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Abstract: The broiler industry is pivotal in meeting the growing global demand for highly nutritious
animal protein foods. Hence, there is a continuous interest in identifying novel, alternative, and
even unconventional feed resources that could help sustainably support chicken meat production
and quality. In this view, the microalga Spirulina (Arthrospira, formerly Spirulina, platensis), due
to its unique chemical composition and some ecological advantages offered by its cultivation over
traditional agriculture, has attracted great attention in the poultry sector for potential application
in broiler diets, either as a functional supplement or a replacer of conventional protein sources
such as soybean meal. The studies conducted so far seem to have confirmed many of the initial
expectations regarding the advantages that may derive from dietary Spirulina supplementation,
documenting its capacity to positively influence the intestinal and general health status of broiler
chickens, leading to improved or preserved productive performance (under normal or challenging
conditions, respectively), as well as to increased disease resistance and survivability. Furthermore,
dietary Spirulina supplementation has been shown to induce positive changes in some important
traits of broiler meat quality. However, at present, the inclusion of Spirulina in broiler diet, especially
but not solely in relation to the use as an alternative protein source, presents several technical and
economic limitations. To increase the overall awareness around the actual usefulness and practical
usability of Spirulina as a novel natural component of the broiler diet, this review paper seeks to
provide a comprehensive and integrated presentation of what is currently known about this topic,
highlighting critical issues that are still pending and would require further research efforts.

Keywords: microalgae; poultry; feed supplement; alternative protein source; growth performance;
gut health; liver health; oxidative stress; immunity; animal food

1. Introduction

Using novel natural feed supplements and ingredients efficiently is an emerging ap-
proach to health-promoting diets and improved production and sustainability indicators in
the livestock production sector [1,2]. Moreover, including natural products in livestock diets is
regarded as a tool to compensate for the current limitations imposed worldwide on traditional
antimicrobials due to the emergence of antimicrobial-resistant strains of pathogenic bacteria
and protozoa [2-7]. The specific nature-based nutritional novelties that are attracting increasing
attention worldwide for use in livestock farming include a vast array of biological and, in
part, unconventional materials, such as probiotics and prebiotics, herbs and phytocompounds,
mushrooms and yeasts, insects, macro-algal seaweeds, and unicellular microalgae [8-13].
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Microalgae appear to have an exceptionally high potential for application in farm animal
nutrition [1,14]. Indeed, microalgae have been defined as a “superfood” due to the excellent
nutritional value determined by their rich content of many different macro- and micro-nutrients,
which are difficult to find all together in other familiar food sources [15,16]. Moreover, using
microalgae as alternative feed may help mitigate the environmental footprint of the agri-
food sector [1,2,17-19]. For example, microalgae cultivation, especially when performed
in photobioreactors, allows for higher land use efficiency than traditional terrestrial plant
crops while also making it possible for producers to control the factors that are essential
for microalgae biomass productivity, chemical composition, and overall quality (e.g., light
conditions, temperature, pH, pCO,, nutrient supply, exposure to pollutants) [17,18,20].

Among the microalgae species currently commercialized for applications in the food
and feed industry, Arthrospira (formerly Spirulina) platensis (Spirulina) has by far the largest
global production volumes [14,18,20], probably also thanks to characteristics that are
technically favorable to the cultivation and harvesting process [21]. The bulk of this
production is currently sold for human dietary consumption (as powders, liquid extracts,
tablets, drinks, snacks, and pasta), with a relatively smaller market in animal feed [21].

As presented in Table 1, the filamentous prokaryotic microalga Spirulina has an ex-
tremely high protein content (usually > 60% of dry matter) with a complete list of essential
amino acids; moreover, it contains significant levels of carbohydrates, lipids, crude fiber,
and minerals [14,19,22-29]. It is also rich in vitamins, with particularly high levels of
Vit Bs, Vit Bg, Vit Byp, and Vit K [26,30]. In addition, Spirulina contains high amounts
of several functional physiologically active substances [27,31], including among others
various pigments, such as carotenoid pigments ([3-carotene), chlorophylls and phycobilipro-
tein pigment—protein complexes (C-phycocyanin, allophycocyanin), tocopherol, various
phenolic acids (salicylic, trans-cinnamic, synaptic, chlorogenic, quinic, and caffeic acids),
flavonoids, and polyunsaturated fatty acids (the essential y-linolenic acid included and
forming up to 40% of total fatty acids) [22-26,30,32]. Many of these compounds are known
for their antioxidant activity and contribute to the marked antioxidant properties of Spir-
ulina by interacting with each other or with other micro-nutrients [2,3,30,33,34]. Other
valuable biological activities reported for the bioactive components of Spirulina include
anti-inflammatory, immunomodulatory, hypolipidemic, prebiotic, antibacterial, antiviral,
antifungal, antiprotozoal, and anticancer activity [2,3,20,35-37].

Table 1. Nutritional and chemical composition of Arthrospira (Spirulina) platensis.

Item Content ¥ Unit of Measurement Reference
Energy 1327-1603 kJ/100 g [22,26]
Dry matter 88.1-96.0 % wet weight [22,28,29]
Carbohydrates (total) 7.1-22.6 g/100 g dry matter [14,22,24-26]
Crude fiber 0.5-7.0 g/100 g dry matter [14,22,24-26,28,29]
Crude protein 35.4-70.0 g/100 g dry matter [14,22-26,28,29]

Amino Acid Composition

Essential amino acids

Arginine 3.8-4.9
Histidine 0.9-2.7
Isoleucine 3144
Leucine 4.8-8.4
Lysine 2646 [14,22,24,25,28,29]
g/100 g dry matter
Methionine 1.2-2.8
Phenylalanine 2.5-5.8
Threonine 2.8-4.9
Tryptophane 0.1-2.5
Valine 3.3-47
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Table 1. Cont.

Item Content * Unit of Measurement Reference
Non-essential amino acids
Alanine 45-6.5
Aspartate 24-9.2
Cystine 0.4-0.7
Glutamate 5.7-10.7 ¢/100 g dry matter
Glycine 1.8-5.2
Proline 2.0-4.0
Serine 2.8-43
Tyrosine 2.6-3.4
Crude fat 0.6-16.0 g/100 g dry matter [14,22-26,29]

Fatty Acid Composition
Saturated fatty acids 49.2
Monounsaturated fatty acids 8.9
Polyunsaturated fatty acids 419
n-6 fatty acids 404 [22]
n-3 fatty acids 04
n-6/n-3 fatty acids 101
Myristic acid (14:0) 0.2-1.0
Palmitic acid (16:0) 25.8-47.6 [22,24,32]
% of total fatty acids
Palmitoleic acid (16:1c9) 2.3-13.5 [22,24,32]
Stearic acid (18:0) 0.5-3.4 [22,24,32]
Oleic acid (18:1¢9) 1.0-16.6 [22,24,32]
Vaccenic (18:1c11) 0.21-0.73 [22]
Linoleic acid (18:2 n-6) 11.1-31.5 [22,24,32]
y-linoleic acid (18:3 n-6) 12.9-40.1 [22,24,32]
Linolenic acid (18:3 n-3) 0.4 2]
Arachidonic acid (20:0) 0.2
Eicosapentaenoic acid (20:5 n-3) <25
Docosahexaenoic acid (22:6 n-3) <3.0 g/ks ]
Ash 3.0-34.8 g/100 g dry matter [14,19,22,23,25,29]
Minerals

Macrominerals
Calcium 0.23-14.0 [19,22,24,25]
Magnesium 0.77-4.0 [19,22,24,25]
Phosphorous 1.2-22 g/kg [19,22,24,25]
Potassium 6.4-29.1 [19,22,24,25]
Sodium 4.5-96.2 [19,22,24,25]
Microminerals
Copper 0.4-18.7 [19]
Iron 106.0-1800.0 [19,25]
Manganese 13.0-550.0 mg/kg [19,25]
Zinc 0.4-40.0 [19,25]
Vitamins, Pigments, Other Compounds
B1 (thiamine) 5-50 [14,22,25]
B2 (riboflavin) 3046 [22,24]
B3 (niacin) 130-150 [22,24]
B6 4-50 mg/kg [14,22,24,25]
B9 (folic acid) 0.3-99.2 [14,22,24-26]
B12 0.06-3.1 [22,24,26,30]
Vitamin K 22,0 [30]
«-tocopherol (vitamin E) 24.6-750 [14,22,25,26]
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Table 1. Cont.

Item Content ¥ Unit of Measurement Reference
Carotenoids (total) 0.3-26 [22,24,30]
g/kg dry matter
3-carotene 0.02-2.3 [22,26,30]
Chlorophylls (total) 12 [22]
Chlorophyll a 1.2-10.8 g/kg dry matter [22,30]
Chlorophyll b 0.04 [22]
C-phycocyanin 94.9-251.2 24,30
Py g/kg dry matter [ ]
Allophycocyanin 23.0
[24]
2.0-17.3 g/kg dry matter
Phenols (total) 1 GAE
. pmo /g
1.3-6.4 (in carotenoids extracts) [30]
1.0-9.0 g/kg dry matter [24]
Flavonoids (total)
12.9-26.6 . umol QE/g [30]
(in carotenoids extracts)
Polysaccharides 2.0-125.0 g/kg dry matter [24]

) The range reflects variations occurring in the amount of each single component that are determined by
differences in the microalga strain and/or in the cultivation conditions (e.g., temperature, geographical location,
availability of sunlight) [14]. Abbreviations: GAE = gallic acid equivalent; QE = quercetin equivalent.

Due to this unique chemical composition, Spirulina has emerged as a promising candi-
date for inclusion in farm animal feed, either as a functional supplement or replacement
for conventional and less eco-friendly protein sources, such as soybean meal [1,29,38,39],
fishmeal, and groundnut cake [33,40]. In relation to these two potential in-feed applica-
tions, several studies have been conducted to scientifically verify the actual usefulness and
practical usability of this microalga in the nutrition of various aquatic and terrestrial species
of zootechnical interest, including ruminants, pigs, rabbits, fish, and poultry [1,3,22,33,41].

Considering the critical role that chicken meat production plays in fulfilling the in-
creasing global demand for high-quality animal proteins [1,29,39,42], we thought it could
be helpful to outline the types of information that may help commercial broiler producers,
nutritionists, and veterinarians to make informed decisions about adopting Spirulina-based
nutritional strategies. In this view, the present review aims to provide a comprehensive
and integrated presentation of what is known from the published scientific literature re-
garding the effects that the varying dietary inclusion levels of Spirulina required for the
two different in-feed applications mentioned above (i.e., “functional supplement” and
“alternative protein source”) can produce in fast-growing broiler chickens, with particular
regard to productive performance (including growth and carcass performance), health
status (both intestinal and extra-intestinal, the latter related to the systemic antioxidant
status, liver health, and immune system health), disease and stress resistance, and meat
quality (various nutritional, physicochemical and sensory traits). Advantages, limitations,
and critical issues that are still pending will be highlighted and discussed.

2. Methods

The literature search and article selection processes undertaken for this review were
carried out according to a methodology that was adapted from the Preferred Reporting
Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines [43] and their
extension for Scoping Reviews (PRISMA-ScR) [44]. In July 2024, three electronic databases,
including PubMed, Scopus, and Web of Science, were searched for papers published in
English between January 1994 and July 2024. The search was performed using the following
terms/phrases (in relation to article title, abstract, and keywords): “Spirulina AND broiler”,
“Spirulina AND broiler AND feed”, “Spirulina AND broiler AND supplement”, “Spirulina
AND broiler AND protein”, “Spirulina AND broiler AND performance”, “Spirulina AND
broiler AND intestinal”, “Spirulina AND broiler AND digestibility”, ”Spirulina AND
broiler AND antioxidant”, “Spirulina AND broiler AND metabolism”, “Spirulina AND
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broiler AND liver”, “Spirulina AND broiler AND kidney”, “Spirulina AND broiler AND
immunity”, and “Spirulina AND broiler AND meat”.

The duplicates from the different databases were eliminated among the identified
publications. The relevant sources were selected by verification that the study under
examination targeted the use of Spirulina as a functional supplement or alternative protein
source in the diet of fast-growing broiler chickens and reported information specifically
related to its effects on the chickens’ productive performance (growth and carcass), health
status (particularly intestinal health, systemic antioxidant status, liver health, and immune
health), disease and stress resistance, and/or meat quality. This verification was initially
made by reading the articles’ titles and abstracts and then the whole text. Articles that
did not address the review questions were excluded. The references listed in the articles
resulting from this selection were also consulted to identify additional scientific articles
that could be relevant, including studies published outside the selected time frame.

3. Results

The database query allowed the identification of 253 manuscripts (50 via PubMed,
98 via Scopus, and 105 via Web of Science). After removing 120 duplicates among the different
searches, the remaining 133 articles were evaluated for eligibility. By sequentially evaluating
the titles, abstracts, and full texts, 70 articles were excluded (because they were deemed not
relevant or because of other reasons, such as the fact that the full text could not be found or was
not in English or Spirulina was tested as the component of a mixture with other supplements).
From the bibliographies associated with the retained articles, 15 additional relevant refer-
ences were imported. Overall, 78 articles were selected for the present review, among which
60 research papers served as the basis for our discussion (Figure 1).

The main findings from these research papers are summarized in eleven tables (namely,
Tables 2, 4-11, 13 and 14). Based on the review question, each table groups information
about specific aspects of broiler chickens” productive performance, health status, and/or
meat quality on which the effects of dietary inclusion of Spirulina as either a supplement or a
soybean replacer have been investigated (see the overview provided at the beginning of the
Discussion section). Most of the tables group information collected under normal rearing
conditions (namely, Tables 2, 4-8, 13 and 14), whereas some tables present information
collected under challenging conditions (namely, Tables 9-11). Within each table, to facilitate
comparisons between studies, the various Spirulina levels tested in the published literature
are reported using the same measurement unit (i.e., final % of inclusion in feed or in
drinking water), although in some cases this differs from that used in the original source
publication. Whenever feasible, the selected research papers are listed within a table in
increasing order of dietary Spirulina inclusion level and are mentioned and discussed in
the main text according to the same sequence.

Two additional tables (namely, Tables 3 and 12) and a figure (namely, Figure 3) were
constructed to highlight peculiar aspects of the experimental conditions adopted in some of
the studies examined for the present review that were deemed useful for the interpretation
of some of the findings. Finally, a figure was created and placed in the last section of the
discussion (namely, Figure 4) to provide an overview of all aspects of broiler chickens’
physiology that have actually been found to be responsive to dietary Spirulina when
included in feed as either a supplement or a soybean replacer.
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Figure 1. Flow diagram for article selection according to PRISMA guidelines.

