has not been used in an important 

measure for human consumption in the European Union before the 15th of May 1997, 

including foods originating from plants (including some algae species), animals, 

microorganisms, cell cultures, minerals and specific categories of food as insects, vitamins, 

food supplements, resulting from production processes, practices and state of art 

technologies intentionally modifies or new molecular structure, nanomaterials which were 

not produced or used before 1997  [32, 33]. Novel food can be newly developed innovative 

food, food produced using new technologies and production processes, as well as food 

which is or has been traditionally eaten outside of the EU. The underlying principles of 

EFSA evaluation of novel foods are that they have to be safe for consumers, properly 

labelled (as not to mislead consumers) and it must not differ in a way that the consumption 

would be nutritionally disadvantageous for the consumer if it is intended to replace another 

food. The maximum yearly number of novel food applications received by EFSA between 

2003 and 2017 was 10 (in 2016), with an average of 5 applications per year; with the 

implementation of the new regulation, it peaked to 40 in 2018 and 39 in 2019 [33]. 

Furthermore, in accordance with the number of applications proposed to EFSA, there was 

an exponential increase of publication regarding Novel foods, as shown in Figure 4.  
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Figure 4. Articles published from 2000 to 2022 found on PubMed using the keyword “Novel food” 

(accessed on 7th of September 2023). 

The Regulation 767/2009 (EC) defined feed additives as “products used in animal nutrition for 

purposes of improving the quality of feed and the quality of food from animal origin or to improve 

the animals’ performance and health”, for example providing enhanced digestibility of the feed 

materials [34, 35]. Feed additives may not be put on the market unless authorisation has 

been given following a scientific evaluation demonstrating that the additive has no harmful 

effects on human and animal health and on the environment [35]. One of the pivotal 

procedures that allows to put feed additives on the market is the risk assessment conducted 

by EFSA and the risk management that falls under the responsibility of the EC. Risk 

assessment is the scientific evaluation of a feed additive, while risk management refers to 

the final decision on a request for authorisation taking in account the opinion delivered by 

EFSA. Another step mandatory for obtaining the authorisation is that the applicant must 

send samples of the additive to the European Union Reference Laboratory for analysis [36]. 

The Regulation 1831/2003 (EC) amended by the 767/2009 Regulation (EC) classified feed 

additives in 5 categories: technological, sensory, nutritional, zootechnical additives and 

coccidiostats or histomonostats [37]. Despite the Regulations for the authorisation process, 

there is a lack of specification in feed additives catalogue respect to the novel food catalogue 

used for human purpose that can arise safety concerns. Particularly, for novel food the 

species must be declared, while in the feed catalogue there is no need of doing it. For 

instance, in the feed catalogue it’s allowed to use algae, dried algae, algae flours, oil and 

extracts of algae with no definition of the species. Hence, feed additives could present 

serious concern about animal and human health. 

 

1.6 CHALLENGES 

As reported above, plant remedies as herbal medicines have an ancient history of use that 

reports to ancient times. The first manuscripts about the use of plants and derivates as 

remedies for healthcare are dated of 2000 years ago, but it’s reasonable to suppose that the 
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first use of medicinal plants begins thousands of years before based on observation of 

animal behaviour and subsequent adoption by human being. Furthermore, empirical errors 

and new discoveries increased the experience through time till achieving a wide knowledge 

of the use of plants as remedies in different cultures and countries. Nowadays, plants are 

still often used as remedies for health care in humans, as reported by WHO, and also in 

veterinary medicine. Despite the ancient history, herbal remedies still cause important 

challenges worldwide, as the need of a standardization of law regulation and analytical 

methods. Consequently, in order to achieve this goal, an approach based on scientific 

evidence is needed with emphasis on safety and biological activity of herbal remedies.  

Also feed additives in animal nutrition cause challenges regarding the biological activity to 

promote healthcare and improve the life quality of animals, from livestock to pets. 

Although the regulation and classification of herbal remedies and feed additives are 

basically very different, both point out the need of more investigation aimed to produce 

scientific evidence.  

A well-known herbal remedy claimed mainly for its anti-inflammatory properties and used 

also as feed additive in veterinary medicine is the oleogum resin obtained from Boswellia 

genus. Recent data provided by the Government of India Department of Commerce attest 

the export of the oleogum resin of Boswellia serrata to 177.36 metric tons for a value of half a 

million US dollars in the three-year period from 2015 to 2017 [38]. The five largest importers 

of this product from India were Trinidad and Tobago, Germany, Guatemala, Mexico and 

USA, but many European countries are included in the report as Belgium, France, UK, Italy, 

and Netherlands. Data regarding the worldwide market of B. serrata are difficult to obtain, 

but it is reasonable to suppose that the commercialisation is more consistent. It has been 

suggested that the worldwide Boswellia market is estimated to reach 86.4 million US dollar 

by 2027 [39]. 

Another feed additive of wide interest are microalgae. Microalgae are having a large impact 

on the worldwide market; the two most commercialised species are Arthrospira platensis and 

Chlorella vulgaris. In general, algae can produce several interesting biomolecules for both 

human and animal nutrition as astaxanthin, lutein, β-carotene, chlorophyll, 

phycobiliprotein, polyunsaturated fatty acids (PUFAs), beta-1,3-glucans; moreover, they 

contain high-quality protein, vitamins, and trace elements as zinc and iron. Thus, 

microalgae have a wide application potential beyond merely be a food source, such as 

animal feed, biofertilizers, bioremediation, or the extraction of added-value biochemical 

compounds. The global market of algae was valued at 594 million of euro and probably will 

reach 1131 million by 2027 [40]. Algae can be a good alternative to traditional crops as they 

do not require arable land and are able to grow on minimal nutrients.  

 

1.7 AIM of the THESIS 

The first aim of the thesis was to investigate the biochemical effects of integrating Boswellia 

serrata (B. serrata) and Salix alba (S. alba) in laying hens, with a primary focus on assessing 

10



changes in the proteomic profiles of serum and egg albumen as potential indicators of 

treatment efficacy during the critical phase of the onset of animals' production cycle. Protein 

separation and quantification techniques such as SDS-PAGE (sodium dodecyl sulfate 

polyacrylamide gel electrophoresis) and agarose gel electrophoresis were used to analyze 

these proteomic changes. Additionally, the study aimed to evaluate the cholesterol-

lowering effect in egg yolks between treated and control groups using colorimetric-

enzymatic assays, which provided insights into the potential health benefits of B. serrata 

and S. alba integration in poultry production systems.  

In parallel, research was carried out on algae as novel food sources and for animal 

supplementation, focusing on Arthrospira platensis (A. platensis) and Chlorella vulgaris 

(C.vulgaris), two dominant species in global algae production and markets. The research 

explored their role as a supplement for essential trace elements, notably iron (Fe). Iron 

uptake studies were carried out by cultivating A. platensis in media with different Fe 

concentrations, and comparisons of Fe concentrations among different market samples 

were made. In collaboration with Professor Giacomo Biagi, the bioaccessibility of Fe from 

these novel foods was assessed using an in vitro canine digestive simulation, providing 

valuable insights into their potential efficacy in pet supplementation. Moreover, as part of 

an international collaboration at IRTA in Monells (Catalunya, Girona), studies in the field 

of microalgae has been extended through a contribution to the PROFUTURE project led by 

Dr. Massimo Castellari. This project aimed to incorporate different algae into foods and 

beverages, evaluating their palatability and promoting algae as a sustainable protein source 

in the European market. Specifically, the aim of the work focused on the characterization 

of proteins and the evaluation of Fe content in a by-product derived from the extraction of 

phycocyanin from intact A. platensis 12 samples. This research aimed to explore potential 

applications in animal nutrition using advanced protein extraction techniques, such as 

HPLC, followed by Fe quantification using AAS (Atomic Absorption Spectroscopy).  

Statistical studies and biostatistical analyses were an integral part of the doctoral research, 

particularly in the analysis of published and pending articles on the analysis of 

pyrrolizidine alkaloid in honey samples from different Italian regions. These analyses 

strictly followed the EFSA (European Food Safety Authority) guidelines, regarding the 

treatment of missing data and ensuring robust statistical conclusions. Furthermore, meta-

analysis and meta-regression techniques were applied to consolidate the results of studies 

published on the anti-inflammatory properties of B. serrata in the treatment of knee 

osteoarthritis. The aim was to provide conclusive evidence, strengthened by internationally 

accepted statistical methods, with implications for advancing the understanding of the use 

of B. serrata phytoextracts, including their potential applications in ethnoveterinary 

research and practice. 
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2.1 BOSWELLIA SERRATA 

Boswellia is a genus of plants endemic in Africa, Arabian Peninsula, India, and neighbouring 

countries; it has been suggested that formerly occurred in Sri Lanka, where it is presumed 

to be extinct [41]. Boswellia is a relatively small genus of 28 species primary used to obtain 

an oleogum resin known internationally as Indian frankincense or Indian olibanum [42]. 

The most interesting species are Boswellia serrata from India, Boswellia carterii and Boswellia 

sacra from Arabian Peninsula and East Africa countries.  

B. serrata (Figure 5) grows at altitudes up to 1150m in regions with annual temperatures 

between 0 and 45°C and annual rainfall between 500 and 2000mm, in dry tropical 

deciduous forests, including teak forests, on slopes, ridges and flat terrain. Height is 

dependent on soil depth and soil fertility, in general the tree can grow up to 15 m. The fruits 

are three-valved drupes with compressed and pendulous seeds.  

 

Figure 5. Boswellia serrata tree 

The oleogum resin, an exudate obtained by the incision of bark, occurs in transparent, 

yellow brown fragrant tears around 5 cm long with a waxy surface. The resin burns easily 

and produces a characteristic, resinous balsamic smell and taste. The exudate contains 20-

36% gum, 56-65% acid resin (up to 43% containing triterpene acids) and 4-8% essential oil 

and traces of other compounds as lacturonic acid, digitoxose, arabinose, galactose and 

xylose [42]. More than 200 phytochemicals have been identified from the oleogum resin and 

the composition depends upon age, quality, geographical distribution, harvestings time, 

and species. Particularly, of pivotal importance for pharmacological effects, the resin 

contains pentacyclic triterpenes called boswellic acids, of those Acetyl-11-keto-β-boswellic 

acid (AKBA) and 11-keto-β-boswellic acid (KBA) are the most relevant (Figure 6). The resin 

from different species contains different amounts of boswellic acids. An interesting 

difference was observed between extracts from B. carterii and B. serrata. Indian samples (B. 
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serrata) contained similar amounts of AKBA and KBA, while African samples (B. carterii) 

contained less KBA than AKBA [43]. Further compounds are tetracyclic triterpenes acids, 

among which tirucallic acids (Figure 7) have shown a biological effect consisting in 5-LO 

inhibition, although in less evidence.  

Boswellic acids exerts a main anti-inflammatory effect through the inhibition of 5-

lipoxygenase (5-LO), an enzyme that leads to the production of leukotrienes by leukocytes. 

Moreover, boswellic acids act through inhibition of serine protease cathepsin G, 

microsomal prostaglandin E synthase, cyclooxygenase-2 (COX-2) and nuclear factor-kB 

(NF-kB) activities. Al-Yasiri et al., (2016) reported that based on in vitro studies, Boswellia 

extracts are involved in the inhibition of activation, proliferation and differentiation of B- 

and T-lymphocytes, tissue destruction, action of natural killer (NK) cells, antibody 

production and fever, suggesting the immunomodulating and anti-inflammatory effects of 

boswellic acids [42].  

 

Figure 6. Structure of different triterpenic boswellic acids present in the oleogum resin of plants of 

genus Boswellia, adapted from Gerbeth, 2013 [44]. 