4. Discussion

Below is an overview of the main points that will be addressed and developed to help
the readers more quickly identify the sections and subsections of this discussion that deal
with the information in which they are more interested (Figure 2).
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Sections

4.1. Effects of Spirulina as “functional feed
supplement” on productive performance and
health status of broiler chickens

4.2. Effects of Spirulina as “alternative protein
source” on productive performance and health
status of broiler chickens

[ Subsections ] [ Paragraphs } [ Iconography J
_.l (a) Effects on Growth Performance Tables 2, 3
— | 4.1.1. Effects on productive performance ;! (b) Effects on Carcass Performance Table 4
and intestinal health of broiler chickens
_,I (c) Effects on Intestinal Health L_M
(a) Effects on the Systemic Antioxidant Table 6
Status abe
4.1.2. Effects on the general health of
» | broiler chickens, including systemic ;I (b) Effects on Liver Health Table 7
antioxidant status, liver health, and
immune health (c) Effects on Immune Health (and
»| Protection Against Pathogen Challenges) Tables 8,9
4.1.3. Effects on the productive | (2) Protection against Physical Challenges Table 10
performance and health status (intestinal (Heat Stress)
» | and/or extra-intestinal) of broiler chickens - - -
exposed to physical and chemical (b) Protection against Chemical
challenges L—p{ Challenges (Aflatoxins, Heavy Metals, Table 11
Pesticides)
(a) Effects on Productive (Growth)
Performance
Table 12
(b) Effects on Intestinal Health Figure 3

(c) Effects on General Health

l iJL l

(a) Effects on Meat Nutritional
Composition and Oxidative Stability

Table 13

4.3. Effects of Spirulina as either “functional
feed supplement” or “alternative protein
source” on the quality of broiler chickens’ meat

(b) Effects on Meat Physicochemical
Properties and Sensory Attributes

Table 14

(c) Effects on Meat Microbiological
Quality and Safety

(a) Impact of dietary Spirulina on the

}

4.4. Integrated Perspective with Economic
Considerations: Opportunities and Challenges

physiology of broiler chicken production

Figure 4

L

(b) Impact of dietary Spirulina on the

|

economics of broiler chicken production

Figure 2. Overview of the various Sections, Subsections and paragraphs in which the Discussion is
arranged, along with an indication of the Tables and/or Figures related to each part.

4.1. Effects of Spirulina as “Functional Feed Supplement” on Productive Performance and Health
Status of Broiler Chickens

4.1.1. Effects on Productive Performance and Intestinal Health of Broiler Chickens

Several of the research papers included in the reviewed literature (25 out of 60) focused
on the use of Spirulina as a feed supplement, evaluating its ability to positively influence
the growth performance of broiler chickens reared under standard intensive conditions
(Table 2). In many of these studies (13 out of 25), the impact of dietary Spirulina supple-
mentation was also evaluated in terms of carcass performance (Table 3). Moreover, some
research groups explored whether potential changes occurring in one or more aspects of the
productive performance of broilers fed Spirulina-supplemented diets could be somehow
related to concomitant changes in the intestinal health status of the animals (Table 3).

(a) Effects on Growth Performance

Based on the data available from the reviewed literature, broiler chickens fed Spirulina-
supplemented diets may show either unchanged or improved growth performance param-
eters (Table 2). This different outcome, when reported by studies that tested the effects of
dietary Spirulina across a range of graded supplementation levels [4,5,41,45,46], is in large
part justifiable in light of the level of Spirulina inclusion in the broiler diet, with the lower
levels tested being usually ineffective, or less effective than the higher ones at improving
chickens’ growth performances. However, the impact of dietary Spirulina supplemen-
tation on the chickens’ growth performances can also be variable (i.e., able or unable to
improve growth indices, and with different magnitudes of the possible improvements)
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when the same inclusion level of Spirulina is compared for its effectiveness across different
studies [47-50]. This, more appropriately termed, inconsistency, is likely dependent on
inter-study differences involving the several factors that have the potential to influence
the animal response to a certain amount of Spirulina, and that includes the duration of
the feeding period [2,6,51-53], the form of the Spirulina product administered (e.g., whole
dried alga, powder, or liquid extract) [54], the mode of administration of the Spirulina
product (via feed or via drinking water) and the method of the possible incorporation in
feed [2,47,54,55], the chemical composition of the Spirulina product administered (which
in turn can vary considerably in relation to the specific microalga strain, the microalga
cultivation conditions, the post-harvesting processing methods, the storage conditions of
the end-product) [1,2,6,19,23,26,31,56], the sex, age (growth phase) and genetics (specific
broiler hybrid or strain) of the Spirulina-fed animals, the composition of the basal diet in
which Spirulina is included, the housing and environmental conditions, and the type of
production system [2,49].

From the perspective of inter-study comparisons, it is a fact that only a few of the ex-
perimental studies examined for the present review reported that dietary Spirulina supple-
mentation was utterly unable to improve growth in broiler chickens (Table 2). More specif-
ically, they are El-Bahr et al. (2020), who tested Spirulina at an inclusion level of 0.1% [47];
Qureshi et al. (1996), who tested four different dietary inclusion levels of Spirulina ranging
from 0.001% to 1% (and including 0.01% and 0.1%) [57]; Bonos et al. (2016), who tested 0.5%
and 1% Spirulina-supplemented diets [49]; and Mirzaie et al. (2018), who tested dietary
Spirulina supplementation levels of 0.5%, 1%, and 2% [58]. By contrast, the majority of
the studies showed that significant improvements in one or more growth performance
indices can be obtained by supplementing the broiler diet with various appropriate levels of
Spirulina, among which the levels labeled as “ineffective” by the abovementioned research
groups are also included (Table 2).

The lowest level of dietary Spirulina supplementation that seems effective at im-
proving chickens’ growth performances is 0.05%. These data derive from the study by
Fathi et al. (2018) [4], who tested Spirulina at four different and relatively low dietary sup-
plementation levels in a broiler diet (0.03, 0.05, 0.07, and 0.09%) [4]. No performance-related
effect at all was observed with the lowest level (0.03%), whereas the other three levels
(0.05%, 0.07%, and 0.09%) resulted equieffective in determining significantly improved live
body weight (BW) (=+6.5%), BW gain (BWG) (=+7.1%), and feed conversion ratio (FCR)
(=—13.1%). Slightly more pronounced increases in BW (+8.7%) and BWG (+9.4%) were
recorded at the 0.09% level, but the difference in the increases produced by the other levels
was not statistically significant.

The growth-promoting efficacy reported by Fathi et al. (2018) for a broiler diet sup-
plemented with 0.09% Spirulina appears consistent, at least in part, with the findings
from two other studies that tested Spirulina at an inclusion level of 0.1% [50,59]. Notably,
in one of these studies, the 0.1% Spirulina-supplemented diet resulted in increased final
BW (+6%) compared with the control-fed chickens, though it did not cause any significant
improvements in the BWG and FCR values [50]. On the other hand, in the other study, the
same level of dietary Spirulina supplementation (0.1%) led to a slightly though significantly
increased BWG (+2.8%), with no changes in the final BW and FCR values [59]. In closer
agreement with the results obtained by Fathi et al. (2018), Abou-Zeid et al. (2015) reported
that the dietary inclusion of Spirulina at 0.1% was effective at improving all performance
indices of the chickens (final BW: +7.1%; BWG: +7.2%; and FCR: —9.8%) [4,60]. Moreover,
in the same study, a two-fold higher level of dietary supplementation (0.2%) produced
more pronounced improvements (final BW: +13.6%; BWG: +13.8%; and FCR: —14.4%).
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Table 2. Overview of the studies evaluating the effects of dietary Spirulina supplementation on the growth performance of broiler chickens.
Spirulina Level . e Feeding Period Effect
(%) Chicken Strain/Line (Overall Duration) (Growth Indices Involved) Notes Reference
In this study, Spirulina was compared
0.1 Cobb 500 From D to D36 o change with two other microalgae species [47]
(32 days) (FBW, BWG, ADFI, FCR) gae sp
(Chlorella vulgaris; Amphora coffeaformis).
From D1 to D21 No change
0.01-0.1-1 Arbor Acres (21 days) (FBW, FCR) - [57]
From D1 to D42 No change
0.5-1 ) (42 days) (FBW, FCR) ) [49]
Starting from D38 (until D44), the
From D17 to D38 No change chickens were exposed to heat stress to
0.5-1-2 Cobb 500 p 58
© (21 days) (FBW, BWG, ADFI, FCR) evaluate the performance protective L5%]
potential of Spirulina.
Mo change The th ffective level
From D7 to D38 (FBW, BWG, ADFI, FCR) e three effective levels
0.03-0.05-0.07-0.09 Cobb (31 days) Improvement were equieffective. [4]
(1 FBW, T BWG, ] FCR)
From D1 to D42 Improvement
0.1 Hubbard (42 days) (1 FBW) - [50]
This study also evaluated the
0.1 Ross 308 From D1 to D42 Improvement erformance protective potential of [59]
(42 days) (1 BWG) 1% P P
Spirulina against exposure to AFB1.
The effect was dose-dependent;
0.1-0.2 Cobb From D1 to D42 Improvement In this study, Spirulina was compared [60]
(42 days) (T FBW, 1 BWG, | FCR) with another microalgae species
(Chlorella vulgaris).
No change The lowest level (0.1%) only produced
01-015.0 Atbor Acres From D1 to D42 (BWG, ADFI, FCR) a slight increase in ADFL
T (42 days) Improvement The effect of the two higher levels [45]
(1 BWG, 1 ADF], | FCR) (0.15 and 0.2%) was dose-dependent.
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Table 2. Cont.
Spirulina Level . e Feeding Period Effect
(%) Chicken Strain/Line (Overall Duration) (Growth Indices Involved) Notes Reference
Improvement In this study, Spirulina was compared
From D1 to D42 Y, op P
0.2 Cobb 500 rot(l;z d a;s) (T FBW, 1 BWG, with two other supplements (citric acid; [61]
1 ADFI, | FCR) cinnamon oil).
No change The eff f th higher level
From D1 to D35 (FBW, BWG, ADFI, FCR) ¢ effect of the two higher levels
0.1-0.3-0.5 Cobb 500 (35 days) Improvement (0.3 and 0.5%) was dose-dependent. [41]
(+ FBW, T BWG, | FCR)
From D1 to D28 Improvement The three effective levels
0.2-0.4-0.8 Cobb 500 62
© (28 days) (1 FBW, | FCR) were equieffective. 2]
From D1 to D35 Improvement The effect linearly increased as the
0.25-0.5-0.75-1 Ross 308 y 63
088 (35 days) (Tt BWG, | FCR, 1 EPEI) inclusion level increased. [63]
The lowest level (0.5%) only produced
Improvement a decrease in FCR;
F D1 to D35 ’
0.5-1 Cobb r01(1;5 da;s) (T FBW, 1 BWG, In this study, Spirulina was compared [48]
1 ADFI, | FCR) with another microalgae species
(Amphora coffeaformis).
No change The lowest of the two effective levels
_ From D1 to D56 (FBW, BWG, ADFI, FCR) (().50/?) only produced a decrease in FCR;
0.25-0.5-1 Fayoumi (56 days) Improvement In this study, the feeding behavior was [5]
(t FBW, 1 BWG, alsooexamingd (decreased in response
| ADFI, | FCR) to 1% Spirulina).
) Cobb 500 From D22 to D42 Improvement This study also evah.lated the . o
o (20 days) (+ FBW, 1 BWG, 1 ADFI) performance protective potential of [64]
Spirulina against Escherichia coli infection.
Improvement In this study, Spirulina was compared
From D1 to D35 Y op P
1 Cobb 500 rom © (T FBW, 1 BWG, with citric acid and their combination [65]

(35 days)

+ ADFI, | FCR)

was also tested.
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Table 2. Cont.
Spirulina Level . . s Feeding Period Effect
(%) Chicken Strain/Line (Overall Duration) (Growth Indices Involved) Notes Reference
No change ) o
From D1 to D35 (FBW, BWG, ADFI, FCR) In this study, Spirulina was compared
1-15 Cobb 500 (35 days) Improvement with the plant Moringa oleifera. [46]
(1 FBW, 1 BWG)
The lowest and intermediate levels
From D1 to D35 Improvement (0.5 and 1%) were equieffective, the
0.5-1-1.5 Vencobb q ’ 66
(35 days) (1 FBW) highest level (1.5%) was the Leel
most effective.
This study also evaluated the
5 Cobb From D1 to D35 Improvement performance protective potential of [67]
(35 days) (t FBW, T BWG, | FCR) Spirulina against exposure
to deltamethrin.
In this study, Spirulina was
administered via drinking water;
Improvement This study also evaluated the
From D1 to D35 P erformance protective potential of
2 Ross 308 (1 FBW, 1 BWG, p p p [68]
(35 days) + ADFI, | FCR) Spirulina against Enterococcus faecalis
’ infection, comparing it with that of
prebiotics, probiotics,
and oxytetracycline.
This study also evaluated the effect of
From D1 to D35 Improvement supplementing the
3 Cobb 500 pp & 69
(35 days) (T FBW, T BWG, 1 ADFI) Spirulina-containing diet with the [69]
carbohydrate active enzyme xylanase.
Starting from D22 (until D35) the
From D1 to D21 Improvement chickens were exposed to heat stress to
3 Cobb 500 p 70
(21 days) (T FBW) evaluate the performance protective 701

potential of Spirulina.
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Table 2. Cont.
Spirulina Level . e Feeding Period Effect
(%) Chicken Strain/Line (Overall Duration) (Growth Indices Involved) Notes Reference
Improvement e Alllevels were equieffective at
1034 Ross 308 From D1 to D42 (1 FBW, 1 BWG, improving FBW, BWG, and EPEL; [71]
(42 days) | FCR, 1 EPEI) e  The improvement of FCR was recorded
’ only with the highest level (4%).
e  The effect produced by the highest
level (5%) showed lower magnitude
From D1 to D38 Improvement
1-2.5-5 Arbor Acres (38 days) }() | FCR) than that produced by the intermediate [72]

(2.5%) and lower (1%) levels, which
were equieffective.

The “1 ”or “] ”arrows indicate that an increase or a decrease, respectively, was observed in the parameter with the experimental diet (Spirulina-containing) compared with the standard
broiler diet (control). Where two or more levels of Spirulina supplementation were tested, and only some proved effective, the effective ones appear underlined. Abbreviations: D = day;
FBW = final body weight; BWG = body weight gain; ADFI = average daily feed intake; FCR = feed conversion ratio; EPEI = European production efficiency index.
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Khan et al. (2020), instead, obtained disappointing results with 0.1% Spirulina-supplemented
diets (only a slight increase in FI: +1.4%) but confirmed the growth-promoting efficacy of
Spirulina at a 0.2% inclusion level, which resulted in improved BWG (+12.5%), FI (+8.95%),
and FCR (—9.8%) in comparison with unsupplemented control birds [45]. Similar positive
results regarding the growth-promoting efficacy of 0.2% Spirulina-supplemented diets
were also reported by El-Sharnobey et al. (2023) (final BW: +11.2%; BWG: +15.2%; FI: +1.1%;
FCR: —8.8%) [61]. In a recent study by Abdelfatah et al. (2024), a 0.1% dietary inclusion
level of Spirulina proved again unable to exert any influence on the growth performance
of broiler chickens; however, two higher levels of Spirulina supplementation, particularly
0.3% and 0.5%, were found effective at improving growth performance indices, with the
higher level of supplementation (0.5%) performing better as a growth booster for broiler
chicks than the lower one (0.3%), and leading, approximately, to a +5.6% increase in final
BW, +5.7% increase in BWG, and —5.5% decrease in FCR [41].

A further two studies have substantially confirmed the overall growth-promoting
efficacy of levels of Spirulina supplementation in the feed that is equal to 0.2-0.25%, or
higher (0.4-0.5%), moreover also demonstrating this efficacy for inclusion levels up to 1%
(0.75-0.8-1%) [62,63]. A difference between these two reports is that Jamil et al. (2015)
(probably because of a relatively short feeding period of 28 days) found supplementation
levels of 0.2%, 0.4%, and 0.8% to be equieffective at improving final BW (+6.7%) and FCR
(—9.0%) of Spirulina-fed broiler chickens [62], whereas Park et al. (2018) demonstrated
(after 35 days of feeding) that BWG, FCR, and the European production efficiency index
(EPEI = BW/d x survival rate/FCR x 10) improved linearly (i.e., dose-dependently) as
the dietary Spirulina inclusion level increased from 0.25 to 1.0%, with the most significant
improvements (BWG: +4.2%; FCR: —2.9%; EPEI: +8.4%) being recorded with the highest
level of dietary supplementation (1%) [63].

The superiority of 1% over lower levels of dietary supplementation with Spirulina,
particularly 0.5%, was also reported by Alwaleed et al. (2021) and Hassan et al. (2022) [5,48].
In both of these studies, 0.5% Spirulina-containing diets were found to induce only a signif-
icant decrease in FCR (—8.9% and —9.4%, respectively), whereas dietary supplementation
at 1% resulted in a significantly improved final BW (+25.9% and +12.6%, respectively),
BWG (+12.1 and +13.2%, respectively), and FCR (—12.3% and —19.7%, respectively). It is
interesting to note that while Alwaleed et al. (2021) found FI to be significantly increased
with a 1% Spirulina-containing diet (+9.8%), Hassan et al. (2022) observed significantly
decreased FI (—9.8%) along with a decrease in the feeding behavior, probably accounting
for the considerable magnitude of the improvement in FCR values recorded in their study.
In addition, it is worth noting that the significant chicken growth improvements reported
by Hassan et al. (2022) in response to 1% dietary Spirulina were recorded only after 8 weeks
(56 days) of feeding, that is, after a longer feeding time compared with the 35-42 days
more commonly adopted in the feeding trials by other authors (Table 2) [5]. The fact that
the experiment was conducted using a local chicken strain (Fayoumi) may account for the
peculiar observations made by this group of investigators.

The efficacy of 1% Spirulina at improving broiler chicken growth performance when in-
corporated into the diet as a feed supplement was also reported by Alaqil and Abbas (2023)
and Ismita et al. (2022) [64,65]. The first group of investigators recorded increased BW
(+5.4%), increased BWG (+7.9%), and increased FI (+6%), with no change in FCR, in Cobb
500 chickens after 20 days of feeding (from day 22 to day 42 of age). Ismita et al. (2022),
by subjecting Cobb 500 chickens to a more extended feeding trial of 35 days (starting
from day of hatching), recorded a similar increase in FI (+5.9%) but more pronounced
improvements in the other growth performance indices, with BW and BWG increased by
+17.4% and +18.7%, respectively, and FCR showing significant decrease (—10.9%) relative
to chickens fed the control diet. By contrast, Sharmin et al. (2020), although using the same
chicken strain and duration of feeding period as Ismita et al. (2022), did not observe any
significant growth improvements in response to 1% Spirulina-containing diets [46]. Some
differences in the composition of the Spirulina products used in the two studies may have
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played a significant role in determining this different outcome, with the product used by
Sharmin et al. (2020) probably containing fewer Spirulina-derived growth-promoting
components than the product used by Ismita et al. (2022). Unfortunately, neither of the
two studies (like many others in the literature reviewed) provided information regarding
the chemical composition of the Spirulina product used, and this hampers the verification
of this hypothesis. However, in partial corroboration of it, Sharmin et al. (2020) found
that significant improvements in some growth performance parameters could be obtained
(BW: +7.7%; BWG: +7.7%) when the broilers were fed a diet supplemented with a slightly
higher number of Spirulina (1.5%). In the study by Khadanga et al. (2023), dietary sup-
plementation of Spirulina proved able to improve chickens’ final BWs at either 0.5%, 1%,
or 1.5%; however, the highest inclusion level of 1.5% was found to be the most effective
(+13.4% versus +8.7 and +6.8%) [66].

In another study, evidence was provided that dietary Spirulina supplementation can
also improve Cobb chickens’ growth performances at an inclusion level of 2%
(BW: +10.3%; BWG: +11.1%; FCR: —9.4%) [67]. Interestingly, some authors obtained
even more pronounced improvements in the growth performance indices by administering
Spirulina at a 2% final concentration in the drinking water (BW: +12.5%; BWG: +19.3%;
FI: +1.6%; FCR: —15.0%) [68]. The different modes of administering Spirulina and/or the
different chicken strains (Ross 308) used by these authors are among the factors that may
have contributed to the more positive outcome.

A positive influence of Spirulina as a feed supplement on the growth performance
of Cobb chickens has also been reported for an inclusion level of 3% [69]. Notably, the
authors of this study documented significantly and considerably increased BW (+50.0%),
average daily BWG (+52.5%), and average daily FI (+42.4%) in the Spirulina-supplemented
birds after 35 days of feeding, as compared with the control group; FCR was numerically
reduced by 6.3%, but statistical significance was not achieved. In another report by the same
research group [70], further confirmatory evidence was provided for the positive effects of
a diet supplemented with Spirulina at 3% on broiler growth performance (increased BW),
in this case, after a feeding period of a shorter duration (21 days).

Finally, based on the reviewed literature, the highest levels of Spirulina inclusion in
broiler diets reported to be associated with improvements in one or more growth performance
parameters were 4% [71] and 5% [72]. More specifically, in the study by Abbass et al. (2020),
diets supplemented with Spirulina at 1%, 2%, 3%, and 4% were found to be equieffective at
improving BW (+5.5%), BWG (+5.6%), and EPEI (+5.5%), with no changes in the FI; in addition,
the 4% supplemented diet also resulted in a significantly improved FCR (—4.9%) [71]. In the
study by Raach-Moujahed et al. (2021), all of the three dietary inclusion levels tested, namely
1%, 2.5%, and 5%, determined numerical increases in BW and BWG, and numerical decreases
in FI resulted in significant reductions in the FCR value; however, with the diet containing
5% Spirulina, this effect showed lower magnitude than that obtained with the diet containing
Spirulina at 2.5% (—7.7% and —15.4%, respectively) [72].

As we will also discuss later (see Section 4.2), it is worth noting that using Spirulina
as a growth-promoting feed supplement may require some adjustments to keep the diet
balanced [48,58,69,72]. Depending on [71] the nutritional quality of the Spirulina product
used, some of the experimental studies examined reported adjustments to the diet even at
supplementation levels as low as 0.5% [48,58]. These adjustments usually involved, among
others, reducing some of the overall amounts of dietary soybeans [48,58,69,71,72]. For
supplementation levels of up to 2-3% [58,69,71,72], the magnitude of this reduction did not
exceed 10% of the total dietary soybean content, with 1.3-1.9% being the minimum amount
of soybean removed in the formulation of 0.5% Spirulina-supplemented diets [48,58]
(Table 3). However, when looking at studies in which Spirulina was added to the broiler
diet at the higher supplementation levels of 4% [71] and 5% [72], the total amount of dietary
soybean resulted to be reduced by 12.5% and 18.8%, respectively (Table 3). Therefore,
in these cases, the boundary between using Spirulina as a “feed supplement” and using
Spirulina as a “replacement of conventional protein sources” becomes less defined.



Life 2024, 14, 1537

15 of 81

Table 3. Percentage of total dietary soybean removed as an adjustment to broiler diets supplemented
with varying levels of Spirulina.

Spirulina Inclusion Level

0.5% 1% 2% 2.5% 3% 4% 5% Reference
1.6 34 6.8 - - _ _ [55]
13*19* 3.9%-9.9* - - - i _ [43]
) . - - 4.9 %68 * - - [69]
- 3.1 6.25 - 9.4 125 - [71]
- 3.1 - 9.4 - - 18.8 [72]

* Grower diet, * finisher diet; ** starter diet, ** finisher diet.

Staying on the subject of dietary Spirulina as a functional supplement with likely
effectiveness at promoting the growth of broiler chickens, some additional considerations
have to be made which are covered in the following two paragraphs.

(b) Effects on Carcass Performance

First, it should be emphasized that positive changes in the growth performance indices
(particularly final BW) become more meaningful from the point of view of broiler meat
production if they occur in association with a favorable carcass performance. In other terms,
it is desirable that under the influence of Spirulina supplementation, the proportional
contribution of the weights of the different parts of the animal body (i.e., bones, muscles,
internal organs, abdominal fat, and so on) to an overall increased pre-slaughter BW varies in
a way that an increase can be recorded in the relative weight of the whole eviscerated carcass
(dressing percentage) and/or its “noble” edible components (meat yield). In contrast, a
decrease should occur in the relative weights of waste internal components removed upon
evisceration (e.g., the abdominal fat pad). The occurrence of no change in the carcass
composition may be considered an acceptable (though nonoptimal) outcome. From this
“carcass perspective” too, the effects of using Spirulina as a functional supplement in
broiler diet seem generally positive (Table 4), as also commented by other authors [52].
Many authors consistently reported desirable improvements in one or more carcass-related
parameters, who observed significant growth enhancement with Spirulina supplementation
levels of up to 0.5% and included increased dressing percentage [41,45,50,60,61], increased
relative weight of edible parts [41,60], and reduced relative weight of abdominal fat [60].
A noteworthy exception is the study of Fathi et al. (2018), where despite a favorably
reduced relative weight of abdominal fat, a decrease in the relative weights of the half breast
and half rear was recorded at all of the inclusion levels tested (0.03-0.05-0.07-0.09%) [4].
In studies testing higher levels of Spirulina supplementation, carcass-related parameters
were reported to be either improved or unchanged. More specifically, Park et al. (2018)
and Hassan et al. (2022), who obtained the most pronounced growth improvements with
Spirulina inclusion levels of 1%, did not detect any significant changes in the dressing
percentage [5], nor in the relative weights of breast muscle [63], abdominal fat [63], and
internal non-immune organs [5,63]. Similarly, Sharmin et al. (2020), Ismita et al. (2022), and
Mishra et al. (2023), who recorded significantly improved growth performance in response
to 1.5%, 2%, and 3% Spirulina-supplemented diets, respectively, observed no changes in the
dressing percentage [65], nor in the relative weights of breast muscle [69], abdominal fat [46],
and internal non-immune organs [69]. Conversely, significantly (and equally) increased
dressing percentage and breast cut percentage were reported by Abbass et al. (2020) in
association with the growth-promoting effects of dietary Spirulina supplementation levels
of 1%, 2%, 3%, and 4% [71]. Raach-Moujahed et al. (2021) also reported increased carcass
relative weight in response to a growth-enhancing 2.5% Spirulina-supplemented diet, but
no change was recorded in this carcass-related parameter with lower (1%) and higher (5%)
growth levels of supplementation [72].
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Table 4. Overview of the studies evaluating the effects of dietary Spirulina supplementation on the carcass performance of broiler chickens [with particular regard to

the relative weight (r.w.) of the whole eviscerated or non-eviscerated carcass, meat cuts, abdominal fat pad, and internal non-immune organs].

Spirulina Level

Carcass

Muscles

Abdominal Fat

Internal

Notes

Reference

(%) (Eviscerated or Not) Non-Immune Organs
The four levels were
equieffective at producing
the changes in the r.w. of
the muscles;
0.03-0.05-0.07-0.09 - irf;vhslff i‘;‘i breast L rw. of abdominal fat ¢+ r.w. of total giblets The changes in the r.w. of [4]
the abdominal fat pad
were equally produced by
the three higher levels
(0.05, 0.07, and 0.09%).
J r.w. of liver
. ) ) 1 r.w. of gizzard )
0.1 1 Dressing percentage & rw. of proventriculus [50]
+ r.w. of cecum and colon
< r.w. of liver Onlv the highest level
; nly the highest leve
0.1-0.2 1 Carcass percentage T r.w. of edible parts J r.w. of abdominal fat : Ex z {gllelfiilfd (0_22/10) was gffective_ [60]
< r.w. of giblets
0.1-0.15-0.2 1 Dressing percentage - ¢ r.w. of abdominal fat - Only the highest level [45]
(0.2%) was effective.
1 r.w. of liver
. . > r.w. of gizzard
0.2 1 Dressing percentage - < r.w. of abdominal fat & r.w. of proventriculus - [61]
< r.w. of heart
The lowest level (0.1%)
< r.w. of liver was not effective;
. .w. of breast 1 . g
0.1-0.3-0.5 1 Dressing percentage <T—>rrwwoo ¢ :ﬁ?;hr;?lssccfe - < r.w. of gizzard The effects of the two [41]
o < r.w. of heart higher levels (0.3 and 0.5%)
were dose-dependent.
0.25-0.5-0.75-1 - <> r.w. of breast muscle & rw. of abdominal fat =W of liver - [63]

< r.w. of gizzard
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Table 4. Cont.
Spirulina Level Carcass . Internal
(%) (Eviscerated or Not) Muscles Abdominal Fat Non-Immune Organs Notes Reference
<> r.w. of liver
. < r.w. of gizzard
0.25-0.5-1 <+ Dressing percentage - - & r.w. of proventriculus - (5]
> r.w. of heart
1 ++ Dressing percentage - - - - [65]
Both levels were
4 rw. of liver equieffective at producing
< r.w. of gizzard changes in the r.w. of
1-1.5 - - < r.w. of abdominal fat | r.w. of small intestine the liver; [46]
< r.w. of small intestine Only the highest level (1.5%)
< r.w. of heart produced changes in the r.w.
of abdominal fat.
o rw. of liver This study also evaluatgd
3 - ++ r.w. of breast muscle - ¢ rw. of gizzard e ot 8 [69]
o < r.w. of proventriculus the Sp%rulma—contammg
& rw. of intestine d1e.t with the carbohydrate
active enzyme xylanase.
All levels were
. 1 r.w. of breast muscle . . .
1-2-34 1 Dressing percentage & tw. of thigh muscle - - equieffective at producing [71]
the effect.
1-2.5-5 1 Carcass percentage - - - Only the intermediate [72]

(2.5%) level was effective.