 

Figure 7. Chemical structure of tirucallic acids from Boswellia serrata oleogum resin, adapted from 

Ammon, 2006 [43]. 

The inhibition of 5-LO made Boswellia extracts useful in the treatment of diseases 

characterised by an inflammatory condition as ulcerative colitis, irritable bowel syndrome, 
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bronchitis, sinusitis, osteoarthritis. Extracts of B. serrata and B. carterii reduce the 

inflammatory condition of rheumatism trough the inhibition of human leukocyte elastase 

(HLE) and degrading glycosaminoglycans [43]. In addition, boswellic acids inhibit the 

proliferation of tumor cells of leukemia and glioblastoma; this anti-tumour effect is due to 

the inhibition of topoisomerase I, II-alpha and the promotion of apoptosis phenomenon 

[42]. 

Boswellia extracts have also been used as feed additives in animals with different aims. 

Supplementation of B. serrata extracts can improve productivity, chemical composition and 

nutritive value of poultry meat [45]. It has been found that dietary supplementation with 

B. serrata enhances growth, feed efficiency, antioxidant status and minimizes caecal 

pathogenic bacteria in rabbits [46]. Furthermore, the supplementation with B. serrata in 

dogs with osteoarthritis produced significant beneficial effects alleviating pain and 

reducing the clinical signs of the disease [47].  

Regarding the regulation, Boswellia can be used as feed additive for improving welfare and 

productivity, based on the Regulation 1831/2003 (EC) [37]. Recently, in 2022, EFSA released 

a scientific opinion on the safety and efficacy of extract from B. serrata when used as additive 

in feed for dogs and horses. The calculated safe concentration was 100mg/kg and 330 mg/kg 

in complete feed for horses and dogs, respectively. 

In this complex scenario, one of the main purposes during the PhD training was to 

investigate and evaluate the safety and beneficial effects of a supplementation with B. 

serrata extracts in laying hens. The effects of B. serrata extracts was studied in the critical 

production phase, when intestinal inflammation process can occur. Thus, B. serrata can 

represent an alternative valuable option to counteract the inflammation, due to the claimed 

biological activity of boswellic acids. A full-spectrum analysis was carried out including 

evaluation of main serum analytes and yield and feed consumption parameters. The 

research also aimed to evaluate how the supplementation with B. serrata could affect the 

nutritional profile of eggs. The investigation lasted after the ending of supplementation to 

evaluate possible long-terms effects.  

Due to anti-inflammatory activity, Boswellia extracts are used in human phytotherapy to 

treat different disease, as knee osteoarthritis; however, with conflicting results. Hence, 

statistical analysis techniques as meta-analysis and meta-regression were applied to 

evaluate the efficacy of B. serrata extracts in human patients affected by knee-OA. Meta-

analysis was applied in human health field due to the wide number of publications; the 

study lay the foundation to investigate the efficacy of anti-inflammatory B. serrata extracts 

effects in the treatments of the diseases also in animal health field, leading to possible 

further research in veterinary medicine.  
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Guerrini, A., Dalmonte, T., Lupin, C., Andreani, G., Salaroli, R., Quaglia, G., Zannoni, A., 

Scozzoli, M., Forni, M., Isani, G. Influence of dietary supplementation with Boswellia serrata 

and Salix alba on performance and blood biochemistry in free-range Leghorn laying hens. 

Veterinary sciences, 2022, 9, 182.  

In the first paper the safety and the beneficial effects of dietary supplementation with B. 

serrata and Salix alba in Leghorn laying hens was evaluated during the critical pre-laying 

and laying phases through monitoring productive performance, serum analytes, H/L ratio, 

IgA and anti-IBV antibodies. A total of 120 hens were assigned to two experimental groups, 

60 for each group: one of them received a diet supplemented with 5% of B. serrata and S. 

alba extracts, the other one received the same feed without extracts and is considered as the 

control group. The treated group received the feed supplement for 12 weeks. The study 

lasted 19 weeks. In the last 6 weeks, the treated group received the same feed as the control 

group. This time point was included in the trial to observe potential long-term effects of the 

supplementation. 
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Andreani, G., Dalmonte, T., Guerrini, A., Lupini, C., Fabbri, M., Ferlizza, E., Isani, G. 

Supplemention of Boswellia serrata and Salix alba extracts during early laying phase: effects 

on serum and albumen proteins, trace elements, and yolk cholesterol. Animals, 2022, 12, 

2014. 

In the second paper, the profiles of serum and egg albumen proteins, serum iron and zinc 

concentration and egg cholesterol content were investigated in the same subjects of the 

previous study to assess the effects of the supplementation with B. serrata and S. alba. Serum 

protein profile was investigated using agarose gel electrophoresis, while both serum and 

egg albumen proteins were analysed using SDS-PAGE searching for possible changes in 

proteomes as markers of the effects of feed supplementation.  Furthermore, iron and zinc 

concentration in serum was measured using atomic absorption spectrometry and yolk 

cholesterol was determined using an enzymatic colorimetric test.  
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Dalmonte, T., Andreani, G., Rudelli, C., Isani, G. Efficacy of extracts of oleogum resin of 

Boswellia in the treatment of knee osteoarthritis: a systematic review and meta-analysis. 

2024 (currently in minor revision on Phytotherapy research).  

In the third paper, a systematic review and meta-analysis was applied to evaluate the 

efficacy of phytoextracts from the oleogum resin of the Boswellia genus as a 

supplementation for patients affected by knee OA. Meta-analysis was developed including 

sub-group and meta-regression analysis, to point out the efficacy of Boswellia in a full 

scenario, taking in consideration different types of controls, supplementation, and duration 

of the studies. Four electronic databases were used and the PRISMA flowchart was used to 

select the studies to be included in the analysis. Publication bias through Egger test and 

heterogeneity through I2 statistic has been evaluated to assess the parameters of the meta-

analysis. The study has been submitted to Phytotherapy Research and is currently under 

revision. 
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Abstract  

Background: Knee osteoarthritis (OA) has recently been ranked as the 11th highest 

contributor to global disability. More than 40% of the patients use complementary and 

alternative medicine including supplements containing phytoextracts with anti-

inflammatory properties as those from Boswellia genus.  

Objective: The aim of this meta-analysis was to evaluate the efficacy of phytoextracts from the 

oleogum resin of the Boswellia genus as a supplementation for patients affected by knee OA.  

Search Methods: Four electronic databases were used for the research and PRISMA 

statements were followed throughout the study. 

Selection Criteria: The following inclusion criteria were used: a) the subjects of the study 

were humans with a diagnosis of knee OA reported by medical staff; b) randomisation and 

the presence of a control (placebo, negative or positive control), and c) outcomes reported 

with WOMAC and/or VAS score. 

Data collection and analysis: Publication bias was assessed with funnel plot and through 

the Egger test. Jadad scale was used in order to assess the quality of the studies included. 

The statistical heterogeneity was assessed using I2 statistics. Results of meta-analysis and 

sub-group analysis were reported using forest plot.    

Results: A total of 13 studies involving 850 (WOMAC) and 1185 (VAS) patients met the 

inclusion criteria. The meta-analysis did not detect a significant effect of the use of Boswellia 

extracts between the control and the treatment groups due to the high heterogeneity of the 

studies (p=0.0865 for WOMAC) and (p= 0.3966 VAS). However, the subsequent sub-group 

analysis demonstrated the significant beneficial effect of Boswellia extracts with respect to a 

placebo (lower WOMAC score in the treatment groups). This was also confirmed in the 

meta-regression applied to the WOMAC scores.  

Conclusion: Boswellia extracts showed potential benefits in the treatment of knee OA 

respect to a placebo using the WOMAC score. This is an important finding as people 

exposed to NSAID-related adverse effects could benefit from the use of Boswellia extracts. 

However, further high-quality studies are needed to establish the clinical efficacy of extracts 

from genus Boswellia. 

 

Keywords: Boswellia extract; frankincense; osteoarthritis; knee; anti-inflammatory 

phytoextracts; complementary and alternative medicine  
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1. INTRODUCTION 

In 2019, 1.7 billion people worldwide lived with musculoskeletal pathologies, of these 

people, 528 million suffered from osteoarthritis (OA), leading to 19 million years lived with 

disability (YLD) [1, 2]. Osteoarthritis is a chronic inflammatory disease characterised by a 

reduction in mobility which involves the joints, causing pain and stiffness. It is a common 

disease in adult people over 55 years of age, with a higher prevalence in women, and it is 

related to other diseases, such as obesity and diabetes mellitus [3]. A prevalence of OA of 

10% in men and 18% in woman has been estimated in adults over 60 years of age, and it is 

expected that, in 2050, 130 million people will suffer from musculoskeletal diseases [4]. 

Knee OA has recently been ranked as the 11th highest contributor to global disability [5].  

As reported by Colletti et al., the approaches in the treatment of OA include 

pharmacological intervention with the use of non-steroidal anti-inflammatory drugs 

(NSAIDs) and COX-2 inhibitor drugs, lifestyle changes associated with physical activity, 

and the rehabilitation and application of a specific nutritional plan [6]. Nevertheless, if the 

above-mentioned approaches do not provide any benefit, the latest possibility in the 

treatment of this disease is surgery.  The Western Ontario and McMaster University (WOMAC) 

score is a recommended Patient-Recorder Outcome (PRO) used in the evaluation of treatment goals 

for hip and knee osteoarthritis [7]. The WOMAC score is composed of three items: pain (5 questions), 

stiffness (2 questions) and physical function (17 questions); each question offers a score from 0 to 4, 

with 0 scored as none and 4 as extreme. The subscale scores can vary, with pain ranging from 

0 to 20 points; stiffness, from 0 to 8 points; and physical function, from 0 to 68 points for a 

total score which can range from 0 to 96 points. Higher scores represent worse pain, 

stiffness, and functional limitations [8]. As reported by Woolacott et al. [9], improved 

adherence to the standard use of the WOMAC scoring system, with clear reporting of it in 

trials of OA of the knee should be encouraged. The Visual Analog Scale (VAS) is a 

unidimensional measure of pain intensity. It is made up of a horizontal (HVAS) or vertical 

(VVAS) 10-centimetre (cm) scale which has been widely used in different adult populations, 

including those with rheumatic or musculoskeletal diseases [10]. The scale score can vary 

from 0 (no pain) to 100 (worst imaginable pain) and is usually reported in cm from 0 to 10. 

The WOMAC and the VAS scores are often used together for assessing the degree of knee 

OA and the likely efficacy of a treatment.   

Due to the possible adverse effects on the cardiovascular system of the drugs used in the 

standard management and to the limited efficacy of the therapies available, more than 40% 

of the patients with knee OA use complementary and alternative medicine (CAM) which 

also includes supplements containing phytoextracts with anti-inflammatory properties [11, 

12]. Extracts from the gum resin of plants of the genus Boswellia (family Burseraceae), also 

known as frankincense or guggal, have been used in traditional Ayurvedic medicine for the 

treatment of inflammation, including OA [13, 14, 15, 16]. These extracts contain a plethora 

of bioactive molecules, including boswellic acids. Of these, 3-acetyl-11-keto-β-boswellic acid 

(AKBA), 11-keto-β-boswellic acid (KBA) and β-boswellic acid (BA) are well known for their 

biological activity in vitro and in vivo [17, 16]. Boswellic acids act by inhibiting 5-lipoxigenase (5-LO) 

and are also involved in inhibiting the prostaglandins synthesis of COXs and modulating the 

48



immune system [18]. Given this premise, there are suggestions to use extracts from the resin of the 

genus Boswellia in treating anti-inflammatory diseases, including knee OA [16].  