The “17,“] ”, or “4+” arrows indicate that an increase, a decrease, or no change, respectively, was observed in the parameter with the experimental diet (containing Spirulina) compared
with the standard broiler diet (control). Where two or more levels of Spirulina supplementation were tested, and only some proved effective, the effective ones appear underlined.
Abbreviations: r.w. = relative weight (% of the pre-slaughter weight).
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(c) Effects on Intestinal Health

Another critical point to be addressed in this discussion is how dietary Spirulina
supplementation improves broiler chickens’ productive performances (growth =+ carcass).

In all likelihood, a significant contribution derives from the excellent nutritional profile
of this microalga [48,52]. Spirulina as a feed supplement, even when used in relatively
small amounts, is widely recognized as a great source of highly digestible macro- and
micro-nutrients necessary to fulfill the metabolic requirements of rapidly growing young
chicks [71]. Among the most valuable nutrients supplied by Spirulina are high-quality
proteins complete with all amino acids essential to support the development of the muscles
and, hence, meat production [12,23,48,52,71]. Moreover, Spirulina is particularly rich in
vitamins, minerals, and polyunsaturated fatty acids that, once absorbed, also play an
essential role in supporting the chickens’ growth and all physiological functions [2,12,48].

In addition, the improved growth patterns observed in broilers fed Spirulina-supplemented
diets may also be attributed to enhanced intestinal health, which in turn would lead to an
overall improvement in the digestive function and improved absorption of the digested
nutrients, as well as of dietary vitamins and minerals [2,23,65]. This possibility is suggested
by the fact that increases in the chickens’ body masses (i.e., BWs) observed in response to
dietary Spirulina supplementation occurred, although not consistently, in association with
improvements in the efficiency of feed utilization (i.e., FCR) and unchanged levels of feed
consumption (i.e., FI) [2,12,46,62].

Research specifically conducted to explore this possibility still needs to be completed.
However, there is evidence in the reviewed literature that the inclusion of Spirulina as a
supplement in broiler diets can exert beneficial effects on various aspects of the intestinal
health of chickens (Table 5). Many of the chemical compounds abundantly contained in
this microalga (as either structural components or bioactive metabolites) likely account for
the production of these effects [65].

The influence of dietary Spirulina supplementation on the intestinal microbiota of
broilers is the aspect most investigated. Various studies consistently reported that the
growth-promoting effects of Spirulina-supplemented diets occur in association with an
increased count of beneficial lactic acid bacteria (Lactobacillus spp.) [4,41,48,59,63,64,66,71].
It is of note that this desirable effect was detected with dietary inclusion levels of Spirulina
as low as 0.05% [4], and it was found to increase linearly (i.e., dose-dependently) with
increasing levels of Spirulina inclusion in a broiler diet ranging from 0.1 to 1% [41,63], as
well as from 0.5 to 1.5% [66]. It has been suggested that the non-starch polysaccharides and
chlorophyll in the microalga would provide substrates that facilitate the growth of lactic acid
bacteria and act as prebiotics [23,48,63,73]. Less consistent findings regarding concomitant
changes in the intestinal count of harmful bacteria like Escherichia coli have been reported.
Indeed, some authors observed a desirable decrease in the number of Coliforms [4,48,59,64,66].
Other authors, however, reported no change in this parameter [63] or even a slight increase
(at least with inclusion levels of 0.3 and 0.5%) [41], though always associated with improved
growth performance. It has been proposed that the reduced intestinal count of E. coli could
be the expression of the antimicrobial activity that Spirulina, likely by virtue of components
such as phenolic compounds and fatty acids, among others [24,74,75], has been shown
to exert, both in vitro and in vivo, against various Gram-negative and Gram-positive
pathogenic bacteria, including E. coli [2,12,23,48,74-76]. However, the possibility also
exists that the number of Coliforms in the intestine of Spirulina-supplemented chickens is
reduced as a consequence of a lower pH of the intestinal environment (acidosis), actually
documented by Alaqil and Abbas (2023) [64], which would result from the fermentations
by the increased population of Lactobacilli and cause suppression of the growth of the
harmful bacteria [60]. This scenario would more properly help explain the abovementioned
inconsistency of the findings.

In the study by Abdelfatah et al. (2024), evidence was provided that, besides the over-
all positive modulating effects on gut microbiota composition (and partly as a plausible
consequence of these) [41,50], dietary Spirulina supplementation in the range of 0.1-0.5%
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would also exert a beneficial influence on the structural and functional integrity of the
intestinal mucosal layer [2,12]. More specifically, the authors reported that the jejunal
mucosa of broilers fed Spirulina-supplemented diets, compared with that of birds fed
control diets, was characterized by (i) increased gene expression of the fatty acid-binding
protein 2 (FABP2), which suggests enhanced nutrient transportation and absorption [69];
(if) increased activity of the endogenous antioxidant enzymes superoxide dismutase (SOD)
and glutathione peroxidase (GPx), which suggests an increased capacity to fight against ox-
idative stress [69]; and (iii) decreased protein expression of the pro-inflammatory inducible
nitric oxide synthase (iNOS) enzyme, which suggests reduced intestinal inflammation,
likely contributing to improved utilization of the apparent metabolizable energy [2]. Fur-
ther confirmatory evidence of reduced intestinal inflammation in the Spirulina-supplemented
chickens was obtained by a histopathological evaluation of the mucosal tissue samples, which
showed a less severe degree of enteritis (at least in response to the inclusion level of 0.3%) [41].

In the study of Khan et al. (2020), the growth improvement produced in broilers
by a 0.2% Spirulina-supplemented diet resulted in significant improvements in the his-
tomorphology of the small intestinal mucosa [45]. Particularly, the histomorphometric
analysis revealed an (i) increased height of the villi, which is likely to result in an increased
area for nutrient absorption [2], and an (ii) increased number of the mucin-producing
goblet cells, which may translate into amelioration of the mucus layer that is crucial for the
lubrication of feed, and physical protection against pathogens, toxins, and environmental
irritants [77,78]. It must be pointed out that these morphological improvements were
relative to a somewhat compromised control condition, where destruction of the epithelial
lining and atrophy of goblet cells occurred in the intestinal villi [45] as a plausible conse-
quence of the stressful influence exerted by intensive systems of poultry production [45,71].
Evidence of increased villi length and width in the small intestine of growth-improved
broilers is also provided by Khadanga et al. (2023), following administration of diets
supplemented with Spirulina levels ranging from 0.5 to 1.5% [66]. Other authors who
observed similar intestinal morphological improvements in broiler chickens fed diets sup-
plemented with other microalgae species indicated structural polysaccharides present in
Spirulina as the microalga-derived compounds most likely responsible for these desirable
effects [79]. The proposed mechanism is that they are fermented in the colon by commensal
bacteria (including the abovementioned Lactobacilli), producing short-chain fatty acids
(e.g., butyrate) [79-85]. The latter, besides exerting local anti-inflammatory activity, would
play an important role (as a source of energy) in regulating epithelial cell proliferation,
thereby supporting the development and differentiation of the intestinal epithelium in
young chicks [2,86]. Moreover, short-chain fatty acids would stimulate mucus produc-
tion and secretion [86]. Reduced inflammation and improved intestinal mucosa redox
status may also account for the improved mucosal morphology [71]. In this respect, a
“direct” contribution of dietary Spirulina also seems plausible through the supply of its
antioxidant and/or anti-inflammatory components, such as phycocyanin, carotenoids,
and polyunsaturated fatty acids. In corroboration of this hypothesis, a recent study by
Omar et al. (2022) reported significant improvements in the histology and morphometric
measures of broiler chicken small intestinal mucosa in response to dietary supplementation
of Spirulina-derived phycocyanin [87].

It is noteworthy that in the study by Mishra et al. (2023), where feeding a 3% Spirulina-
supplemented diet for 35 days resulted in a considerable increase in the chickens” BWs but
with no significant improvement in FCR, the histomorphometric analysis of the intestinal
mucosa revealed only “numerical” improvements of the villus height and crypt depth
as compared with the unsupplemented control group [69]. In any case, the same study
provided evidence for significant and potentially favorable changes in the ileal relative
expression of some genes that are related to (i) gut barrier function (mainly up-regulated
expression of Zonula occludens-1—Z0O1 gene, which may result in reinforcement of the ep-
ithelial tight junctions); (ii) gut nutrient transport function (mainly up-regulated expression
of the Solute carrier family 7-member 7—SLC7A7 gene, which may result in enhanced trans-
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portation and hence absorption of L-amino acids); and (iii) gut immune homeostasis and
developmental processes (mainly up-regulated expression of the Cluster of differentiation
56—CD56 gene, which may result in more efficient immune surveillance and/or more
appropriate intestinal tissue patterning during development) [69,88]. Taken together, these
ileal gene expression findings suggest that, at this relatively high level of supplementation
(3%), dietary Spirulina still has the potential to exert a beneficial impact on the structural
and functional integrity of the intestinal mucosa of broiler chickens, even though it should
be kept in mind that high gene expression does not necessarily translate into high protein
expression, and hence does not necessarily equate to a significant effect on intestinal fitness.

A factual demonstration that, under the influence of dietary Spirulina supplementa-
tion, the healthier gut environment of broiler chickens (with its better-balanced microbiota
and strengthened mucosa) can function more efficiently was provided by Park et al. (2018),
who found feed digestion to be improved in broilers fed Spirulina-supplemented diets for
35 days [63]. More specifically, these authors observed that increasing the dietary inclusion
levels of Spirulina from 0.25 to 1.0% resulted in a linear increase in the apparent total
tract digestibility of dry matter and nitrogen [63]. Moreover, as a likely consequence of
the improved digestion of dietary nitrogen (which allows less availability of nitrogenous
compounds for degradation by bacteria in the large intestine), a dose-dependent decrease
in excreta ammonia gas content of the supplemented broiler chickens was also recorded in
this study [63]. This finding, similarly reported for growing pigs [22], may lead to potential
ecological advantages [73].

Besides the exertion of a positive influence on gut health, and possibly also because
of it [2,12,60], dietary Spirulina supplementation has been reported to improve broiler
chickens’ general (extra-intestinal) health. These systemic health-enhancing effects of Spir-
ulina, which will be discussed in more detail in the following subsection of this review
(Section 4.1.2), may be another plausible reason for the overall improved productive perfor-
mance of the chickens [2,71]. Indeed, a healthier animal should be prone to eat more (which
would account for the reported findings of increased FI) and, most of all, should be capable of
more efficient metabolic utilization of the energy and nutrients supplied by the digested feed
(which would contribute to the reported favorable decreases in FCR values) [2].
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Table 5. Overview of the studies evaluating the effects of dietary Spirulina supplementation on various aspects of the intestinal health of broiler chickens.

Spirulina Level
(%)

Intestinal Microbiota

Intestinal Mucosal Layer

Other Aspects

Notes

Reference

0.03-0.05-0.07-0.09

1 Count of Lactobacilli
J count of Coliforms

The lowest level (0.03%) was

not effective;

The other higher levels (0.05, 0.07,
and 0.09%) were equieffective in
producing changes in the gut
microbiota composition.

[4]

0.1

1 Count of Lactobacilli
J Count of Coliforms

0.1-0.15-0.2

Improved histomorphometry:

71 villus height
1 goblet cell number

The effect was particularly evident at
the highest level (0.2%).

1 Count of Lactobacilli
1 Count of Coliforms

1 FABP2 gene expression

J iNOS protein expression
<+ IL-1$3 gene expression

1 SOD and GPx activity

Improved histomorphology:

| enteritis severity

The effect on Lactobacilli count linearly
increased as the inclusion level increased;
The effect on Coliform count was
produced by the two higher levels

(0.3 and 0.5%);

The three levels were equieffective at
increasing intestinal SOD activity and
reducing iNOS expression;

The effects on GPx activity and FABP2
expression were dose-dependent;

The improved histomorphology was
observed only at 0.3%.

0.25-0.5-0.75-1

1 Count of Lactobacilli
<> Count of Coliforms

T Apparent total
tract digestibility

J Excreta ammonia
gas content

The effects linearly increased
(microbiota and digestibility) or
decreased (ammonia) as the inclusion
level increased.

0.5-1

1 Count of Lactobacilli
J Count of Coliforms

The two levels were equieffective at
producing changes in the gut
microbiota composition.
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Spirulina Level . . . .
%) Intestinal Microbiota Intestinal Mucosal Layer Other Aspects Notes Reference
1 Count of Lactobacilli . . )
1 | Count of Coliforms | Intestinal pH [64]
The effect on Lactobacilli count linearly
1 Count of Lactobacilli increased as the inclusion level increased;
0.5-1-1.5 1 Count of Coliforms - - The three levels were equieffective [66]
1 Count of Salmonella spp. at producing changes in the
Coliform count.
1 ZO1 gene expression
1 SLC7A7 gene expression This study also evaluated the relative
1 CD56 gene expression expression of various other genes
related to barrier function, immunity,
3 - Unchanged - transport function, antioxidant [69]
histomorphometry: capacity, and detecting no
4 villus height significant changes.
<+ crypt depth

The “1”,“] ”, or “4+” arrows indicate that an increase, a decrease, or no change, respectively, was observed in the parameter with the experimental diet (containing Spirulina) compared
with the standard broiler diet (control). Where two or more levels of Spirulina supplementation were tested, and only some proved effective, the effective ones appear underlined.
Abbreviations: FABP2 = fatty acid-binding protein 2; iNOS = inducible nitric oxide synthetase; IL-1$ = Interleukin-1beta; SOD = superoxide dismutase; GPx = glutathione peroxidase;
ZO1 = Zonula occludens 1; SLC7A7 = Solute carrier family 7, member 7; CD56 = Cluster of differentiation 56.
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4.1.2. Effects on the General Health of Broiler Chickens, Including Systemic Antioxidant
Status, Liver Health, and Immune Health

Various studies in the reviewed literature evaluated whether dietary Spirulina supple-
mentation could exert any beneficial effects on broiler chickens’ general health similar to those
reported for mammalian species [30,35,89]. In some of the studies, this evaluation was essen-
tially performed in relation to the positive implications that an improved health status may
have on the growth and carcass performance of the birds (as mentioned above). In some other
studies, the health-related evaluations were mainly justified in light of the positive implications
that an improved health status may have on the disease resistance of the birds and their overall
survivability rate (which also are essential aspects to be considered in the economy of broiler
meat production). In both cases, rather convincing evidence has been provided that including
Spirulina as a functional supplement in broiler diets can improve the health of the chickens’
essential physiological systems and functions (besides the digestive one).