A recent systematic review and meta-analysis carried out by Yu et al. (2020) analysed the 

effectiveness of Boswellia extracts for the treatment of OA in 7 randomised controlled trials. Based on 

the results of this meta-analysis, Boswellia and its extracts could be considered to be an effective 

option for patients affected by OA [19]. However, the authors did not consider that, of the 7 studies 

included, 3 did not use extracts but pure boswellic acids and 4 used a combination with other 

bioactive molecules.  In fact, many studies investigating the beneficial effects of Boswellia extracts use 

a combination with other plant extracts having anti-inflammatory properties, such as Curcuma longa, 

Zingiber officinalis, Witamnia somnifera, and Harpagophytum procumbens, or are used in association with 

standard management treatments [20, 21, 22]. Finally, due to the aforementioned causes, the studies 

published so far were heterogeneous, and the scientific quality was often not satisfactory; therefore, 

data regarding the use of Boswellia extracts in the treatment of OA were contradictory.  

The aim of this meta-analysis was to evaluate the efficacy of phytoextracts from the oleogum resin 

of the Boswellia genus as a supplementation for knee OA patients. Due to the heterogeneity of the 

studies in the literature, a subgroup analysis was carried out, and a meta-regression approach was 

used to investigate the role of exclusively using extracts from Boswellia or using them in combination 

with other phytoextracts, and whether the type of control (placebo, negative or positive control) and 

the duration of the treatment could affect the outcomes.  

 

2. MATERIALS AND METHODS 

 

2.1.  Search strategy  

The statements reported in Reporting Items for Systematic Reviews and Meta-Analyses 

(PRISMA) 2020 were followed throughout the study [23].  

Four electronic databases were used for this research: PubMed, MEDLINE, Cochrane 

library and SCOPUS. The keywords used included (Boswellia OR Frankincense OR Salai 

guggal OR Shallaki) AND (Knee Osteoarthritis OR Knee OA OR Osteoarthritis OR OA OR 

Arthritis OR joint OR Skeletal OR Musculoskeletal OR Bones OR Joint). Furthermore, the 

search was widened, taking into consideration all the references of the articles selected. The 

search was carried out from December 2022 to February 2023. No registration number was 

provided for the review protocol.  

 

2.2.  Eligible criteria and study selection  

Each article satisfying the following inclusion criteria was included in the meta-analysis: a) 

the subjects of the study were humans with a diagnosis of knee OA reported by medical 

staff; b) randomisation and the presence of a control (placebo, negative or positive control),  

c) outcomes reported with both WOMAC and VAS scores, or at least one of them, and d) 

Boswellia extracts, herbal formulation containing Boswellia and pure boswellic acids have 

been included in the analysis. 

The exclusion criteria were:  a) any study with subjects suffering from OA without 

indication of the specific region of the body; b) the presence of concomitant diseases; c) 

studies which used baseline (control group and treatment group was composed by the 
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same subjects at different time period, usually before the treatment and at the end of the 

study)  as control; d) studies which did not report, or reported an incomplete, WOMAC or 

VAS score, and e) short papers, case reports, reviews and studies without English 

translation available.  

Three authors (T.D., C.R., and G.A.) independently selected the studies by title and 

reviewed the abstracts of the articles selected. Studies which did not meet the pre-defined 

inclusion criteria were excluded. Any divergence in the study selection was dealt by a co-

author (G.I.) and was subsequently resolved. 

2.3.  Data extraction 

The data from each study were independently extracted by two authors (T.D. and C.R.) 

under the supervision of two co-authors (G.I. and G.A.). In the case of missing data, the 

corresponding author of each study was contacted by email, and no one replied. When the 

studies provided only the standard error mean (SEM), the standard deviation (SD) was 

calculated using the following equation: 

SD= SEM/√n 

The Jadad scale was used to evaluate the methodological quality of the studies selected. 

The Jadad scale is a 3 items assessment scale and the score is based on randomization (0 to 

2 points), blinding (0 to 2 points) and account of all patients (0 to 1 point). Authors included 

in meta-analysis studies which showed at least 3 point judgment in Jadad scale. The score 

of the studies is reported in Table 1. When studies used more than a single control group, a 

different posology or different types of supplements in the groups treated, they were split 

and were treated as separate datasets in the meta-analysis. In the case of studies which had 

with more than one follow-up, they were split and treated as suggested by Dunlap et al. 

[24]. Additional information is reported in the 2.5 Statistical analysis section. Table of Jadad 

scale is reported as Supplementary Figure S1. 

2.4. Risk of bias assessment 

The risk of bias assessment was done through RoB 2 tool. As reported by Sterne et al. [25], 

assessment of risk of bias is considered as an essential component of a systematic review 

and the most commonly used tool for randomised trial is the Cochrane risk-of-bias (RoB) 

tool. The tool is composed considering biases that can arise at different stage of a trial. Thus, 

based on both empirical evidence and theoretical considerations, the tool identified 5 bias 

domains. Judgments in RoB 2 tool are provided by algorithms based on answers to the 

signalling questions of every domain of bias. Rob2 analysis of WOMAC and VAS score is 

reported below in Figure 1 and Figure 2, respectively.  
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Figure 1. Rob 2 analysis of WOMAC score 

Figure 2. Rob 2 analysis of VAS score 

2.5 Statistical analysis 

An all-time point standard mean difference (SMD) meta-analysis was carried out to take 

into consideration likely outcomes in every time point of the studies. As reported by 

Dunlap et al. [24], if an effect size resulted after the statistical test without taking the 

correlation between the repeated measures into account, the effect size would be 

overestimated in studies with a repeated measures design. Furthermore, Dunlap et al. [24] 

suggested that, in a repeated measures design study, the effect size should be calculated 

using an equation which takes into consideration the correlation r between every follow-

up [Equation 1]. Conversely, when the correlation between measures is not provided, the 

meta-analyst must use the means and standard deviations to estimate effect size directly 

with the equation provided using Cohen’s method [Equation 2] [24, 26].   

Moreover, in a Montecarlo simulation with 10000 iterations, it was shown that the 

differences in the effect size between the two equations were quite small, calculating with 

very similar outcomes as the sample size was bigger [24]. Due to the lack of the correlation 

r coefficient in the studies taken into consideration in the meta-analysis, the effect size was 
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calculated using Cohen’s d method [26]. The two equations mentioned above are reported 

below.   

D (effect size) = tc [2 (1 – r) / n] ^1/2  

Equation 1. The equation suggested by Dunlap et al. for calculating effect size using a 

repeated measures study design. tc = t statistic for matched groups, r = correlation across 

pairs of measures, n = sample size [24].  

D (effect size) = (Me – Mc) /SD  

Equation 2. The equation suggested by Cohen et al. for calculating effect size. Me = mean of 

the experimental group, Mc = mean of control group, SD = common standard deviation [24, 

26].   

However, in all the studies with repeated measures which were taken into consideration, a 

correlation was not provided. Hence, the corresponding author of each study was contacted 

by email, and no one replied to give additional information regarding the data elaboration.  

  

When a study presented more than one control, all the controls were considered separately 

in the meta-analysis. A control without any bioactive compounds was considered to be a 

“placebo”, a formulation containing phytoextracts or bioactive compounds (except for 

those from Boswellia) was considered to be a “negative control”, and a formulation used as 

standard management in the treatment of knee OA was considered to be a “positive 

control”. In the presence of multiple treatments with Boswellia within a study, the different 

dosage groups were considered to be different treatment groups.  

The presence of publication bias was assessed using the Egger test [27] and the evaluation 

of the funnel plots. As reported by Sterne et al., tests for funnel plot asymmetry should be 

used when there are more than 10 studies [28]. The statistical heterogeneity was assessed 

using I2 statistics. Heterogeneity was classified across the studies as low (<30%), moderate 

(31 to 60%), substantial (61 to 74%) and considerable (>75%) [29]. Random models were used 

owing to the heterogeneity. Data previously normalised in a 0 to 100 scale were converted 

to WOMAC (0 to 96) and VAS score (0 to 10) ranges. Subsequently, subgroup analyses were 

carried out among the types of controls, the types of treatment and the duration of the 

studies (all the time points were taken into consideration) in order to minimise the impact 

of the heterogeneity.  

A meta-regression approach using the controls, the types of treatment and the duration of 

the studies was used to evaluate whether the variables were statistically significant and 

whether they affected the outcome of the studies. Differences were considered to be 

statistically significant for p < 0.05.  

The statistical analyses were carried out using R 4.2.2 (R foundation for statistical 

computing; Vienna, Austria; https://www.R-project.org/, accessed on 1st May 2023).  

 

3. RESULTS AND DISCUSSION 

3.1.  Search results 

Two hundred and twelve potential studies were found in the primary search. After a careful 

analysis based on the inclusion criteria, 159 studies were excluded, and 53 studies were 
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selected (Figure 1). Of these, 38 were excluded for the following reasons: concomitant 

presence of pathologies other than OA, data not extractable from the paper, lacking 

WOMAC or VAS scores.  

A total of 15 studies met the inclusion criteria, 11 studies (30 separate datasets taking into 

consideration controls, treatments and time-points) reported the WOMAC score and 12 

studies (27 separate datasets taking in consideration controls, treatments and time points) 

reported the VAS score. The search selection process is reported in Figure 1.   

 

 

Figure 3. PRISMA flowchart of the study selection process 

3.2.  Characteristic of the studies  

The characteristics of the studies included in the present meta-analysis are reported in Table 

1.   

The studies were published between 2004 and 2021. They were carried out in Italy, India, 

Armenia, Iran and the U.S.A.    

To sum up, 820 patients were eligible when considering the inclusion criteria for the 

WOMAC score analysis and 1185 for the VAS score analysis.  

In the WOMAC score analysis, 6 studies used supplements containing only extracts from 

Boswellia, 5 studies used an herbal formulation containing other extracts in addition to 

Boswellia, and of these, 1 used an herbal formulation containing Boswellia in association with 

a standard management drug. Of these 11 studies, 2 used a positive control, 8 used a 

placebo as a control and the remaining one used both a placebo and a negative control. 

Regarding the duration of the trial, 3 studies lasted up to a maximum of 2 months, 6 studies 

lasted 4 months, 1 lasted 6 months and the remaining one lasted 8 months. Seven studies 

were organised with more than one follow-up, or more than one treatment was investigated 

or tested versus different types of control groups, the other 4 did not include multiple 

follow-ups, different treatments or more than one control group.  
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In the VAS score analysis, 5 studies used supplements containing only extracts of Boswellia, 

while 5 studies used an herbal formulation containing extracts of other extracts in addition 

to Boswellia and two studies used a dietary supplement containing boswellic acids. Of these 

12 studies, 1 used a positive control, 9 used a placebo and the other 2 studies also included 

a negative control. Three studies analysed for the VAS score lasted up to a maximum of 2 

months, 5 studies lasted 4 months, 3 lasted 6 months and the remaining one lasted more 

than 6 months. Eight studies were organised with more than one follow-up, or more than 

one treatment was investigated or tested versus different type of control groups; the other 

4 studies did not include multiple follow-ups, different treatments or more than one control 

group.  
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Table 1.  Characteristics and Jadad scale score of the studies included in the meta-analysis based on design, treatment, posology, follow-up, type of control and 

score provided. The number of the reference is reported in the square brackets; the numbers of the split datasets re reported in parentheses.  
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3.3  Publication bias and heterogeneity percentage 

The publication bias was measured using the Egger test for linear regression of funnel plot 

asymmetry. A significant publication bias was found in both the WOMAC (p<0.0001) and 

the VAS score (p<0.0001) groups. Thus, the presence of publication bias was resolved by 

removing the datasets one by one and repeating the Egger test at each step and by means 

of the visualisation of the funnel plot. The datasets responsible for the asymmetry were: 4a, 

4b, 30a, 30b, 35, 36, 39a, 39b, 40b for the WOMAC score, and 30a, 30b, 34c, 34d, 34e, 34f, 34g, 

34h, 35, 36, 39a, 39b, 40b, 35 for the VAS score. These datasets were not included in the 

meta-analysis. The funnel plots for the WOMAC and the VAS scores are reported in Figures 

4 and 5, respectively. 