(a) Effects on the Systemic Antioxidant Status

The antioxidant system is one of the chickens’ physiological systems favorably in-
fluenced by dietary Spirulina supplementation. In this regard, it is worth recalling that
broiler chickens, due to the high metabolic rate associated with their rapid growth and the
stress related to intensive breeding, produce high amounts of free radicals and, hence, need
an exceptionally robust arsenal of antioxidant defenses to protect their cells and tissues
against oxidative stress and its damaging action [71,90,91]. The microalga Spirulina can be
expected to enhance the antioxidant capacity of the animal body and thus help maintain a
favorable oxidant/antioxidant balance [2,12]. This, in the first place, is because Spirulina
is a rich source of antioxidant compounds (e.g., C-phycocyanin, 3-carotene, and phenols)
(Table 1) that can act directly as free radical scavengers in all of the body’s compartments to
which they have kinetic access [30]. In the second place, there are data from animal models
indicating that Spirulina can enhance the organism’s endogenous antioxidant defenses by
increasing blood activity levels of antioxidant enzymes like SOD and GPx [35], and this, at
least in part, is possible because some of the micromineral elements supplied by Spirulina
(e.g., zinc) serve as cofactors for these enzymes [92-95].

Findings from the relatively few studies conducted so far to explore the effects of
Spirulina-supplemented diets on the systemic antioxidant defenses of broiler chickens
seem consistent with this knowledge (Table 6). More specifically, in the recent study by
Abdelfatah et al. (2024) [41], supplemented chicks showed increased serum total antioxidant
capacity (TAC) starting from the lowest level of supplementation tested (0.1%), as well
as increased plasma activity of the antioxidant enzyme catalase (CAT) in response to
the two higher supplementation levels tested (0.3 and 0.5%). In addition, in the earlier
study by Park et al. (2018), a linear increase in the serum activity of the antioxidant
enzymes SOD and GPx was recorded in response to increasing levels of dietary Spirulina
supplementation (from 0.25 up to 1%) [63]. Further confirmatory evidence of the favorable
influence exerted by dietary inclusion levels of Spirulina of 0.5% and 1% on the systemic
antioxidant status of broiler chickens comes from the studies of Alaquil and Abbas (2023)
and Mirzaie et al. (2018), who demonstrated that the level of oxidative stress in the
supplemented chickens was reduced [58,64]. More specifically, in the study by Alaquil and
Abbas (2023), chickens fed a 1% Spirulina-containing diet were found to have increased
serum activity of the enzyme SOD, along with increased serum levels of the antioxidant
non-enzymatic compound glutathione reduced (GSH) [64]. These changes were associated
with decreased serum levels of the lipid oxidation marker malondialdehyde (MDA).

Similarly, Mirzaie et al. (2018) reported increased serum SOD activity and decreased
serum levels of MDA in response to both 0.5% and 1% Spirulina-supplemented diets, as
well as in response to a diet supplemented with Spirulina at 2%. At this higher level of
dietary Spirulina supplementation (2%), the same authors also recorded increased serum
GPx activity [58]. It is worth noting that in this latter study, the improvements in the
systemic oxidant/antioxidant balance of the chickens produced by dietary Spirulina at the
three different supplementation levels tested (0.5%, 1%, 2%) were not associated with any
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growth performance improvements (see Section 4.1.1). Similarly, in the abovementioned
study by Abdelfatah et al. (2024), the lowest of the three supplementation levels tested
(0.1%) proved able to improve the systemic antioxidant status of the chickens but not their
productive performance [41]. So it is true, as stated by some authors, that the favorable
effects of dietary Spirulina supplementation on the chickens” antioxidant systems can be
appreciated within the same range of dietary supplementation levels that can enhance
growth performance [52], but it is also true that they can occur independently.
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Table 6. Overview of the studies evaluating the effects of dietary Spirulina supplementation on the systemic antioxidant status of broiler chickens.

Spirulina Level

Effects on Serum/Plasma

Effects on Serum/Plasma

Notes Reference

(%) Antioxidant Defenses Markers of Oxidative Damage
The three levels were equieffective at increasing serum TAC;
0.1-0.3-0.5 1 TAC o _ The lower level (0.1%) was not effective at increasing serum [41]
1 CAT activity CAT activity; the two higher levels (0.3 and 0.5%) were
equieffective at producing this effect.
0.25-0.5-0.75-1 1 SOD activity _ The effects linearly increased as the inclusion level increased. [63]
' T T GPx activity -
1 SOD activity ]
1 + GSH levels } MDA levels [64]
o All of the three levels were effective at increasing serum SOD
0.5-1-2 1T SOD activity | MDA levels activity and decreasing MDA levels; - . . [58]
T GPx activity Only the highest level (2%) was effective at increasing serum

GPx activity.

The “1 ”or “| “arrows indicate that an increase or a decrease, respectively, was observed in the parameter with the experimental diet (Spirulina-containing) compared with the standard
broiler diet (control). Abbreviations: TAC = total antioxidant capacity; CAT = catalase; SOD = superoxide dismutase; GPx = glutathione peroxidase; MDA = malondialdehyde.
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(b) Effects on Liver Health

The reviewed literature suggests that supplementing broiler diets with Spirulina may
also improve the chicken liver’s health status (Table 7). For instance, Abdelfatah et al. (2024)
reported enhanced liver histomorphology in response to all Spirulina supplementation levels
tested (0.1%, 0.3%, 0.5%), with reduced (or even absent) leukocyte infiltration being observed in
all of the supplemented groups compared with the unsupplemented control [41]. Consistently
with this finding, other investigators measured lower serum levels of the enzymes alanine
aminotransferase (ALT) and/or aspartate aminotransferase (AST), i.e., increased hepatocellular
integrity, in chickens fed diets supplemented with comparable (0.09, 0.1, 0.2, 0.4%) [4,59,62],
as well as slightly lower (0.05-0.07%) [4] or higher (0.8%) [62] levels of Spirulina. Reasonably,
it has been suggested that these results could be the outcome of the antioxidant and anti-
inflammatory activities exerted by Spirulina-derived components transferred to the liver [62],
with the antioxidant activity also having per se the potential to result in the mitigation of
inflammation [95]. In corroboration of this hypothesis, Kasmani et al. (2023) found the
liver of chickens fed a 0.1% Spirulina-supplemented diet to be characterized by improved
oxidant/antioxidant balance (as indicated by decreased MDA levels and increased SOD,
CAT, and GPx activities) and reduced inflammation (as indicated by reduced NO levels) [59].
However, it should be mentioned that Ibrahim et al. (2021), using a supplementation level of
2%, reported no changes in the values of the two major biochemical markers of hepatic damage
(i.e, ALT and AST), as well as no changes in the liver oxidant/antioxidant balance (as assessed
by measurement of tissue levels of MDA, SOD, and GSH) [67].
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Table 7. Overview of the studies evaluating the effects of dietary Spirulina supplementation on the health status of the liver in broiler chickens.

Spirulina Level

Effects on Liver

Effects on Liver

Effects on Liver

(%) Structural Integrity Oxidative/Inflammatory Status Metabolic Function Notes Reference
. The lowest level (0.03%) was not effective
1 Serum total cholesterol on any of the parameters.
1 Serum triglycerides . The three higher levels (0.03, 0.05, and
Serum ALT activit 0.09%) were equieffective at reducing ALT,
0.03-0.05-0.07-0.09 iSerum AST activitz - s Serum albumin total cholesterol and triglycerides levels, as [4]
4 Serum globulins well as increasing globulin levels.
> Serum total proteins . Only the two higher levels (0.07 and 0.09%)
were effective at reducing serum AST
activity levels, and they were equieffective.
1 Serum ALT activity
> Serum AST activity 1 SOD, CAT, GPx activities
0.1 <+ Serum GGT activity 1 MDA levels - - [59]
< Serum ALP activity 1 NO levels
< Serum LDH activity
0.1-0.3-0.5 Improved hi_stgmorPhology: _ . The three levels were equieffective at [41]
| leukocyte infiltration - improving the liver histomorphology.
0.2-0.4-0.8 { Serum ALT act%v?ty _ _ . The three levels were equieffective at [62]
| Serum AST activity reducing ALT and AST levels.
1 Serum total cholesterol
T Serum LD.L-chol'esterol . The higher level (1%) was less effective than
<> Serum triglycerides the lower (0.5%) at increasing total cholesterol.
0.5-1 - - . . The two levels were equieffective at [48]
= Serum allbgn’i}n increasing LDL-cholesterol.
< Serum globulins
<> Serum total proteins
J Serum total cholesterol
> Serum triglycerides e Thelowest level (0.25%) was not effective.
0.25-0.5-1 - - S Ibumi . The two higher levels (0.5 and 1%) were [5]
equieffective at producing the changes.
;‘—)S erumi\burlmn quieffective at producing the chang
erum globulins
1 Serum total proteins
J Serum total cholesterol
1 - - - [65]
<> Serum albumin
- < SOD activity
2 <+ Serum ALT activity < GSH levels B B [67]

<+ Serum AST activity

<> MDA levels
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Table 7. Cont.

Spirulina Level Effects on Liver Effects on Liver Effects on Liver Notes Reference
(%) Structural Integrity Oxidative/Inflammatory Status Metabolic Function
. All of the three levels were effective at
| Serum total cholesterol reducing serum total cholesterol and total
0.5-1-2 _ _ | Serum triglycerides lipid levels; the' effect was dose-depoendent. [58]
| Serum total lipids . Only the two higher levels (1 and 2%) were

effective at decreasing serum triglycerides;
the effect was dose-dependent.

The “1 7, “| 7, or “<+” arrows indicate that an increase, a decrease, or no change, respectively, was observed in the parameter with the experimental diet (Spirulina-containing)
compared with the standard broiler diet (control). Abbreviations: ALT = alanine aminotransferase; AST = aspartate aminotransferase; GGT = gamma-glutamyl transferase;

ALP = alkaline phosphatase; LDH = lactate dehydrogenase; LDL = low-density lipoprotein; SOD = superoxide dismutase; CAT = catalase, GPx = glutathione peroxidase; GSH = glutathione;
MDA = malondialdehyde; NO = nitric oxide.
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Besides structural integrity, the liver’s metabolic function also seems favorably in-
fluenced by using Spirulina as a feed supplement. In this respect, regulation of lipid
metabolism is known as one of the main physiological roles of this organ, and dietary
Spirulina supplementation has been quite consistently shown to exert a beneficial hypoc-
holesterolemic effect in broiler chickens. This decrease in the serum concentrations of
total cholesterol was reported for dietary Spirulina inclusion levels ranging from 0.05%
to 2% [4,5,58,65], in association with either decreased [4,58] or unchanged [5] levels of
triglycerides and decreased levels of total lipids [58]. The only exception in the reviewed
literature is represented by the study of Alwaleed et al. (2021), who measured increased
levels of cholesterol and/or increased levels of the harmful LDL-cholesterol (again with no
change in the levels of triglycerides) in chickens fed 0.5% and 1% Spirulina-supplemented
diets compared with the control birds [48]. Lower confidence can be placed in the latter
finding, considering that dietary Spirulina exerts a well-documented hypolipidemic activity
in other animal species [96,97]. This beneficial effect has been mainly attributed to the
antioxidant pigment-protein complex C-phycocyanin contained in the microalga (Table 1),
which would be able to inhibit the activity of pancreatic lipase enzyme, leading to reduced
fat absorption in the intestinal tract [96]. Some authors have also proposed a contribution
by the Spirulina-derived polyphenolic compounds [98]. The major role of C-phycocyanin
in mediating the hypolipidemic effects of Spirulina in chickens seems confirmed by two
recent studies, in which the direct supplementation of broiler diet with Spirulina-derived
C-phycocyanin resulted in the occurrence of a distinct hypolipidemic effect [87,99]. It is
worth noting that the positive influence that Spirulina-supplemented diets seem to exert
on broiler chickens’ liver lipid metabolism and related blood lipid profile has the potential
to translate into desirable changes in the carcass and meat composition [12,52]. Indeed, the
hypocholesterolemic effect reported by Fathi et al. (2018) was associated with a decrease in
the relative weight of the abdominal fat pad (see Section 4.1.1) [4].

The liver also plays a key role in synthesizing plasma proteins, including albumin,
o and (3 globulins, and fibrinogen. With respect to this physiological function, some authors
argued that an enhancing influence by dietary Spirulina might be expected in light of the
high protein content of this microalga [95]. However, the same authors have acknowledged
that the relationship between the innate nutritional composition of Spirulina (as of any
other ingested feed ingredients or supplements) and metabolic outcomes is not always
straightforward [95]. This, possibly, may at least in part explain the substantially non-
confirmatory findings of the studies that have explored the effects of dietary Spirulina
supplementation (at inclusion levels overall ranging from 0.03% to 2%) on the chickens’
serum levels of total proteins and/or their single fractions. In this regard, all of the studies
seem to agree on the lack of changes in the serum levels of albumin [4,5,48,67]. In one of the
studies, this finding was found to be similarly associated with no change in the serum levels
of total globulins and, consistently, with no changes in the serum levels of total proteins [48].
In two other studies, an increase in the serum levels of total globulins was recorded [4,5];
however, only in the study by Hassan et al. (2022) was this increase in serum globulins
significant enough also to determine a parallel rise in the serum total proteins [5]. Based on
what will be discussed here below, this result may not only reflect increased production of
a- and p-globulins by the chickens’ liver, attributable to a modulatory influence of dietary
Spirulina on the metabolic activity of this organ, but also, and most likely, it may reflect an
increased production of B-cell derived y-globulins (immunoglobulins or Ig) consequent to
the enhancing influence of dietary Spirulina on chicken immune function. The latter point
will be discussed in the following dedicated paragraph.

(c) Effects on Immune Health (and Protection Against Pathogen Challenges)

The reviewed literature provides evidence that the beneficial health effects of supplement-
ing broiler diets with Spirulina also extend to the chickens” immune systems [2,3,12,23,73,76].
Zinc, polysaccharides, braun-type lipoproteins (immulina), n-3 polyunsaturated fatty acids,
heptadecane (a biogenic volatile hydrocarbon), and C-phycocyanin are the functional com-
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ponents of Spirulina that have been indicated as responsible, at least in part and to different
extents, for these beneficial immune-related effects of the microalga [23,35,87,92,93,100-102].

A first group of reports that can be cited in this regard documents the existence of an
association between dietary intake of Spirulina (at supplementation levels ranging, on the
whole, from 0.01 to 2%) and occurrence in broiler chickens of potentially favorable changes
in various general immunological markers (Table 8).

For instance, as mentioned above, Hassan et al. (2022) recorded increased serum levels
of globulins in chickens fed 0.5% and 1% Spirulina-supplemented diets compared with the
unsupplemented chicks, and chicks receiving the lower supplementation level of 0.25% [5].
Moreover, in the same study, birds fed diets containing 0.5% Spirulina had a higher number
of circulating leukocytes, and all groups of supplemented chickens (0.25, 0.5, and 1%)
showed a higher percentage of lymphocytes than birds in the unsupplemented control
group. Consistent with these latter findings, an increased relative weight of the lymphoid
organ thymus (indicative of enhanced organ development) was also recorded. Similarly,
increases in the relative weights of three major immune organs (thymus, bursa of Fabricius,
and spleen), as well as improvements in the serum levels of globulins (increased), in the
numbers of total circulating leukocytes and lymphocytes (increased), and in the value of
the heterophil to lymphocyte (H/L) ratio (decreased) were reported by Fathi et al. (2018)
for chickens receiving the relatively low levels of dietary Spirulina supplementation of 0.07
and 0.09% [4]. Other authors provided further confirmatory evidence for the presence of a
higher number of leukocytes in chickens fed diets supplemented with levels of Spirulina
ranging on the whole from 0.2% to 1% [62,64]. In contrast, Abdelfatah et al. (2024) provided
further confirmatory evidence that the chickens receiving diets supplemented with 0.5%
Spirulina had a greater bursa relative weight [41].

Moreover, Abdelfatah et al. (2024) found that all three major immune organs (bursa,
thymus, and spleen) had a better histological structure in the birds that received Spirulina
than the unsupplemented ones [41]. In the study by Khadanga et al. (2023), 0.5% dietary
Spirulina proved unable to improve the development of lymphoid organs [66]. However,
increased relative weights of the thymus, bursa, and spleen were documented for levels of
dietary Spirulina supplementation of 1% and 1.5%. In the study by Qureshi et al. (1996), broil-
ers receiving diets supplemented with levels of Spirulina ranging from a minimum of 0.01%
to a maximum of 1% were found to have enhanced macrophage phagocytic function [57].
Al-Batshan et al. (2001) confirmed this finding for levels of dietary Spirulina supplementa-
tion of 0.5, 1, and 2.0%, observing dose-dependency in producing this effect [103].

Similarly, Katayama et al. (2016) documented increased phagocytic capacity of blood
monocytes in broilers fed diets supplemented with 1% Spirulina, as well as in broilers
receiving 0.1% and 0.01% Spirulina-supplemented diets [104]. At the two higher supple-
mentation levels (0.1 and 1%), these authors also observed significantly increased systemic
capacity of antibody (Ab) production, as indicated by the measurement of higher serum
levels of IgG. Moreover, in the same study, broilers receiving 0.1% Spirulina also showed
significantly higher Ab titers against sheep red blood cell (SRBC) antigens. In contrast,
significantly higher Ab titers against Brucella abortus antigens were measured in broilers
receiving Spirulina at an inclusion level as low as 0.01%. Other studies provided further
evidence of enhanced humoral response to SRBC antigens [57,58,64]. Moreover, broiler
chickens fed Spirulina-supplemented diets have been shown to have higher lymphopro-
liferative responses to specific mitogens (e.g., phytohemagglutinin-P, concanavalin-A) or
other suitable stimuli (e.g., bacterial lipopolysaccharide) [64,66].
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Table 8. Overview of the studies evaluating the effects of dietary Spirulina supplementation on the health of the immune system of broiler chickens as assessed by
general immunological markers.

General Immunological Markers Undergoing Changes in Response to Spirulina

Spirulina Level Humoral and Cellular Notes

(%) Serum Blood Immune Organs Functional Responses Reference
Immune-Related Proteins Immune-Related Cells 8 to Stimulatipon
. The lowest level (0.03%) and the two
highest levels (0.07 and 0.09%) were
equieffective at decreasing the
heterophil count.
° The three higher levels (0.05, 0.07, and
4+ WBC count 0.09%) vxllell;e 1e.quieffective at increasing
serum globulins.
0.03-0.05-0.07-0.09 7 Serum globulins T Lymphocyte count Trw. of thymus, ; e Only the two higher levels [4]
| Heterophil count bursa, spleen (0.07 and 0.09% oot
| H/L ratio .07 and 0.09%) were effective at

increasing WBC count, lymphocyte
count, and thymus and spleen r.w., as
well as at decreasing H/L ratio, and
were equieffective.

. Only the highest level (0.09%) was
effective at increasing bursa r.w.

e  Only the highest level (0.5%) was
effective at increasing the bursa r.w.
e  None of the levels caused changes in
0.1-03-0.5 ) ) Improved histomorphology ) the spleen r.w. . . 411
of thymus, bursa, spleen . Thfe three .levels were equieffective
at improving the immune

organ histomorphology.

1 r.w. of bursa

0.2-0.4-0.8 - 1 WBC count _ . . The thr?e levels were equieffective at [62]
increasing WBC count.

o The three levels were equieffective at
increasing the lymphocyte %.
. Only the intermediate level (0. 5%)
was effective at increasing the WBC 5]
count and thymus r.w.
. The two higher levels (0.5 and 1%)
were equieffective in producing the
increase in serum globulins.

1T WBC count

0.25-0.5-1 1 Serum globulins 4 Lymphocyte %

T r.w. of thymus -
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Table 8. Cont.
General Immunological Markers Undergoing Changes in Response to Spirulina
Spirul(ig/\z; Level Serum Blood Hum(?ral and Cellular Notes Reference
° Immune-Related Proteins Immune-Related Cells Immune Organs Functlon‘al ResPonses
to Stimulation
None of the levels caused changes in
spleen and bursa r.w.
None of the levels proved effective at
+ Macrophage increasing the lymphoproliferative
phagocytic function response to PHA-P. . )
0.01-0.1-1 - - - + Ab titers against The three levels were equieffective at [57]
SRBC antigens enhancing the macrophage
phagocytic function.
Only the highest level (1%) was
effective at boosting the humoral
response to SRBC antigens.
None of the levels proved effective at
increasing serum IgA levels.
The three levels were equieffective at
enhancing the monocyte
phagocytic function.
The two higher levels (0.1 and 1%)
T Monocyte were equieffective at increasing serum
phagocytic function IgG levels at 5 weeks of age; only the
0.01-0.1-1 4 Serum IgG levels ) B T Ab titer§ against 0.1% level was effective at increasing [104]
SRBC antigens serum IgG levels at 7 weeks of age.
T Ab titers against Only the 0.1% level proved effective at
BA antigens increasing the Ab response to SRBC
antigens (only at 6 weeks of age).
Only the 0.01% level proved effective
at increasing the Ab response to BA
antigens (only at 6 weeks of age).
Heteroscedasticity occurred in the
group receiving the highest level (1%).
T Ab titers against
SRBC antigens
1 ) + WBC count B Ielgg&zleuzglggﬁl:tgi ells No change occurred in the H/L ratio. [64]
1 Lymphoproliferative

response to LPS (B cells)
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Table 8. Cont.
General Immunological Markers Undergoing Changes in Response to Spirulina
Spirulina Level
v (%) Serum Blood Immune Organs lillrri:t(;z;:aalnlgege(l)l::sl:sr Notes Reference
Immune-Related Proteins Immune-Related Cells 8 . P
to Stimulation
. The lowest level (0.5%) was not effective.
° The two higher levels (1 and 1.5%)
were equieffective at increasing the r.w.
1 r.w. of thymus, 1 Lymphoproliferative of splgen, whereas 1j5% wa§ more
0.5-1-1.5 - - bursa, spleen response to PHA-P effective than 1% at increasing the r.w. [66]
’ of thymus
. Only the highest level (1.5%) was
effective at increasing the r.w. of bursa
and cellular response to PHA-P.
0.5-1=2 - - _ i Macrophage ) . The effect was dose-dependent. [103]
phagocytic function
0.5-1-2 . . _ 1 Ab titers against e Only the lowest level (0.5%) was [58]

SRBC antigens

effective at producing the effect.

The “1 ”or “| "arrows indicate that an increase or a decrease, respectively, was observed in the parameter with the experimental diet (Spirulina-containing) compared with the standard broiler
diet (control). Where two or more levels of Spirulina supplementation were tested, and only some proved effective, the effective ones appear underlined. Abbreviations: WBC = white blood
cell; H/L = heterophil to lymphocyte ratio; r.w. = relative weight (% of the pre-slaughter weight); Ab = antibodies; Ig = immunoglobulin; SRBC = sheep red blood cell; BA = Brucella abortus;

Con-A = concanavalin-A; LPS = lipopolysaccharide; PHA-P = phytoheamagglutinin-P.
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Together, these findings suggest the ability of feed supplementation with this mi-
croalga to promote more efficient innate and adaptive immune responses in broiler chick-
ens. This immune-enhancing activity, in turn, can increase the birds” disease resistance
potential [57,103] and reduce mortality rates and medication use. Some studies can be
found in the reviewed literature to confirm the actual achievement of this positive outcome.
For instance, Kaoud (2015) reported decreased mortality in broilers fed a 0.1% Spirulina-
supplemented diet [50]. In addition, there are the studies by Lokapirnasari et al. (2016)
and Kumari et al. (2019) that document the ability of dietary Spirulina supplementation to
aid the immune system of the chickens in coping with infections caused by either field or
vaccine viruses [105,106]. More specifically, in the study by Lokapirnasari et al. (2016), the
administration of Spirulina to broiler chickens (added at 20% concentration in freshwater
as a liquid supplement from day 7 to day 32 of age) during an experimental challenge with
the H5N1 avian influenza (Al) virus was found to significantly increase the total number
of leukocytes (compared with the non-supplemented birds), and this was associated with
significantly decreased mortality [105]. In the study by Kumari et al. (2019), Spirulina
supplementation at 1% in feed (from 10 to 20 days of age) was evaluated for its efficacy
in counteracting the immunosuppressive effect of live commercially available hot strains
of vaccines for infectious bursal disease (IBD), using the concentration of total proteins
measured in serum as a marker of the immune system health [106]. The results showed
that the unsupplemented IBD-vaccinated chickens had significantly lower serum total
proteins than the control non-vaccinated birds. In contrast, Spirulina-fed IBD-vaccinated
chickens showed serum total protein concentrations almost equal to those measured in
control non-vaccinated chickens. Therefore, dietary Spirulina supplementation at the level
of 1% was suggested as a valid strategy, in combination with the live IBD vaccine, to reduce
the negative immunosuppressive effect of the latter [106].

It is also worth mentioning the study by Alaqil and Abbas (2023), who reported that
broilers fed 1% Spirulina-supplemented diets were more resistant than the unsupplemented
ones to an experimentally induced E. coli infection, showing partial to complete mitigation
(depending on the parameter examined) of the adverse effects that the bacterial challenge
had on the birds’ growth performances, gut health statuses, oxidant/antioxidant balances,
and immune functions [64]. Further evidence of Spirulina-induced increase in the chickens’
resistance to bacterial infections comes from the study of Atiyah and Hamood (2021) [68].
Interestingly, in this case, Spirulina was mixed with the drinking water at a final concentration
of 2% and proved more effective than oxytetracycline (similarly administered via the drinking
water) at ensuring mitigation of the harmful changes produced by Enterococcus faecalis infection
in the values of most growth performance parameters (final BW, BWG, and FI) [68]. With par-
ticular regard to FCR, which was not affected by the infectious condition, an improvement was
recorded under the influence of Spirulina supplementation compared with the value calculated
for the healthy unsupplemented broilers, whereas this did not occur under the influence of
oxytetracycline [68].

However, the interaction between the intake of Spirulina as a feed supplement and the
functionality of the immune system of the chickens is more complex and less predictable
than it would appear from these data. Such complexity emerges from the abovementioned
study of Katayama et al. (2016) [104] (Table 8). Indeed, these authors found that, unlike IgG
production, the production of IgA was not influenced by dietary Spirulina supplementation,
and this was suggested to be because dietary Spirulina would interact only with the
regulatory mechanisms of IgG production and not with those involved in IgA production.
In addition, the same authors observed that among the broilers receiving the higher dietary
supplementation level of Spirulina (1%), there was a large proportion of individuals in
which some, at least, of the positive immune-related effects (increased IgG production and
specific antibody responses to the selected test antigens), did not occur at all. One proposed
explanation for this lack of response was the concomitant activation of immunosuppressive
mechanisms, such as those involving regulatory T-cells. So, according to this intricate scenario,
supplementing the broiler diet with Spirulina would positively influence only some aspects
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of chickens” immunological responses, while others would remain unaffected, or may even
be negatively affected. Furthermore, for the positive immune-related effects of Spirulina to be
obtained, appropriate supplementation levels are required (potentially different depending on
the specific immune function to be stimulated), with too high dosages potentially leading to
effect saturation or even inhibiting the occurrence of the desired effect [52].

Further elements of complexity emerge from the analysis of a second group of reports
identified in the reviewed literature. These reports explored whether dietary Spirulina
supplementation, by virtue of its documented immune-enhancing properties, could be
used as a natural immunostimulant to increase the broiler chickens’ responses to vaccina-
tion against field-relevant pathogens and help them achieve the highest possible level of
protection against superinfections potentially occurring after vaccination (Table 9). The
first study that can be mentioned in this respect is the one conducted by Awad et al. (2023),
who investigated the efficacy of dietary Spirulina supplementation (at 0.1, 0.3, and 0.5%) in
improving the specific humoral immune response of broiler chickens to three distinct vac-
cines (the vaccine against the H5SN1 Al virus, the vaccine against infectious bronchitis—IB
virus, and the vaccine against the Newcastle disease—IND virus), as well as at protecting
ND-vaccinated birds against the negative impact of an infectious challenge with a heterolo-
gous virulent ND virus (genotype VII) [107]. In line with the intricate scenario depicted
above, the addition of Spirulina to broilers” diets was able to increase the response to the
vaccine against the H5N1 Al virus (though significantly higher specific Ab titers than in
vaccinated non-supplemented birds were measured only in birds supplemented with the
0.3% dose); however, this immune-stimulating effect was not exerted on the response to
the other two vaccines. Instead, all doses of Spirulina resulted in lower Ab titers against
the IB virus than those measured in vaccinated non-supplemented birds (with the most
pronounced inhibitory effect on this specific immune response being exerted by Spirulina
at the lowest supplementation level of 0.1%); moreover, the highest dose of Spirulina (0.5%)
was associated with significantly or numerically lower Ab titers against the ND virus
(at 20 and 29 days of age, respectively) compared with vaccinated unsupplemented birds.
Spirulina supplementation also failed to boost the humoral immune response to the ND
virus when the ND-vaccinated birds were exposed to the virulent challenge. Indeed, these
animals showed post-challenge Ab titers that were not different from those measured in the
unsupplemented vaccinated and challenged birds. Nevertheless, dietary Spirulina supple-
mentation was found to provide adequate additional protection against the negative impact
of the virulent challenge on chickens’ health, leading—in comparison with the vaccine
alone—to a further decrease in morbidity and mortality rates (regardless of the inclusion
level), as well as to further mitigation of pathological lesions (regardless of the inclusion
level). Interestingly, these protective effects were also associated with a greater decrease
in viral shedding titers (with the maximum inhibitory effect on virus replication being
recorded with 0.5% of Spirulina), as reported in an earlier study by other authors [108].