Consequently, the meta-analysis was carried out on 6 studies (split into 20 datasets, 32a, 

32b, 32c, 32d, 34a, 34b, 34c, 34d, 34f, 34g, 34h, 40a, 21, 41a, 41b, 41c, 41d, 41e, 41f, 42) and 7 

studies (split into 13 datasets, 31a, 31b, 31c, 33a, 33b, 34a, 34b, 37a, 37b, 38a, 38b, 40a, 21) 

with 568 and 869 patients for the WOMAC and the VAS scores, respectively (p=0.0603, 

p=0.0589).  

The heterogeneity was checked using the I2 test. A heterogeneity percentage of 85.0% for 

the WOMAC score and 75.5% for the VAS score were detected; therefore, the use of random 

models was justified [28]. The heterogeneity of studies can be traced basically to three main 

causes: 1) different control types, 2) different supplement types, and 3) different duration 

of the trials; this was analysed through subgroup analysis. 

  

 

Figure 4. A funnel plot for the WOMAC score (Egger test p=0.0603). The numbers refer to the 

respective references. 

57



 

 

  

 

Figure 5. A funnel plot for the VAS score (Egger test p=0.0589). The numbers refer to the respective 

references. 

3.4 WOMAC score meta-analysis  

The meta-analysis random model did not detect a significant effect of the use of Boswellia 

extracts between the control and the treatment groups (p=0.0865, SMD=-0.2370, CI = -0.580 

to 0.0340). The forest plot of the outcome of the meta-analysis for the WOMAC score is 

reported in Figure 6.  

In particular, 11 datasets (32a, 32b, 32c, 32d, 34a, 34e, 40a, 21, 41d, 41e, 41f) showed no 

significant effect between the treatment and the control groups. Conversely, 12 datasets 

(30a, 30b, 34b, 34c, 34d, 34f, 34g, 34h, 41a, 41b, 41c, 42) showed a significant effect. Of those, 

9 datasets (30a, 30b, 34b, 34c, 34d, 34f, 34g, 34h, 42) showed a lower WOMAC score in the 

treatment group, suggesting that the supplementation with Boswellia extracts might have 

produced beneficial effects in patients with knee OA. The last 3 datasets (41a, 41b and 41c) 

showed a higher WOMAC score in the treatment group, suggesting a significant positive 

effect of the valdecoxib used in the positive control group [41].  

58



 

 

 

 

Figure 6. The efficacy of Boswellia extracts in the management of knee OA: a forest plot of the 

outcome of the meta-analysis for WOMAC score between control and treatment groups in a 

standardised mean difference meta-analysis (SMD=-0.24, 95%-CI=-0.51 to 0.03). 

3.5 WOMAC score subgroup analysis 

The differences in the control groups, treatments, and time points were present in the 

studies used for the meta-analysis. In this case, a sub-group analysis should be used as a 

supportive and exploratory approach, as reported by Moyé et al.  [43], in order to 

understand which factors could influence the meta-analysis. Therefore, the subgroup 

analysis was carried by splitting the studies based on the control type, treatment 

formulation and duration of the study. 

3.5.1 WOMAC score subgroup analysis based on control type 

In the subgroup analysis based on different types of controls, 3 groups were identified: 

“positive control” indicating the use of a drug usually administered in the management of 

knee OA (41a, 41b, 41c, 41d, 41e, 41f), “placebo” indicating a control group which took a 

similar drug/formulation of the treatment group without any bioactive compounds (30a, 

30b, 32c, 32d, 34a, 34b, 34c, 34d, 34e, 34f, 34g, 34h, 40a, 21, 42), and finally, “negative control” 

indicating the administration of the same formulation containing phytoextracts or bioactive 

compounds except those from Boswellia (32a, 32b). The outcome of the WOMAC score 

subgroup analysis based on control type is reported in Figure 7. 

Significant differences (p<0.0001) were detected using the random effects model, showing 

a clear effect of the type of control used in the trial. A placebo was used in 15 datasets and 
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showed a medium effect size (SMD=0.5954), suggesting that the use of Boswellia produces 

an improvement in the treatment of knee OA with respect to the administration of no 

supplementation. Furthermore, studies which used a placebo in the control group make up 

64.6% of the random model applied in the meta-analysis of the WOMAC score. The use of 

a negative control (SMD=0.2638) provided a small effect size, and no significant effect was 

detected, likely due to the fact that only one study (two different time points 32a, 32b) 

compared the effect of extracts of Boswellia and the administration of a formulation without 

it [32].  Finally, the use of a positive control reported by Sontakke et al. [41] showed a 

medium effect size (SMD=0.5111), suggesting that the drugs usually administered in the 

treatment of knee OA determined a lower WOMAC score with respect to the use of 

formulations containing extracts from the resin of Boswellia. In this study, the patients were 

followed at monthly time intervals for up to six months. Interestingly, the supplement 

containing the extract of Boswellia showed an onset slower than that of the conventional 

drug (valdecoxib); consequently, a significantly lower WOMAC score in the positive 

control group was measured during the first three months (41a, 41b and 41c), while during 

the following three months (41d, 41e, 41f), no significant differences were recorded between 

the two groups. 
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Figure 7. The efficacy of Boswellia extracts in the management of knee OA: a forest plot of the 

WOMAC score subgroup analysis based on control type.  

 

3.5.2 WOMAC score subgroup analysis based on supplement type 

In the subgroup analysis based on treatment type, 2 groups were detected: the use of mixed 

herbal formulations with Boswellia (30a, 30b, 32a, 32b, 32c, 32d, 34a, 34b, 34c, 34d, 34e, 34f, 

34g, 34h, 21) and the use of a formulation exclusively containing an extract of Boswellia (40a, 

41a, 41b, 41c, 41d, 41e, 41f, 42). The outcome of the WOMAC score subgroup analysis based 

on treatment types is reported in Figure 8. 

Significant differences between the two groups were detected by the random effects model 

(p=0.0423), showing a possible influence of the type of formulation used as a supplement 

in the trials. In particular, the use of an herbal formulation with Boswellia or the use of an 

extract of Boswellia exclusively showed a small (SMD= -0.4348) and a very small (SMD = 

0.1725) effect size, respectively, suggesting that the exclusive presence of extracts from the 

gum resin of Boswellia produced just a mild improvement in the treatment of knee OA. 

Concerning the administration of an herbal formulation with Boswellia, 8 of the 15 datasets 

considered showed a significant difference between the control and the treatment groups, 

with the latter showing a lower WOMAC score. In contrast, regarding the exclusive use of 

an extract of Boswellia, only one study (42) showed a significantly lower WOMAC score in 

the treatment group, while another study (41, split in three datasets 41a, 41b, 41c) showed 

a significant lower WOMAC score in the control group which, however, received NSAID 

as positive control. These results suggested that other plants contributed to the beneficial 

effects or, alternatively, that a synergic effect between different phytoextracts could be 

hypothesised.  

The Authors emphasise that the result should be interpreted carefully; of note is that the 

only study (41) which compared the treatment groups with a positive control was in the 

subgroup of those using only Boswellia. Thus, it was not possible to evaluate and include in 

the meta-analysis studies comparing the administration of herbal formulations containing 

Boswellia bioactive compounds with a positive control. Furthermore, the use of an herbal 

formulation with Boswellia accounts for the 65.9% of the random model applied in the meta-

analysis of the WOMAC score.  
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Figure 8. The efficacy of Boswellia extracts in the management of knee OA: a forest plot of the 

WOMAC score subgroup analysis based on treatment type. 

 

3.5.3 WOMAC score subgroup analysis based on the duration of the trial  

In the subgroup analysis based on the duration of the trial, 4 groups were selected: 0-2 

months (32a, 32c, 34a, 34b, 34c, 34e, 34f, 34g, 41a, 41b, 42), 3-4 months (30a, 32b, 32d, 34d, 

34h, 40a, 21, 41c, 41d), 5-6 months (41e, 41f) and >6 months (30b). The outcome of the 

WOMAC score subgroup analysis based on the duration of the studies is reported in Figure 

9. 

Significant differences were detected by the random effects model among the four groups 

(p= 0.0159), highlighting the fact that the duration of the studies and the outcomes of each 

time point could influence the efficacy of the extracts of Boswellia in the treatment of knee 

OA. Except the >6 -month time period, all the studies showed a small size effect (SMD= -

0.2208 in the 0-2 months period, 0.2921 in the 3-4 months period, and 0.2150 in the 5-6 

months period, respectively). To the best of the Authors’ knowledge, Chopra et al. 

published the only study lasting more than 6 months and showed a medium size effect 

(SMD=-0.7641) (30b). Due to the different outcomes shown in the studies which provided 

more than one time point, it is difficult to understand how time could affect the treatment 

of the disease when using Boswellia.  
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Figure 9. The efficacy of Boswellia extracts in the management of knee OA: a forest plot of the 

WOMAC score subgroup analysis based on duration of the studies including different time-points. 

3.6 VAS score meta-analysis  

The meta-analysis random model did not detect significant differences between the control 

and the treatment groups (p= 0.3966, SMD= -0.1049, 95%-CI= -0.3473 to 0.1376). The forest 

plot of the VAS score meta-analysis is reported in Figure 10. 

Seven datasets (31b, 31c, 33a, 33b, 34a, 37b, 38b) did not show significant differences. On 

the other hand, six datasets showed a significant effect (31a, 34b, 37a, 38a, 40a, 21). Of those, 

3 showed a higher VAS score in the treatment group (31a, 37a, 38a); however, 37a and 38a 

did not use an extract of Boswellia but a supplement containing pure boswellic acids. The 

other 3 datasets (34b, 40a, 21) showed a higher VAS score in the control group 

demonstrating that, in the treatment of knee OA, the effects of extracts of Boswellia are 

contradictory.  
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Figure 10. The efficacy of Boswellia extracts in the management of knee OA: a forest plot of the VAS 

score between the control and the treatment groups in a standard mean difference meta-analysis. 

3.7  VAS score subgroup analysis 

As previously reported for the WOMAC score, a subgroup analysis was carried out, 

splitting the studies based on control types, treatment formulation and duration of the 

study. 

3.7.1 VAS score subgroup analysis based on control type 

In the subgroup analysis based on different types of controls, 3 groups were identified: 

positive control (31a, 31b, 33b, 38a, 38b), placebo (34a, 34b, 37a, 37b, 40a, 21), and finally, 

negative control (31c, 33a). The outcome of the VAS score subgroup analysis is reported in 

Figure 11. 

Significant differences among the groups were not detected by the random effects model 

(p=0.0817), suggesting that different outcomes regarding the efficacy of Boswellia did not 

depend on the type of control. It should be noted that 2 datasets (31a, 38a) reported a lower 

VAS score in the positive control group, while another 3 datasets did not show significant 

differences between the control and the treatment groups. A negative control group was 

used in two studies, and no significant differences were detected in the VAS score with 

respect to the treatment group. Furthermore, the trials which used a placebo as a control 

group had contrasting outcomes with 3 studies which detected a lower VAS score in the 

treatment group (34a, 40a, 21), while another study reported a higher VAS score in the 

treatment group (37a) at the first follow-up but not at the second [34, 40, 21, 37].  
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Figure 11. The efficacy of Boswellia extracts in the management of knee OA: a forest plot of the VAS 

score subgroup analysis based on control type.  