These findings led the authors to hypothesize that the mechanisms implicated in
this protection by Spirulina could include enhancement of cellular (rather than humoral)
immunity (e.g., through improved proliferation of specific T-lymphocyte populations,
up-regulated production of specific cytokines in mononuclear cells, enhanced activity of
natural killer cells and macrophages), along with exertion of anti-inflammatory activity
and direct antiviral activity against the challenging ND virus, with the latter activity being
most likely attributable to the polysaccharide calcium spirulan contained in Spirulina [3,37].
Based on their findings, Awad et al. (2023) suggested that, in addition to the vaccination
program, Spirulina supplementation (particularly at a level of 0.3% in diet) could improve
the clinical protection against ND outbreaks and decrease further viral transmission into
the field [107]. Moreover, although not highlighted by the authors, this nutritional strategy
might increase the protective potential of the vaccination against the H5SN1 Al virus but
also have potentially negative implications for the protective potential of the vaccination
against the IB virus, which would require further evaluation.
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In partial agreement with Awad et al. (2023), other authors reported no positive
influence of Spirulina on the ND virus Ab titers in broiler chickens [4]. However, neither
of these same authors observed significant effects of Spirulina on Ab titers against the
Al virus. Considering that both studies used Cobb chickens, Awad et al. (2023) identified as
a potential explanation for this discrepancy the lower supplementation levels of Spirulina
tested by Fathi et al., 2018, which were below 0.1% (0.03-0.09%), and probably too low
in relation to the sensitivity of the parameters examined [4,107]. The influence of other
differences in the experimental conditions adopted in the two studies (including the vaccine
type and/or vaccination program) cannot be ruled out. In contrast with Awad et al. (2023),
Khan et al. (2020) and Abotaleb et al. (2020) reported that feed supplementation with 0.1,
0.15, and 0.2% of Spirulina significantly improved the chickens’ responses to the vaccine
against the ND virus, resulting in higher Ab titers than in birds of the unsupplemented
group [45,107,108].

Moreover, in the study by Kasmani et al. (2023), dietary supplementation with 0.1%
Spirulina increased humoral responses to the vaccinal ND virus and the vaccinal IB and
Al viruses [59]. Finally, in the study by Khadanga et al. (2023), a positive influence of
dietary Spirulina on the chickens’ responses to the anti-ND virus vaccine was documented
for supplementation levels of 1% and 1.5% [66]. For all these studies, a possible contribution
to obtaining an outcome different from that reported by Awad et al. (2023) may also derive
from the use of different bird strains (Table 9) [107].

Adopting an experimental design similar to that of Awad et al. (2023) (i.e., vaccination fol-
lowed by viral challenge) but focusing on a different virus (HIN2 Al virus), Yehia et al. (2024)
provided further evidence in support of the particular usefulness of dietary Spirulina
supplementation in increasing the protective potential of vaccination (or, at least, of some
vaccinations) in broiler chickens, as well as evidence for the complexity of the interaction
between Spirulina and chicken immunity [109]. More specifically, the authors observed
that birds receiving feed supplemented with an in-house prepared Spirulina extract at
low (200 mg/kg feed) and high (400 mg/kg feed) concentrations produced significantly
higher Ab titers against the HON2 Al vaccine in comparison with unsupplemented con-
trols, and this effect was dose-dependent. Moreover, supplemented vaccinated birds were
found to also dose-dependently produce higher specific Ab titers and develop less marked
histopathological changes after a challenge with a circulating strain of the HON2 Al virus.
These findings accounted for the authors’ recommendation to use 400 mg of Spirulina
extract/kg feed in combination with the vaccine against the HON2 Al virus to ensure the
maximum possible protection.

Besides the specific humoral immune response to the selected pathogen (as assessed
through Ab titers), various other aspects of immune-related functions were analyzed in this
study and were dose-dependently enhanced by the intake of the Spirulina extract. In particular,
a greatly enhanced phagocytic activity of peripheral blood monocytes, along with increased
serum lysozyme levels, were recorded in the supplemented chicks compared with the un-
supplemented ones [109]. Both these effects were detectable during the post-vaccination and
post-challenge periods and were indicative of an improved innate immune response [110],
plausibly aided in counteracting the well-known immune-suppressive effects of Al virus
infection [109]. Moreover, besides demonstrating the occurrence of the immunostimulatory
effects just described, the study by Yehia et al. (2024) revealed that feed supplementation with
Spirulina extract at both concentrations tested (200 and 400 mg/kg of feed), was able to also
protect the chickens against the inflammation associated with HON2 Al virus infection [109].
This anti-inflammatory activity was indicated by the measurement of lower serum levels of
the pro-inflammatory mediator nitric oxide in the supplemented chickens, compared with the
unsupplemented ones, after the viral challenge.
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Table 9. Overview of the studies evaluating the effects of dietary Spirulina supplementation on the health of the immune system of broiler chickens as assessed by

specific response to vaccination and post-vaccination response to pathogen challenge.

Spirulina Level

Response to Vaccination

Post-Vaccination Response

Notes

Reference

(%) H5N1 Al H9N2 Al 1B ND to Pathogen Challenge
Challenge — virulent HIN1 Al virus In this study, Spirulina was used in the form of
1 Post-challenge anti-H9NT1 virus Ab titers an extract. .
1 Ab titers 1 Severity of histopathological lesions In this study, SPE chickens were used. .
(in spleen and bursa too) The enhancing effects on Ab response, phagocytic
0.02-0.04 - } Monocyte phagocytic activity - activity, and lysozyme release were [109]
T Serum lysozyme levels T Monocyte phagocytic activity dose-dependent. . . e
+ Serum lysozyme levels The two levels were equieffective at mitigating
+ Serum NO levels histopathological alterations, as well as at
reducing NO levels.
In this study, Cobb chickens were used.
0.03-0.05-0.07-0.09 <> Ab titers - <> Ab titers - In this study, the type of Al virus against which [4]
the vaccine was directed was not specified.
In this study, Ross 308 chickens were used.
0.1 <> Ab titers 1 Ab titers 1 AD titers - In this study, the type of Al virus against which [59]
the vaccine was directed was not specified.
; In this study, Arbor Acres chickens were used. /
0.1-0.15-0.2 - - - Ab tit - ¥ 45
T Hers The effect on Ab response was dose-dependent. =
Challenge — virulent ND virus In this study, Spirulina was used in the form of
. ¢ VID: an extract.
0.05-0.1-0.15-0.2 - - - 1 Ab titers (Lglf/?oort};ﬁty rat:e In this study, SPF chickens were used. [108]
| Viral shedding titers The highest level (0.2%) was the most effective at
producing the effects.
In this study, Cobb chickens were used.
Only the 0.3% level was effective at increasing Ab
response to the anti-H5NT1 vaccine.
: . All three levels decreased the Ab response to the
Challenge — virulent ND P
(ge;of;g : VII;?m en viras anti-IB vaccine; the lowest level (0.1%) was the
& Post-challenge anti-ND virus Ab titers most _effective at proC}’ucing this decre_ase: ]
0.1-0.3-0.5 1 Ab titers - | Ab titers &5 Ab titers | Morbidity rate The highest level (0.5%) produced a significant [107]
| Mortality rate decrfease in the Ab response to the anti-ND
1 Severity of pathological lesions vaccine on day 20 of age. . . L
| Viral shedding titers The three levels were equieffective at mitigating

the response to the challenge in terms of
morbidity, mortality, and pathology.

The highest level (0.5%) was the most effective at
reducing viral shedding post-challenge.
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Table 9. Cont.

Spirulina Level Response to Vaccination Post-Vaccination Response Notes Ref
(%) H5N1 AL HON2 AL IB ND to Pathogen Challenge ererence
. In this study, Vencobb chickens were used.
} Ab tit _ . The lowest level (0.5%) was not effective. 66
T Hers . The two higher levels (1 and 1.5%) were [66]

0.5-1-1.5 - -
equieffective at producing this effect.

The “17,“] ", or “+” arrows indicate that the parameter increased, decreased, or did not change, respectively, with the experimental diet (containing Spirulina) compared with the
standard broiler diet (control). Abbreviations: Ab = antibodies; NO = nitric oxide; Al = avian influenza; IB = infectious bronchitis; ND = Newcastle disease.
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Moreover, lymphoid organs, such as the spleen and bursa, documented decreased
inflammation and overall mitigation of histopathological alterations. The decreased nitric
oxide levels were interpreted as the likely consequence of down-regulated expression
of the iNOS enzyme, given the presence, among the bioactive Spirulina components, of
substances like heptadecane and C-phycocyanin that are capable of inhibiting iNOS gene
expression via inhibitory modulation of the nuclear factor kappa B (NF-kB) transcription
factor pathway [111-115]. C-phycocyanin has been reported to also act as direct inhibitor of
the activity of iNOs, as well as of the inducible pro-inflammatory enzyme cyclooxygenase 2 [2].
However, the participation of this mechanism in the anti-inflammatory effects of dietary
Spirulina supplementation in broiler chickens has not yet been explored. On the other
hand, from research specifically conducted in broiler chickens, evidence has been provided
that C-phycocyanin, administered as a feed supplement, can reduce the immunoexpression
of the pro-inflammatory cytokine tumor necrosis factor « [87], and this event also may
contribute to the overall anti-inflammatory activity of Spirulina-supplemented diets.

In light of the multifaceted immune-related events that authors like Katayama et al. (2016),
Awad et al. (2023), and Yehia et al. (2024) documented (or hypothesized) to occur in
broiler chickens fed Spirulina-supplemented diets [104,107,109], the beneficial influence
that Spirulina seems to exert on the immune system of these birds would be more appro-
priately definable as “immunomodulatory” (or “immunoregulatory”), rather than merely
“immunostimulatory” [2]. By activating some pathways of the innate and adaptive immu-
nity and concomitant inhibition of others, Spirulina as a feed supplement would contribute
to maintaining balanced and, hence, efficient inflammatory and immune responses. This
favorable immunomodulatory activity, combined with concomitant exertion of direct antivi-
ral and antibacterial activities [2] (which are still under-explored in vivo), makes the dietary
supplementation of Spirulina a rather promising nutritional strategy to aid in the protection
of broiler chickens against infectious diseases, but more in-field research is needed to prove
more robustly that these advantages can be achieved.

4.1.3. Effects on the Productive Performance and Health Status (Intestinal and /or
Extra-Intestinal) of Broiler Chickens Exposed to Physical and Chemical Challenges

Besides its potential to offer protection against pathogen challenges, dietary Spirulina
supplementation has also been tested for its ability to protect broiler chickens against
challenges of physical and chemical natures.

(a) Protection against Physical Challenges (Heat Stress)

Many studies in the reviewed literature consistently report that supplementing broiler
diets with Spirulina may be a valid nutritional strategy to support the productive performance
and health of the chickens under heat-stress conditions (Table 10). It is of note that the general
agreement in the formulation of this conclusion comes despite apparent heterogeneity in how
the feeding trials have been designed and conducted by the different authors and even by the
same groups of investigators [54,91,116], with inter-study differences involving, among others,
type and composition of the Spirulina product used as a supplement, mode of administration
of the supplement, time frame and duration of the feeding period, composition of the basal
diet supplemented with Spirulina, protocol of heat-stress induction, genetics, and age of the
animals subjected to heat-stress and receiving dietary Spirulina supplementation.

It is well known that rearing broiler chickens under high environmental temperature
induces oxidative stress and triggers inflammatory processes (partly consequent to the ox-
idative damage of cells, tissues, and organs) [117,118]. This, in turn, causes alterations in the
structural and functional integrity of many physiological systems, including the immune
system, the liver, the kidneys, and the intestine, ultimately leading to increased susceptibil-
ity to infectious diseases and compromised growth performance as compared with broilers
reared under thermoneutral conditions [90,116-121]. The well-documented antioxidant,
anti-inflammatory, immunomodulatory, hypolipidemic, and prebiotic properties of specific
components of the microalga Spirulina (C-phycocyanin, n-3 polyunsaturated fatty acids,
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phenols, polysaccharides, and others) seem particularly relevant to this challenging context,
and likely account for the positive outcomes reported in the literature [35,96,122].

Two of the most valuable studies that can be cited in this regard are those from Attia
et al. (2023) [117] and Moustafa et al. (2021) [118]. In the former study, a diet supple-
mented with 0.1% Spirulina was found effective at mitigating all of the adverse effects
that a 2-week exposure to cyclic heat stress (35 = 1 °C for 9 h/day, from day 22 to day
35 of age) had on various indices related to growth performance (final BW, FCR, EPEI),
immune function (lymphoid organ relative weights; IgM and IgY levels; Ab titers against
vaccine viruses; leukocyte count, percentage of heterophils, percentage of lymphocytes,
and H/L ratio), intestinal health (counts of Lactobacilli and Coliforms; villus and crypt
morphometry), liver health (ALT and AST serum activities, serum levels of total cholesterol,
LDL-cholesterol and triglycerides), kidney function (serum levels of creatinine and uric
acid), and systemic antioxidant/oxidant balance (serum levels of the lipid peroxidation
marker MDA and serum total antioxidant capacity—TAC) (Table 10) [117]. Depending on
the specific parameter examined, the protection exerted by the Spirulina-supplemented
diet in heat-stressed (HS) broilers was found to be either partial (i.e., leading to values
that were improved when compared with the HS-positive control group fed an unsupple-
mented diet, but still impaired when compared with the non-HS negative control group
reared under thermoneutral conditions and fed a basal unsupplemented diet), or complete
(i-e., leading to values not different from those recorded in the non-HS and unsupplemented
negative control group). Moreover, improvements over the negative control were reported
for some of the parameters affected by heat stress (particularly, cecal Lactobacilli count and
serum uric acid levels). It is worth noting that, consistent with these effects, Attia et al. (2023)
also recorded a decrease in the mortality rate (i.e., substantial mitigation of the heat-stress-
induced increase in mortality rate), as well as in the stress indices (mainly, complete mitigation
of the heat-stress-induced increase in serum corticosterone levels) for the HS chickens fed
0.1% Spirulina-supplemented diet [117]. Another interesting finding of this study was that
simultaneous diet supplementation with Spirulina and garlic powder resulted in synergistic
effects, leading to more effective protection against the detrimental impact of heat stress.