3.7.2 VAS score subgroup analysis based on the supplement type 

A subgroup analysis was carried out splitting the studies into 3 different groups: the use of 

herbal formulation with Boswellia (31a, 31b, 31c, 33a, 33b, 34a, 34b, 21), the use of a 

formulation exclusively containing extract of Boswellia (40a) and the use of a dietary 

supplement containing pure boswellic acids (37a, 37b, 38a, 38b). The outcome of the VAS 

score subgroup analysis based on treatment type is reported in Figure 12.  

Only one study used a formulation exclusively containing a Boswellia extract [40]. 

Significant differences among the three subgroups were detected (p= 0.0371); in fact, 

patients supplemented with the extract of Boswellia showed a significant lower VAS score 

in the treatment group respect to the placebo, suggesting that this type of formulation could 

be helpful in the treatment of patients with knee OA [40]. 

Of the studies which used an herbal formulation also containing Boswellia in association 

with other phytoextracts, 5 datasets did not show a significant difference among the groups 

(31b, 31c, 33a, 33b, 34a) and only 2 datasets showed a significantly lower VAS score in the 

treatment group (34b, 21), while only one dataset showed a significantly higher score than 

the control group (31a). However, a small effect size was calculated regarding the use of an 

herbal formulation containing Boswellia (SMD= -0.1384). Notarnicola et al. [37, 38] were the 

only authors who investigated the use of dietary supplements containing pure boswellic 

acids; at the first time point of both studies (2 months) a significantly lower VAS score was 

determined in the control group (37a, 38a), while at the second time point (6 months), there 

was no significant difference in the VAS score between the treatment and the control groups 
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(37b, 38b). A small effect size was detected in these studies which had investigated the use 

of dietary supplements containing pure boswellic acids (SMD=0.1256).  

 

Figure 12. The efficacy of Boswellia extracts in the management of knee OA: a forest plot of the VAS 

score subgroup analysis based on treatment type. 

 

3.7.3. VAS score subgroup analysis based on the duration of the trial 

The subgroups were split as reported in 3.6.3, with the exception of the last group (>6 

months). To the best of the Authors' knowledge, no research regarding the efficacy of 

Boswellia in the treatment of knee OA using VAS score has lasted longer than 6 months. 

Four studies (six datasets) lasted 0-2 months (33a, 33b, 34a, 34b, 37a, 38a), 2 lasted 3-4 

months (40a, 21) and 3 (5 datasets) lasted 5-6 months (31a, 31b, 31c, 37b, 38b). The forest 

plot of the VAS score subgroup analysis based on the duration of the trial is reported in 

Figure 13. 

A significant difference between the groups was detected (p=0.0069). Of the studies which 

lasted 0-2 months, 3 datasets (33a, 33b, 34a) did not show significant differences between 

the control and the treatment groups, while 2 (37a, 38a) reported a higher VAS score in the 

treatment group, and the remaining one (34b) a lower score with respect to the control 

group. Only the studies of Sengupta et al. (2010) [40] and Sharkey et al. (2021) [21] lasted 3-

4 months and reported a significant difference between the control and the treatment 

groups, with the latter showing a lower VAS score, suggesting a beneficial effect of the 

supplementation. Despite the positive outcomes reported in studies lasting 3-4 months, of 
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the 5 studies lasting 5-6 months, only one study showed significant differences between the 

groups, with a lower VAS in the positive control group [31].   

Of note, in the studies lasting 0-2 months (37a, 38a), Notarnicola et al. reported a significant 

difference in the control group which had a lower VAS score than the control group; 

however, at the last time point (5-6 months), no significant difference was detected (37b, 

38b).   

The studies lasting 0-2 and 5-6 months showed a very small effect size (SMD= -0.0183 and 

SMD= 0.0190, respectively), while the studies included in the 3-4 months group showed a 

large effect size (SMD= -0.8145). 

 

 

Figure 13. The efficacy of Boswellia extracts in the management of knee OA:  a forest plot of the VAS 

score subgroup analysis based on duration of the studies. 

3.8 Meta-regression approach 

To identify which factors had a significant influence on the meta-analysis effect size, meta-

regression was carried out for type of control, type of treatment and time points for both 

the WOMAC and the VAS scores, respectively. The WOMAC score meta-regression 

outcome is reported in Supplementary Figure S2. 

The residual heterogeneity detected was 67.64%% and R2 was 67.29%; this percentage 

satisfactorily explained the I2 residual. No significant association was detected concerning 

the time points and the different formulations used as supplements, suggesting that the 

duration of the study, the follow-ups, and different types of formulation with Boswellia 

(mixed with other extracts or used alone) did not influence the effect size. On the other 
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hand, the use of a placebo as a control was significantly and positively associated with the 

outcome, indicating for the WOMAC score a higher effect size in comparison with a 

negative control (p=0.0365, estimate coefficient=0.8168) or a positive control (p<0.001, 

estimate coefficient=1.6282). Therefore, the meta-regression showed that the use of a 

placebo in the control group is associated with a significant decrease in the WOMAC score 

in the treatment group which received the supplementation with extracts of Boswellia. This 

could be of particular interest for those people who cannot tolerate the standard 

management (NSAIDS) due to concomitant pathologies.  

By contrast, the outcomes obtained for the VAS score meta-regression detected a residual 

heterogeneity of 75.73%; however, the R2 of 11.84% was too low to explain the substantial 

heterogeneity. Therefore, the results of the meta-regression of the VAS score did not show 

any significant association. The VAS score meta-regression outcome is reported in 

Supplementary Figure S3. 

4. Limitations 

On the market there are different products to alleviate OA symptoms based on plant 

extracts with anti-inflammatory activities as C. longa, Z. officinalis, W. somnifera, and H. 

procumbens. Boswellia extracts have been tested in different clinical studies often producing 

contradictory results due to differences in formulations, types of control, and finally, time 

points. Therefore, the meta-analysis was limited by the heterogeneity of the studies 

considered, but this weakness has been overcome using subgroup analysis and meta-

regression. The authors also point out that WOMAC and VAS score are self-reported 

questionnaires, although they are commonly accepted and encouraged in the evaluation of 

knee OA treatment. 

Extracts of the oleogum resin obtained from the Boswellia genus have been used for 

centuries as traditional treatment in Indian Ayurvedic medicine [15].  Accordingly, the 

majority of the studies included in this meta-analysis were carried out in Eastern 

populations, with the exception of some studies carried out in Italy and in the U.S.A. This 

evidence could limit the generalisation of the results obtained. 

The variability and the insufficient characterisation of the supplements deserved special 

attention. It is well known that Boswellia extracts show different composition and quality, 

due to factors which include the use of different species of the genus Boswellia, different 

environmental conditions, and different extraction procedures. A prime example concerns 

the content of boswellic acids which is generally reported to be 65%. This value is often 

unrealistic as boswellic acids represent a percentage of the organic acids present in the 

phytoextract, the content of which is generally determined using unspecific titration 

methods which quantify all the organic acids present in the extract. This inconsistency is 

well known and has previously been highlighted by various authors [17, 44, 45]. 

Finally, the authors stress the fact that meta-analysis is a statistical and scientific technique 

which attempts to point out evidence in areas in which there are papers which report 

divergent outcomes. However, it cannot resolve a lack of evidence [45]. The presence of 

possible effects deriving from not measured or incompletely measured factors cannot be 

excluded. Moreover, as reported by Spector et al. (1991), publication bias and search bias 

68



 

 

are potential problems in all meta-analyses as unpublished studies may be in contrast with 

published results [46].  

5. Strengths and Additional Research Needs 

Recently, three meta-analyses on the efficacy of the use of Boswellia extracts on OA have 

been published. Yu et al. (2020) analysed the effectiveness of Boswellia extracts for the treatment 

of OA in 7 randomised controlled trials [19], while Bannuru et al. (2018) evaluated the effects 

of curcumin and Boswellia [47], and Smedslund et al. (2022) evaluated different available 

treatment options for OA, including the use of Boswellia extracts [48]. This study represents 

an expansion from what Yu et al. [19] reported as it included analysis of 15 studies; in 

addition, unlike the other two studies, it is focused only on Boswellia extracts. 

The strengths of the present meta-analysis are related to the inclusion of prospective studies 

with long-term follow-ups, up to 8 months, and the analysis of the possible sources of 

heterogeneity. In particular, the subgroup analysis and the meta-regression approach have 

clarified which factors, of those analysed, were involved and could significantly change the 

effect size and, consequently, the outcomes of the studies.  

Additional studies including a positive control and analysing the possible effects of 

Boswellia alone or in combination with other phytoextracts are needed. Moreover, this meta-

analysis showed a lack of studies carried out in Europe, with the exception of Italy.  

6. Conclusions 

The anti-inflammatory activity of extracts from the oleogum resin of the Boswellia species 

has been addressed by many studies, including reviews, systematic reviews, and meta-

analyses without, however, coming to any definitive conclusions regarding the actual 

efficacy of this phytoextract [16, 19, 49]. The present study provided additional evidence 

regarding the efficacy of extracts or bioactive molecules obtained from species of the 

Boswellia genus as CAM in knee OA management.  In particular, the subgroup analysis 

demonstrated the significant beneficial effect of Boswellia extracts with respect to a placebo 

(lower WOMAC score in the treatment groups). This was also confirmed in the meta-

regression applied to the WOMAC score. This is an important finding as people exposed to 

NSAID-related adverse effects could benefit from the use of Boswellia extracts.  

However, data regarding adverse effects and toxicity of these supplements are still 

incomplete, albeit extracts of Boswellia spp. haven’t exhibited toxicity in in vivo animal 

models [50]. There is a common sense that herbal products are safe, whilst taking herbal 

remedies can be harmful and consumers are often not aware of their potential adverse 

effects [51]. Therefore, there is a discrepancy between the availability of these products on 

the market and the paucity of scientific information often characterized by poor 

methodology and unreliable clinical analysis [52, 53]. Further high-quality studies are 

needed to establish the clinical efficacy of Boswellia oleogum extracts.  

Finally, another item worth to be considered is the chemical composition of supplements. 

The variability and the inaccurate supplement characterisation deserve special attention, 

due to the lack of unbending guidelines regarding safety and quality of phytoextracts; 

therefore, some marketed products might be absolutely ineffective. A formulation 

containing amounts of boswellic acids determined using a specific, accurate, and possibly 
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standardised HPLC method is a prerequisite for evaluating any beneficial effects of a 

Boswellia extract. 
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Supplementary Figure S1. Jadad score of the studies included in meta-analysis and meta-

regression.  
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Supplementary Figure S2. Meta-regression of the WOMAC score for control, treatment types and 

time points of the studies. 

 

 

 

 

 

Supplementary Figure S3. Meta-regression of the VAS score for controls, treatment types and time 

points of the studies. 
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2.2 MICROALGAE 

Algae are a heterogeneous group of organisms that range in size from tiny cells to giant 

seaweeds; they are mostly photosynthetic organisms including either eukaryotes or 

prokaryotic Cyanobacteria. Algae can be classified based on size and structure in 

macroalgae, which are large enough to be seen with unaided eye, and microalgae with algal 

bodies that need microscope to be observed [48].  Microalgae capture sunlight and perform 

photosynthesis by producing half of atmospheric oxygen on earth and absorbing massive 

amounts of carbone dioxide as a major feed. Furthermore, microalgae can grow in both 

fresh and marine water as well as in almost every environmental condition on earth from 

frozen lands of Scandinavia to hot desert of Sahara. First attempts of microalgae culturing 

begin in 1910 by cultivating Chlorella sp. in Germany [48].  

Biochemical composition of microalgae and Cyanobacteria is well documented; they can be 

a source of proteins, carbohydrates, lipids and important trace nutrients as vitamins, 

antioxidants and trace elements as Fe, Zn and Cu. Furthermore, they can produce 

compounds with antibiotic and anticancer activity. For instance, a wide variety of 

Cyanobacteria produce compounds including sulfolipids that can be active against herpes 

virus, pneumonia virus and HIV [49]. Thus, their nutritional and protective potential is 

gaining importance as a renewable source to substitute the conventional ingredients in the 

field of animal feed [48]; in fact, approximately 30% of microalgae production worldwide 

is sold in the animal feed market [50].  

Some microalgae are also used in the skin care market, the main ones are Arthrospira sp. 

and Chlorella sp. commercialised for contrasting skin aging, stimulating collagen synthesis, 

supporting tissue regeneration and prevenings stria formation [48]. The two above-

mentioned microalgae are considered as safe (GRAS) by Food and Drug Administration 

(FDA).  

Arthrospira sp., known with the popular name of Spirulina, is a genus of blue-green 

microalgae characterised by multicellular and filamentous trichomes belonging to the 

phylum of Cyanobacteria; it has gained considerable popularity in the health and food 

industry and as a protein and vitamin supplement [51]. According to the cylindrical 

arrangement of the multicellular trichomes which is the main morphological hallmark of 

the genus, there are two main species of Arthrospira: Arthrospira maxima and Arthrospira 

platensis [52]. The latter is the most cultivated photosynthetic prokaryote. Spirulina can be 

found in soil, seawater, freshwater, brackish water, marshes and thermal springs and it has 

long been used as a dietary supplement by dwellers living close tropical lakes characterised 

by the presence of alkaline water (pH 11) where the species grows naturally, as lake Chad 

in Africa and lake Texcoco in Mexico. Of note, many studies have hypothesized therapeutic 

properties for A. platensis including immunomodulating, immunostimulating, 

biomodulating, antitumor, regulatory effects in neurodegenerative disorders, antidiabetic, 

anti-obesity, anti-hypertensive and hepatoprotective activity [52]. Furthermore, A.platensis 

has a high mean protein content of more than 60% of the dry mass, is a source of essential 

76



 

 

amino acids, provides appreciable amount of lipids (7.2% w/w), carbohydrates (10.3% 

w/w), crude fibres (8.5 % w/w) and minerals (6.9% w/w), and is considered an interesting 

source of vitamin of B groups (B3, B6 and B12), making it of particular interest in food and 

feed field.  

 

Figure 8. Commercial samples of A.platensis sold in form of tablets or powder. 

Despite the ancient and consolidated use of this species as food supplement in the countries 

of origin, Spirulina was rediscovered and became of interest by the food and feed industries 

only from the 20th century. Due to the above-mentioned properties, the Food and 

Agriculture Organisation defined Arthrospira sp. as a wonderful future source [51]. 

Furthermore, Spirulina had a role in MELISSA (Micro-Ecological Life Support System 

Alternative) project with the aim of being a likely food supplement with long-term storage 

for astronauts in space and in the PROFUTURE project, a European funded research project 

focused on boosting the production and use of protein-rich ingredients from microalgae in 

food and feed [53, 54]. Nowadays, Spirulina is usually grown in photobioreactors where 

the growing conditions can be subjected to controlled conditions improving the quality of 

the product. A. platensis is an attractive food and feed supplement also due to the high 

content of essential trace elements. On the top of that, it has been reported that A. platensis 

has a relevant iron content [55].   

Phycocyanin is a multimeric blue phycobiliprotein and is the most abundant protein 

present in A. platensis with a pivotal role as light-capturing antenna for photosystem II. A. 

platensis hold two distinct photosynthetic reaction centres, included in photosystem I and 

photosystem II, respectively. Each reaction centre is associated with an antenna belonging 

to a light-harvesting complex (LHC) that consist of phycobilisomes which in turn contain 

photosynthetic phycobiliproteins, including phycocyanin, phycoerythrin and 

allophycocyanin [56]. These phycobyliproteins are organized as supramolecular structures 

that assemble forming the phycobilisome as reported in Figure 9.  
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Figure 9. Structure of phycobilisome along with different phycobiliproteins in cyanobacterial cell, 

adapted from Bannu et al., 2019 [56]. 

Phycocyanin is a very complex molecule: it contains α and β-subunits, with a molecular 

mass of 16.3 and 18.9 kDa respectively, and the chromophore phycobilin (Figure 10). Alpha 

and β subunits form the αβ monomer, which further aggregates in trimer or hexamer [56, 

57]. In addition to its essential role as a light capturing antenna, phycocyanin is also studied 

for its medical applications with immunity booster, antioxidant, detoxifier, neuroprotective 

and hepatoprotective activity and it can also be used as a natural blue food colouring.  It 

has been reported that in the decade from 2021 to 2031 phycocyanin bioactive compounds 

will represent an estimated global market of 250 million of US$ [58]. Furthermore, the 

molecular structure of this proteins makes it as the main candidate for binding iron in A. 

platensis, as recently suggested by authors that investigated the iron-chelating properties of 

phycocyanin, at the level of the chain tetrapyrrole chromophore [56, 59]. 
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Figure 10. 3D structure of phycocyanin and chemical structure of the chromophore tetrapyrrole 

chain, adapted from Bannu et al., 2019 [56]. 

Currently, A. platensis found applications as feed in aquaculture for many species 

(Rhabdosargus sarba, Macrobrachium rosenergii, Oreochromis niloticus), poultry, cattle, and 

domestic animals [51].  

Part of the research carried out during the PhD training was focused on A. platensis, with 

with the aim to investigate iron-chelating ability, of bioaccesibility, and speciation of iron, 

with special attention to the proteins that can bind this trace element. In addition, research 

aimed at detecting iron amounts in different samples of A. platensis, assessing variability 

among commercial products. Afterwards, the iron bioaccumulation based on the 

availability of this trace element in the environment of culture was investigated to evaluate 

how it can affect the quality of biomasses of A. platensis. Through chromatographic and 

electrophoretic techniques, proteins of A. platensis were studied, highlighting the pivotal 

role of phycocyanin. Furthermore, the bioaccessibility of iron from A. platensis and others 

algal species was using an in vitro canine digestion model. This latter research shed light on 

this pivotal issue because iron bioaccessibility is fundamental for animal and human health, 

considering the essential biochemical role of this trace element.   
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Isani, G., Ferlizza, E., Bertocchi, M., Dalmonte, T., Menotta, S., Fedrizzi, G., Andreani, G. 

Iron content, iron speciation and phycocyanin in commercial samples of Arthrospira spp. 

International journal of molecular sciences, 2022, 23, 13949. 

In the fourth paper ten commercial samples of A.platensis sold as food supplement have 

been collected in order to evaluate the iron content using atomic absorption spectrometry 

(AAS). Furthermore, in order to assess the distribution of iron between the 

soluble and insoluble fractions of spirulina extracts through exclusion chromatography, 

SDS-PAGE for protein separation and AAS for measuring the iron content were performed. 

Phycocyanin was also investigated as iron-binding protein, and in six of the ten samples, 

14 essential and non-essential trace elements were analysed through inductively coupled 

plasma mass spectrometry (ICP-MS).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

80



 

 

 

 

 

 

81



 

 

 

 

 

 

82



 

 

 

 

 

 

83



 

 

 

 

 

 

84



 

 

 

 

 

 

85



 

 

 

 

 

 

86



 

 

 

 

 

 

87



 

 

 

 

 

 

88



 

 

 

 

 

 

89



 

 

 

 

 

 

90



 

 

 

 

 

 

 

91



 

 

Isani, G., Niccolai, A., Andreani, G., Dalmonte, T., Bellei, E., Bertocchi, M., Tredici, M.R., 

Rodolfi, L. Iron speciation and iron binding proteins in Arthrospira platensis grown in media 

containing different iron concentrations. International journal of molecular sciences, 2022, 23, 

6283.  

In the fifth paper iron bioaccumulation and speciation was investigated in biomasses of 

A.platensis grown in culture media with different iron concentration. Iron content in 

biomasses was measured using AAS, while the iron speciation was investigated through 

size exclusion chromatography followed by proteomic analysis using SDS-PAGE and mass 

spectrometry to identify the most abundant proteins of the biomasses. This research 

provided scientific evidence of the role of phycocyanin as the main iron-binding protein in 

A.platensis and pointed out that A.platensis can accumulate iron depending on the 

concentration present in the culture media. These biomasses can be considered of interest 

for the production of spirulina-based supplements with low and high iron content. 
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Delsante, C., Pinna, C., Sportelli, F., Dalmonte, T., Stefanelli, C., Vecchaito, C.G., Biagi, G. 

Assessment of the effects of edible microalgae in a canine gut model. Animals, 2022, 12, 2100.  

In the sixth paper, in collaboration with the research team headed by Prof. Biagi, the effect 

of four microalgae (A.platensis, Chlorella vulgaris, Haematococcus pluvialis, and Phaeodactylum 

tricornutum) was evaluated on faecal bacterial population in an in vitro canine gut model. 

The microalgae were subjected to an in vitro digestion procedure, composed in a 2 hours 

part representing the gastric phase followed by a 4 hours part simulating the intestinal 

phase. Then, the digested biomasses underwent to a colonic in vitro fermentation. The study 

was a preliminary assessment of the role of microalgae in canine nutrition and their effects 

on the microbiota.  
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Dalmonte, T., Vecchiato, C.G., Biagi, G., Fabbri, M., Andreani, G., Isani, G. Iron 

bioaccessibility and speciation in microalgae used as dog nutrition supplement. Veterinary 

sciences, 2023, 10, 138.  

Finally, the aim of the seventh paper was to investigate the iron content in A. platensis, C. 

vulgaris, H. pluvialis, and P. tricornutum, with emphasis on iron bioaccessibility assessed 

using an in vitro digestion model. It is of vital importance to study how different species of 

microalgae can be used in animal nutrition, assessing how they are digested and what 

amount of nutrients can be absorbed. After the in vitro digestion process carried out in the 

previous study with the collaboration of the research team headed by Professor Biagi, iron 

quantification was measured using atomic absorption spectrometry (AAS) determining 

how much iron was bioaccesible. Moreover, extraction of soluble proteins and size 

exclusion chromatography were applied to investigate iron speciation in the four 

microalgae species investigated. The study suggested preliminary information of the use of 

microalgae in animal nutrition to improve feed iron intake.  
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ONGOING RESEARCH 

1. Introduction 

Regarding the research in microalgae field, a further study was carried out in collaboration 

with IRTA (Institute of Agrifood Research and Technology) in Monells (Girona, Spain) 

under the supervision of Dr. Massimo Castellari, senior coordinator of the European project 

PROFUTURE. This project is aimed at investigating microalgae as a source of high 

biological value proteins with a reduced environmental impact. Particularly, during the 

period at IRTA from 1st of May to 30th of September 2022 and from 1th of May to 31th of July 

2023 the research activity was focused on the characterization of Spirugrass®, a by-product 

derived from phycocyanin extraction of biomasses of Arthrospira platensis. 

Microalgae are going to be exploited as alternative sources in animal nutrition, gaining 

space in commercial products due to their nutritional characteristics, including the high 

content of ω-3 fatty acids, proteins, vitamins and other compounds as carotenoids. 

Currently, microalgae have been added to animal feed for dogs, cats, poultry, swine, rabbits 

and in aquaculture field [1]. However, the production costs of microalgae are still too high 

to be competitive with other sources, such as soybean. Therefore, reuse of by-production 

can be attractive from a perspective of circular economy. In this case Spirugrass® can be 

considered an interesting ingredient for feed integration.  

This research was organized in two steps. In the first phase Spirugrass® obtained from 

AlgoSource (Saint-Nazaire, France) was extracted and characterized.  Different protocols of 

extraction of soluble proteins were tested to find a method that didn’t affect the stability of 

phycocyanin and the yield of the process. Unlike the usual process applied in the extraction 

of soluble proteins from A. platensis, which is based on disrupting procedures as sonication 

to break the cell wall of cyanobacteria, a lighter extraction was chosen due to the fact that 

Spirugrass® is a residual of biomasses which have been previously extracted to obtain 

phycocyanin. Then the soluble fraction was subjected to gelfiltration chromatography. The 

iron content was measured using atomic absorption spectrometry (AAS). 

During the second phase the effect of high-pressure pasteurization (HPP) was studied. 

Samples of Spirugrass® from three different batches underwent HPP at 6000 bar for 5 

minutes, while an aliquot of the same samples was preserved without the above-mentioned 

treatment. Proteins were separated using high pressure liquid chromatography (HPLC). 

Furthermore, proteomic profiles of the fractions were investigated using SDS-PAGE.  

The aims of this research are to characterize the Spirugrass® and to evaluate if HPP affects 

proteomic profile and quality of the product.  

2. Material and Methods 

2.1.  Soluble protein extraction 

The extraction of soluble proteins was performed starting from A. platensis dried biomass 

and Spirugrass®. One-hundred milligrams of the dried biomass of Spirugrass® or A. 

platensis were diluted 1:30 w/v in Tris-HCl 20 mM and 5 mM 2-mercaptoethanol. The 
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samples were vortexed 3 times for 10 seconds and then incubated for 3 hours at 4°C. 

Afterwards, samples were homogenized with Ultra-turrax T25 (Janke & Kunkel; IKA®-

Labortechnik) at 20,500 rpm 3 times for 10 seconds and then centrifuged at 18,000xg for 40 

minutes at 4°C, obtaining the separation between supernatant and pellet. Samples were 

stored at -20°C until analysis. Each extraction was done in triplicate.  

2.2. SDS-PAGE   

Supernatant from previous extractions, SEC and HPLC fractions representative of the major 

peak of iron detected in AAS were loaded onto 4-12% polyacrylamide pre-cast gels 

(NuPage, Thermo Fisher Scientific, Waltham, MA, USA). Protein concentration was 

previously quantified using the Lowry method and phycocyanin concentration was 

quantified using the Bennet & Bogorad equation, as reported below [2]. 

Phycocyanin concentration (mg/mL) = [A620 - 0.474(A652)]/5.34 

Equation 1. Phycocyanin concentration calculation (Bennet & Bogorad, 1973). 

Samples were treated with lithium dodecyl sulfate (LDS; Thermo Fisher Scientific, 

Waltham, MA, USA) and reducing agent (Invitrogen, Thermo Fisher Scientific, Waltham, 

MA, USA) and denatured at 70°C for 10 minutes. SDS-Page was carried out in Novex Mini-

Cell (Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA) and the running buffer 

used was 2-morpholinoethanesulfonic acid (MES) (Nupage, Thermo Fisher Scientific, 

Waltham, MA, USA). Each gel was also loaded with standard proteins of known molecular 

weight (SeeBlue Pre-Stained Standard). The electrophoresis system was connected to a 

power supply 

(Power Pack Basic—Bio-Rad, Hercules, CA, USA) at a constant voltage of 200 V. The gels 

were stained with Quick Coomassie Stain (Protein Ark, Sheffield, UK). After destaining, 

each gel was digitalized using ChemiDocMP (Bio-Rad, Hercules, CA, USA), and the 

pherograms were obtained using the ImageLab 5.2.1 software (Bio-Rad, Hercules, CA, 

USA). 

2.3.   Size exclusion chromatography (SEC) 

For each extract, a volume of 0.8 mL supernatant was applied to a Sephadex G-75 

column (0.9 × 90 cm). The column was calibrated using a commercial 

kit (GF70-1KT, Sigma-Aldrich, St Louis, MO, USA) and the buffer used was Tris-HCl 20 

mM and 5 mM 2-mercaptoethanol. Fractions of 1.5 mL were collected 

and analysed for iron concentration using direct aspiration of the solution into the flame 

of an atomic absorption spectrophotometer (AAnalyst 100, Perkin Elmer, Waltham, MA, 

USA). As for proteomic analysis, SDS-PAGE of fractions was performed.  

2.4. Iron analysis using atomic absorption spectrometry       

To avoid contamination all the reagents were handled carefully and polyethylene 

equipment were washed with 1 N HCl under a fume hood. The pellet obtained from soluble 

proteins extraction process was placed in Teflon jars and was digested in a microwave oven 

according to the following method: 1-2 mL of 65% HNO3 and 0.25-0.5 mL of 30% H2O2 were 
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added to the samples and then analysed using a flame atomic spectrophotometer equipped 

with a deuterium lamp background 

correction (AAnalyst 100, Perkin Elmer, Waltham, MA, USA). Supernatants obtained from 

soluble proteins extraction were diluited 1:10 with MilliQ water and directly analysed. 

Fractions obtained from HPLC were directly analyses without any further treatment. The 

accuracy of the method was evaluated with ERM®–BB422 fish muscle. The concentrations 

found with the method used in this study fell into the certified uncertainty interval given 

by ERM, corresponding to a 95% confidence level. The iron detection limit was 0.04 µg mL-

1. Iron concentrations were reported as µg mL-1 or µg g-1 dw depending on the sample 

analysed. All the reagents were from Merck (Darmstadt, Germany) and the acids were of 

Suprapur grade.  

2.5. High pressure liquid chromatography (HPLC) 

The mobile phase for HPLC was Tris-HCl 20 mM and NaCl 0.15 M; 37% HCl was added 

drop by drop until a pH 8.0 was obtained and then filtered with 0.2µm 47mm GHP 

membrane (Pall Corporation; 600 South Wagner Road; Ann Arbor, Michigan 48103-9019). 

HiPrep 16/60 Sephacryl S-300 High Resolution column (GE Healthcare Bio-Sciences, 

Uppsala, Sweden) was used as stationary phase. The column was washed with 60 mL of bi-

distilled water at 500 µL/min for 2 hours, then with buffer at 500 µL/min overnight.  One 

millilitre of the supernatant previously obtained by soluble proteins extraction was injected 

in HPLC system with a Hamilton glass syringe. Chromatography was carried out with the 

following parameters: AT=1024, CS=0.1, Flow rate 1.000 (1mL/min). The system was 

plugged in with a 280 nm detector. Sixty fractions of 1.5 mL were collected and stored at -

20°C.  

3. Preliminary results and discussion 

3.1 Characterization of Spirugrass®  

A preliminary SDS-PAGE of supernatants obtained from the extraction of soluble proteins 

of A. platensis and Spirugrass® was performed to check the quality and the integrity of the 

proteomes (figure 1). In the third and fourth wells, the supernatants obtained from intact 

A. platensis biomass are shown, while the supernatant of Spirugrass® is shown in the fifth 

well. As a comparison, in the first 2 wells two samples of Spirulysat®, a phycocyanin extract 

from A. platensis biomass produced by Algosource (Saint Nazaire, France), are reported. In 

all samples, including Spirugrass®, the most represented bands are at 18 and 17 kDa. These 

bands contain C-phycocyanin (C-PC) [3]. No intense protein degradation was evidenced. 

However, Spirugrass® extract has an electrophoretic profile characterized by lower 

concentration of phycocyanin and lower molecular mass bands, suggesting possible partial 

fragmentation of proteins of high molecular mass, or, alternatively disaggregation of 

complex molecular structures.  
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Figure 1. Representative SDS-PAGE gel (4-12%, Comassie staining):  (a) from left to right, 

Spirulysat® diluted 1:5 and 1:10 (S1, S2), two A. platensis supernatants diluted 1:5 (S4) and 1:10 (S3, 

) and one Spirugrass® supernatant diluted 1:5  (S5);  molecular mass marker (S6); (b) pherograms 

obtainend from S4 (A. platensis diluted 1:5) and from S5 (Spirugrass® diluted 1:5) are reported as 

examples highlighting the differences between the two matrices.  

The next step involved the analysis of different batches of Spirugrass® as shown in figure 

2 where an SDS-PAGE of three different supernatants is reported. In all the samples, bands 

of low molecular mass between 17 and 18 kDa are present, likely due to the presence of 

phycocyanin α and β-subunits, while differences in high and medium molecular mass 

proteins were evident in extracts from batch B4. Attention should be paid to these 

differences among batches. This variability is not unusual, in fact differences of SDS-PAGE 

profiles in extracts obtained from different commercial samples A. platensis have been 

previously reported by Isani et al., (2022b), suggesting that what we have found in 

Spirugrass® extracts might be due differences of the starting biomasses [4]. 
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Figure 2. Representative SDS-PAGE gel (4-12%, Comassie staining):  Spirugrass® of three different 

batches B2 (S1, S2, S3), B4 (S4, S5, S6), B1 (S7, S8, S9). Each supernatant was analyzed in triplicate. 

 

Non-denaturing size exclusion chromatography (SEC) allowed the separation of soluble 

proteins followed by phycocyanin analysis reading the absorbance at 620 nm and iron 

determination using AAS. The presence of phycocyanin was confirmed after the analysis 

of fractions. In supernatants of A. platensis phycocyanin was present between fractions 10 

and 15 which contain proteins of molecular mass between >75 and 60 kDa, in accordance 

with previous findings (figure 3) [4]. The amount of phycocyanin in Spirugrass® was lower 

and distributed in two peaks of different molecular mass, the first one at >75 kDa and the 

second one at 35-40 kDa, suggesting the presence of different aggregation states of the 

protein.  

 

 

Figure 3. Chromatographic pattern after the size exclusion chromatography of supernatants 

obtained from A. platensis (blue) and Spirugrass® (orange). Phycocyanin was detected at 620 nm. 
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3.2 Iron content and speciation 

A. platensis is characterized by a high iron content. Nevertheless, it has been reported a wide 

variation in iron content of different samples of A. platensis [4]. For this reason, a 

preliminary analysis iron content of A. platensis, Spirugrass® and Spirulysat® was 

measured using AAS. Data are reported in Table 1. Iron content measured in A. platensis 

biomass (374±94 μg g-1) was in line with those reported by Isani et al. (2022b) in commercial 

samples of A. platensis. Interestingly, a consistent iron content was still present in 

Spirugrass® (261±15 μg g-1), suggesting a possible use in the field of animal 

supplementation [4]. 

Table 1. Iron content of A. platensis, Spirugrass® and Spirulysat® measured using AAS. Data are 

reported as mean ± standard deviation (n=3). 

Matrix Fe μg g-1 Fe μg mL-1 

 Platensis biomass 374.33 ± 94.04  

Spirugrass® 261.15 ± 15.01  

Spirulysat®  5.87 ± 3.37 

 

Iron speciation was studied by combining a chromatographic fractionation of proteins 

using SEC associated with sensitive metal detection in fractions using AAS, a hyphenated 

approach which is commonly used in metallomics studies.  Iron content was therefore 

measured in all the fractions obtained from SEC of A. platensis and Spirugrass® 

supernatants (figure 4). The two samples showed a major peak of iron detected between 

fractions 10 and 13, indicating that the element is bound to high molecular mass proteins 

between >75kDa and 60 kDa; the profile obtained after SEC is in line with those reported 

by Isani et al. (2022b) [4]. Moreover, the major peak of iron is overlapping to the peak of 

phycocyanin, confirming that this protein can bind iron also in Spirugrass®. A second 

lower peak of iron was detected between fractions 14-17, as reported by Isani et al. (2022b) 

who found in commercial samples of A. platensis iron also bound to ligands with 

intermediate molecular mass [4].  
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Figure 4. Iron concentrations in SEC fractions of A. platensis (blue) and Spirugrass® (orange) 

supernantants. 

 

3.3 Effect of HPP on Spirugrass® proteins  

HPLC analysis was applied to search for differences in proteomic profiles due to the HPP 

treatment. Representative chromatograms of one batch of Spirugrass® before and after 

treatment are reported in figure 5. 

Before HPP, the chromatogram at 280 nm showed four peaks (figure 5). After HPP 

treatment, the chromatogram showed remarkable changes. In particular, the first peak, 

containing high molecular mass proteins (≥160 kDa), turned in a lower and wider peak. The 

second and third peaks, representative of the blue fractions traceable to phycocyanin, 

showed differences between the chromatograms. Particularly, after HPP, the two peaks 

were less clearly separated and the third peak resulted higher than the second one. It has 

been reported that phycocyanin is very sensible to structure modification, due to 

temperature, pH, solvent used and techniques of extractions as high-pressure methods [5]. 

Noteworthy, pressure of 600 MPa (equal to 6000 bar used in HPP) led to 50% of colour 

losses, and seemed to be likely related to modifications of phycocyanin structure [5]. 

Furthermore, the hypothesis of structure modification or partial degradation of high 

molecular mass proteins and phycocyanin might be confirmed by the increase of the fourth 

peak of the chromatogram which contains lower molecular mass proteins and peptides. 
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Figure 5. HPLC chromatograms of batch 4 of Spirugrass® before HPP (above) and after HPP (below). 

Afterwards, absorbance at 620 nm was read in fractions from 20th to 35th, to detect changes 

in phycocyanin due to the HPP treatment. Absorbance values of fractions of interest are 

reported in figure 6. Before treatment, two peaks of absorbance were measured in fractions 

23 and 31, while after HPP the peaks were less evident and a shift towards low molecular 

mass molecules was detected. 

   

 

Figure 6. Chromatograms of fractions of interest of batch 4 of Spirugrass® before HPP (above) and 

after HPP (below). Phycocyanin was detected at 620nm. 

 

Finally, electrophoresis was applied to evaluate and separate the proteome of Spirugrass® 

before and after HPP. Representative SDS-PAGE gel is reported in figure 6. Phycocyanin is 
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represented by the two sub-unit α and β at 18 and 17 kDa. After the treatment only slight 

differences in protein profile were detected, while an evident decrease of band intensity 

was noted. As reported in bibliography, phycocyanin is a very sensible molecule to 

structure modifications [5].  

SDS-PAGE confirmed that no intense protein degradation was present after HPP, 

suggesting a potential use of Spirugrass® as feed supplement after HPP treatment. 

 

              

                                                                   

Figure 7. Representative SDS-Page gel (4-12%, Comassie staining): (a)  Spirugrass® supernatants 

after (S1(B1), S3 (B2), S5 (B4)) and before (S2 (B1), S4 (B2), S6 (B4)) HPP. Std (S8): molecular mass 

marker; (b) pherograms obtained from S1 (Spirugrass® of B1 after HPP treatment) and from S2 

(Spirugrass® of B1 before HPP treatment) are reported as examples highlighting the differences 

between Spirugrass® before and after HPP treatment. 

4. Conclusions 

After SDS-PAGE, the intensity of bands of phycocyanin subunits suggests that a 

considerable amount of proteins, albeit lower than in A. platensis, is still present in 

Spirugrass®. The SDS-PAGE analysis also highlighted batch-to-batch variations in 

Spirugrass®, underscoring the need for quality control before utilizing Spirugrass® as a 

feed ingredient.  

The investigation of iron speciation using SEC and AAS showed that iron is predominantly 

bound to high molecular mass proteins, including phycocyanin, in both A. platensis and 

Spirugrass®. The presence of a consistent amount of iron in Spirugrass® suggests its 

potential use as a source of this essential trace element in feed supplementation.  

The application of high-pressure pasteurization (HPP) on Spirugrass® biomass derived 

from A. platensis revealed alterations of the proteomic profile. The observed reduction in 

the first peak containing high molecular mass proteins after HPP suggests a potential 

degradation or modification of these proteins. Notably, also the second and third peaks, 
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indicative of the blue fractions containing phycocyanin, showed changes after HPP. The 

sensitivity of phycocyanin to degradation processes, as reported in the literature, further 

supports the hypothesis that the applied pressure during HPP might influence protein 

structure leading to changes of phycocyanin aggregation state. The increase of the fourth 

peak in the chromatograms, representing lower molecular mass proteins and peptides, 

adds evidence supporting the hypothesis of possible modifications of high molecular mass 

proteins and phycocyanin.  

In conclusion, this research on Spirugrass® and its response to HPP has provided valuable 

insights into its potential utilization in animal nutrition. These findings have implications 

for the potential utilization of microalgae by-products in a circular economy, particularly 

in the field of animal feed supplementation. Moreover, understanding the effects of HPP 

contributes valuable knowledge for optimizing extraction processes and ensuring the 

quality of bioactive compounds. Further investigations are needed to explore the specific 

mechanisms by which HPP influences protein structures and to optimize conditions for 

preserving the integrity of valuable components of A. platensis.  

 

5. References 

1. Souza, C.M.M, Bastos, T.S., Santos, M.C. Microalgae use in animal nutrition. Research society 

and development, 2021, 10, 16. 

2. Bennet, A., Bogorad, L. Complementary chromatic adaptation in a filamentous blue-green 

alga. Journal of cell biology, 1973, 58, 2, 419-435. 

3. Isani, G., Niccolai, A., Andreani, G., Dalmonte, T., Bellei, E., Bertocchi, M., Tredici, M.R., 

Rodolfi, L. Iron speciation and iron binding proteins in Arthrospira platensis grown in media 

containing different iron concentrations. International journal of molecular sciences, 2022, 23, 

6283.  

4. Isani, G., Ferlizza, E., Bertocchi, M., Dalmonte, T., Menotta, S., Fedrizzi, G., Andreani, G. 

Iron content, iron speciation and phycocyanin in commercial samples of Arthrospira spp. 

International journal of molecular sciences, 2022, 23, 13949. 

5. Jaeschke, D.P., Teixera, I.R., Marczak, L.D.F., Mercali, G.D. Phycocyanin from Spirulina: a 

review of extraction methods and stability. Food research international, 2021, 143, 110314. 

 

 

 

  

144



 

 

3. CONCLUSIONS 

Supplementation of B. serrata and S. alba in laying hens has shown that these two 

phytoextracts can be considered safe and didn’t affect productivity performance and blood 

biochemical parameters in the subjects of the study. Moreover, no negative effects have 

been detected during pre-laying and early laying phases in serum proteins, egg albumen 

proteins and cholesterol content in yolk between treated and control group. Moreover, in 

eggs of treated group a lower cholesterol content was detected, suggesting an 

hypocholesterolemic effect of the supplementation. This research provides fundamental for 

further research to explore the supplementation efficacy in poultry field, especially in 

laying hens reared on intensive farms and to deepen the potential effects on cholesterol 

content in eggs.  

Furthermore, the meta-analysis study offered significant insights into the potential efficacy 

of Boswellia extracts in knee OA management, particularly in alleviating symptoms as 

reflected by lower WOMAC scores. The findings suggest a promising alternative for 

individuals that suffered the NSAIDs side effects. However, the paucity of complete data 

highlighted the need of additional high-quality research to establish a more comprehensive 

understanding of the clinical benefits and safety profile of Boswellia species in knee OA 

management. This research boost further studies of the use of Boswellia extracts in the 

management of osteoarticular diseases also in animals. However, there is a lack of studies 

regarding the treatment of OA in animals, although OA is a common disease especially in 

dogs. 

Commercial samples of A. platensis-based supplements showed a high variability in iron 

content, confirming data reported in bibliography where processing, storage and growing 

conditions affect the biochemical profile of the microalgae. Moreover, the use of atomic 

absorption spectrometry provided a fingerprint in trace elements field between different 

supplements of Spirulina sold in the market. The authors demonstrated that the content of 

iron in A. platensis can be improved through varying iron concentrations in media of 

cultivation. A. platensis showed that its iron content could be improved increasing iron 

concentration in medium. Furthermore, iron speciation was studied using SEC followed by 

spectrometry techniques, SDS-PAGE, AAS, suggesting the potential role of phycocyanin as 

the main iron binding protein in A. platensis. The studies hold promise for producing 

spirulina-based supplements with different iron content based on the control of the 

concentration of this essential trace element in the culture medium. However, future 

researches are needed on iron-binding ligands in cyanobacteria. 

Afterwards, research on A. platensis continued comparing its supplementation with other 

microalgae used as feed additives in animal nutrition (C.vulgaris, P.tricornutum and 

H.pluvialis) through an in vitro canine digestion system. The digestion simulation allowed 

to investigate the bioaccessibility of iron. C. vulgaris was found to have the highest 

bioaccessible iron content, making it a potentially interesting iron supplement in dog 

nutrition. Spirulina showed also a high iron bioaccessible fraction and high digestibility 
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percentage of 31 and 86%, respectively. A. platensis and C. vulgaris can be both useful as feed 

additives in animal nutrition field, due to the content of iron and proteins. The study 

established promising foundation for further investigation into microalgae used as 

supplementation, emphasizing implication for animal nutrition. 

The study explored the potential use of Spirugrass®, a residual of phycocyanin extraction 

from biomasses of Arthrospira platensis, in animal nutrition field with a reduced 

environmental impact. High-pressure pasteurization (HPP) altered proteomic profiles, 

notably reducing high molecular mass proteins and inducing possible changes in 

phycocyanin aggregation state. However, further investigations are needed to understand 

the mechanisms and optimize conditions for preserving valuable components. 
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5. APPENDIX 

5.1 ADDITIONAL PAPER 

Roncada, P., Isani, G., Peloso, M., Dalmonte, T., Bonan, S., Caprai, E. Pyrrolizidine alkaloids 

from monofloral and multifloral italian honey. International journal of environmental research 

and public health, 2023, 20, 5410.  

In this paper the PhD student took care of the statistical analysis regarding the presence of 

pyrrolizidine alkaloids (PA) in the honey of three different Italian regions following the 

rules suggested by EFSA for the analysis of this type of compounds. Particularly, the lower-

bound approach was used to substitute with zero the values below the LOQ, as indicated 

by EFSA. The central limit theorem was taken into consideration to assess the normality of 

distribution. Kruskal–Wallis one-way ANOVA with Dunn’s multiple comparisons post-

hoc test was performed to determine significant differences among the honey types in the 

same region of origin and among the honey types without taking into consideration the 

origin. The p-value obtained underwent Bonferroni’s correction. The Levene test was 

performed to assess the homoscedasticity and consequently the robust one-way ANOVA 

Tahmane post-hoc test was applied to detect significant differences of the PA/PANO 

content among the three different regions. The presence/absence of PAs was used to create 

a dichotomous variable and X2 test was performed to detect significant association between 

the above-mentioned variable, the honey types and the region of origin. The type and the 

strength of association were assessed by calculating the Cramer V value. 
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