As for the study by Moustafa et al. (2021), these authors obtained almost complete
protection against the adverse effects of a similar condition of cyclic heat stress (34 £+ 1 °C
for 8 h/day, from day 21 to day 42 of age) by supplementing the chickens’ diets with higher
levels of Spirulina [118]. More specifically, three supplementation levels were tested in this
study, namely 0.5%, 1%, and 1.5%. Of these, 1% was the most effective at counteracting the
heat-stress-induced impairment of growth performance (final BW, BWG, FCR, European
broiler index) and some carcass parameters (dressing percentage and breast yield). For
most of the other indices affected by heat stress, the three supplementation levels proved
equieffective, or the two higher levels (1 and 1.5%) more effective than the lower (0.5%)
at ensuring their maintenance at almost normal values (i.e., not different from or very
close to negative control values). This mainly happened for fat relative weight, serum
TAC, MDA, GSH, and AST activity levels, total cholesterol, triglycerides, and creatinine.
For some other heat-affected parameters related to the carcass (intestine relative weight),
systemic antioxidant/oxidant balance (serum SOD activity), and liver and kidney health
(LDL-cholesterol and urea), the three supplementation levels produced an improvement
over the negative control [118].
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Table 10. Overview of the studies evaluating the effects of dietary Spirulina supplementation on the productive performance and health status of broiler chickens

exposed to heat stress (physical challenge).

Spirulina Level

HS-Affected Parameters Showing Improvement

Relative to the Positive Control

@

HS-Affected or HS-Unaffected
Parameters Showing Improvement

Notes Reference

% a1 (= . .
o Partial Mitigation of ci;l:]teﬂ?;}ﬁ(ﬁg;g:,fzf Complete Mitigation of Relative to the Negative Control @
Impaired growth performance
(T FCR)
Altered intestinal morphometry Altered intestinal morphometry
({ villus height) (T crypt depth, | villus
height/crypt depth ratio)
Systemic antioxidant/oxidant
imbalance Altered cecal microbiota
(1T serum MDA levels, composition (1 Coliform count) Cecal Lactobacilli count
+ serum TAC) Liver d (complete mitigation of the HS-induced
Al . . . lver damage - reduction and further increase over the
tered immune cell populations Impaired growth performance (T serum ALT and AST activity) negative control) In this study, the protective efficacy of
0.1 (I WBC count,oT heterophll.%, (I FBW, | EPEI) . . Spirulina was compared to that of garlic [117]
| lymphocyte %, 1 H/L ratio) ) Altered lipid metabolism Serum uric acid levels and also tested in combination with it.
Increased mortality rate (1 serum total cholesterol, e .
L - . (complete mitigation of the HS-induced
Impaired immune 1 LDL-cholesterol, 1 triglycerides) increase and further decrease below the
organ development negative control)
(I bursa r.w., | spleen r.w.) Impaired immune organ g
development
Impaired humoral ({ thymus r.w.)
immune function
({ serum IgM and IgY levels; | Impaired kidney function
anti-NDV and ant-IBDV Ab titers) (1 serum creatinine levels)
Increased stress
(1 serum corticosterone levels)
Intestine r.w.
(complete mitigation of the HS-induced
decrease, and further increase over the
Impaired carcass performance negative control)
Impaired growth performance ( dressing %, | breast r.w.,
(1 FBW, | BWG, 1 FCR, | EBI) } fat rw.) Serum SOD activity (complete mitigation The intermediate level (1%) was the most
. L . . of the HS-induced decrease and further effective at counteracting the negative
Systemic antioxidant/oxidant _Systermc antioxidant/oxidant Liver damage o increase over the negative control) effects of HS on growth performance and
05-1-1.5 imbalance imbalance (T serum AST activity) some carcass-related parameters. [118]
(+ serum MDA levels) (J serum GSH levels, o ) Serum LDL—Q}OIgsterol levels ) The three levels were equieffective at
1 serum TAC) Altered lipid metabolism (complete mitigation of the HS-induced

Altered lipid metabolism
(1 serum total cholesterol)

(1 triglycerides)

Impaired kidney function
(1 serum creatinine levels)

increase and further decrease below the
negative control)

Serum urea levels

(complete mitigation of the HS-induced
increase and further decrease below the
negative control)

counteracting the negative effects of HS on
most of the other parameters.
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Table 10. Cont.
HS-Affected Parameters Showing Improvement
Spirulina Level Relative to the Positive Control HS-Affected or HS-Unaffected
P P . oAl Parameters Showing Improvement Notes Reference
° <1 Mitioati Substantial (=Almost toati Relative to the Negative Control ®
Partial Mitigation of Complete) Mitigation of Complete Mitigation of
Impaired growth performance
({ BWG, | ADFI) L FCR
Impaired growth performance (unaffected by HS)
?Tlfcerredt géeiﬁnilvrﬁﬁfhometry (| FBW) + Intestinal villus height e Inthis study, HS did notaffect, and dietary
3 hei %'IP/ P Geoth rat frocted by TS 8 Spirulina did not improve the immune -
eight/crypt depth ratio) - Intestinal stress and inflammation (unaffected by HS) functions (as assessed by measurement of [70]
i lasma IgA and IgY levels).
Altered cecal microbiota (TTIESZPZ gene expre§$1o)n, T Intestinal expression of P & gY levels)
composition gene expression GPX3, IL4 and CLDN2 genes
(J microbial richness and (unaffected by HS)
diversity)
J Serum total cholesterol
(unaffected by HS) ° In this study, HS did not affect
growth performance.
| Serum total lipid . Only the highest level (2%) proved effective
(complete mitigation of the HS-induced at counteracting the negative effects of HS
increase and further decrease below the on the antioxidant/ oxidant balance.
negative control) . The lowest level (0.5%) completely
counteracted the negative effects of HS on
Systemic antioxidant/oxidant Systemic antioxidant/oxidant 1 Serum triglycerides lipid met'abolism; th? two higher‘ levels (1
05-1-2 iri,\b lan _ imbalance (complete mitigation of the HS-induced and 2%) 1}nproved lipid metabolism over 58]
i aa CeSOD .. (1 serum MDA levels, | serum increase and further decrease below the the negative control. :
(} serum activity) GPx activity) negative control) . The intermediate level (1%) completely
counteracted the negative effects of HS on
H/L ratio the H/L ratio; the other two levels (0.5
(complete mitigation of the HS-induced and 2%] improved H/L ratio over the
increase and further decrease below the negative control.
negative control) . The two higher levels (1 and 2%)
improved the humoral immune response
T Ab titers anti-SRBC antigens over the negative control.
(unaffected by HS)
Spirulina Level Parameters Showing Improvement
(%) Relative to the Positive Control ¥ Notes Reference
Growth performance
(1 FBW and T BWG)
Carcass performance
(1 dressing %) . No negative control was included in the study design.
051 Systemic antioxidant/oxidant balance . The effect on most parameters was dose-related. (1]

(4 serum MDA levels, 1 serum SOD activity, T serum GPx activity)

Lipid metabolism

({ serum total cholesterol, | LDL-cholesterol, | triglycerides)

Humoral immune response
(11gG, 11gM, T 1gA)

. In this study, the protective efficacy of Spirulina was compared to that of selenium
nanoparticles and also tested in combination with them.
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Table 10. Cont.
Spirulina Level Parameters Showing Improvement
(%) Relative to the Positive Control Notes Reference
Growth performance
(1 BWG, 1 EPEF) . No negative control was included in the study design.
Tleal microbiota composition . The effect on most parameters was dose-related.
051 (1 Lactobacilli count, | Coliform count) . Spirulir'la supplementation was four}d to not influence the humoral immune response to [116]
’ Systemic antioxidant/oxidant balance the anti-NDV, -AIV and -IBDV vaccines. ?
(I serum TBARS levels, T serum SOD activity, T serum GPx activity) . In this study, the protective efficacy of Spirulina was compared to that of selenium
Humoral immune response nanoparticles and also tested in combination with them.
(118G, 1 IgM, 1 IgA)
Growth performance
(1 FBW, 1 BWG, | FCR)
- powder more effective than extract . . .
h . No negative control was included in the study design.
Carcass Jpertormance . In this study, the protective efficacy of two Spirulina forms via two different modes of
(T dressing %) administration was compared (dried powder in feed versus aqueous extract in
- only with powder drinking water).
Systemic antioxidant/oxidant balance . The effect of dried powder on growth parameters was dose-related.
(] serum MDA levels, + serum SOD and GPx activity) . The two levels of aqueous extract were equieffective on most parameters.
0.1-0.2 c . The highest level of aqueous extract (0.2%) was not effective on parameters related to [54]
- powder more effective than extract lipid metabolism.
Lipid metabolism . Dried powder was more effective than aqueous extract in reducing serum triglycerides.
({ serum total cholesterol, |. LDL-cholesterol, | triglycerides) . Aqueous extract was more effective than dried powder in reducing serum
Humoral immune response LDL-cholesterol.
(1 IgG, 1 IgM, 1 anti-NDV Ab titers) . Dried powder and aqueous extract were equieffective in reducing serum
total cholesterol.
- only with powder (IgG, anti-NDV Ab)
- powder more effective than extract (IgM)
Growth performance . No negative control was included in the study design.
( FBW, 1 BWG) . In this study, dried powder of Spirulina was suspended in drinking water.
Liver ir{tegrity . The study was conducted under natural high temperature conditions.
(. serum AST activity, | serum ALT activity) . The lowest level (0.5%) was the most effective.at imProving' FBW.
0.5-1-1.5-2 . Only the lower levels (0.5 and 1%) were effective at improving BWG. [55]
L]

Liver function

(1 serum total proteins, | serum total cholesterol, | serum triglycerides)

Immune function

(T cellular response to PHA-P, T humoral response to anti-NDV vaccine)

The three higher levels (1, 1.5 and 2%) were almost equieffective at improving serum
total protein concentrations.

The two highest levels (1.5 and 2%) were the most effective at improving all other
health-related parameters.

The “1 “or “] “arrows indicate that an increase or a decrease, respectively, was observed in the parameter with the experimental diet (Spirulina-containing) compared with the
standard broiler diet (control). © Positive control: challenged (heat-stressed) chickens fed an unsupplemented diet; @ negative control: non-challenged (non-heat-stressed) chickens
fed an unsupplemented diet. Abbreviations: HS = heat stress; FBW = final body weight; BWG = body weight gain; ADFI = average daily feed intake; FCR = feed conversion ratio;
EPEI = European production efficiency index; EBI = European broiler index; EPEF = European production efficiency factor; MDA = malondialdehyde; TAC = total antioxidant capacity;
GSH = glutathione; SOD = superoxide dismutase; GPx = glutathione peroxidase; TBARS = thiobarbituric acid reactive substances; WBC = white blood cell; H/L = heterophil to
lymphocyte ratio; Ab = antibodies; Ig = immunoglobulin; SRBC = sheep red blood cell; PHA-P = phytoheamagglutinin-P; r.w. = relative weight (% of the pre-slaughter weight);
NDV = Newcastle disease virus; IBDV = infectious bursal disease virus; ALT = alanine aminotransferase; AST = aspartate aminotransferase; LDL = low-density lipoprotein; HSF2: heat
shock factor 2; IL12: interleukin 12; GPX3: glutathione peroxidase 3; IL4: interleukin 4; CLDN2: Claudin 2.
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Another group of investigators tested the protective potential of dietary Spirulina
supplementation against the detrimental impact of experimentally induced heat stress
(32-33 °C for 10 h/day, from day 22 to day 35 of age) at an inclusion level as high as
3% [70]. At the end of the challenging period, many of the growth performance indices
that were negatively affected by heat stress (BW, average daily BWG, and FI) resulted in
improvements in Spirulina-supplemented HS broilers relative to the non-supplemented HS
broilers (positive control), with some indices (BW) reaching values not different from those
recorded in the non-HS animals (negative control). Interestingly, in this case, improvement
over the negative control was recorded only for those performance parameters unaffected
by heat stress (FCR). A similar response pattern was also documented for the effects of
dietary Spirulina supplementation on the other classes of parameters examined in the
HS broilers, mostly related to gut health. More specifically, for ileal histomorphometry,
partial mitigation (i.e., “relative” improvement) of the adverse effects of heat stress on
ileal crypt depth and villus height to crypt depth ratio, and “absolute” improvement
of the heat-unaffected intestinal villus height compared with non-HS birds were found.
As for intestinal (ileal) gene expression, the Spirulina-supplemented HS broilers showed
complete mitigation of the heat-stress-induced up-regulated expression of the heat shock
HSF2 gene and the immune-related IL12 gene while showing increased expressions of
the heat-unaffected GPX3 (antioxidant related), IL4 (immune-related), and CLDN2 (tight-
junction related) genes as compared with the non-HS broilers. Spirulina supplementation
was found to also mitigate the negative impact of heat stress on the cecal microbiota. Indeed,
microbial alpha and beta diversities were higher in the supplemented HS group than in
the unsupplemented HS group. In particular, an increase in volatile fatty acid-producing
bacteria from genera Ruminococcus, Ocillospira, Lactobacillus, Oscillobacter, Flavonifractor, and
Colidextribacter was recorded in the Spirulina-supplemented HS birds.

The coexistence of “relative” and “absolute” improvements in HS broilers fed Spirulina-
supplemented diets was also documented in the study by Mirzaie et al. (2018) [58]. In this case,
the chickens were subjected to an acute heat challenge (36 for 6 h/day, from day 38 to day 44
of age) while receiving diets supplemented with 0.5%, 1%, or 2% of Spirulina. Heat stress
significantly impacted the systemic antioxidant/oxidant balance of broiler chickens (increased
serum levels of MDA, decreased serum activities of SOD and GPx). Dietary Spirulina ensured
partial to complete mitigation of this effect (depending on the parameter considered) when
used at the highest inclusion level of 2%. Heat stress also negatively affected some chickens’
lipid metabolism indices, leading to increased total lipids and triglycerides. In this respect, the
lowest level of dietary Spirulina (0.5%) ensured complete mitigation of the lipemic boost (as
indicated by a serum lipid profile not different from that of the negative control birds).

In contrast, both of the two higher levels of dietary Spirulina (1% and 2%) improved
the serum lipid profile of the HS birds in comparison with the non-HS (negative control)
birds, and also with respect to lipid indices that had not been altered by heat stress (total
cholesterol). Similarly, heat stress resulted in an unfavorable increase in the H/L ratio (likely
reflecting the lymphopenia induced by increased corticosterone levels). This effect was
mitigated by 1% Spirulina, while 0.5% and 2% Spirulina resulted in H/L ratio values lower
than those measured in the non-HS birds. The chickens’ growth performances and other
immune-related parameters (particularly the humoral response to SRBC antigens) were
not affected significantly by the heat challenge in this study (possibly because of its short
duration). In this case, dietary Spirulina supplementation did not cause any “absolute”
improvement in the heat-stress unaffected growth indices (just like it did not improve
the growth performance during the pre-challenge phase, from day 17 to day 38 of age; see
Section 4.1.1). However, it caused “absolute” improvement of the humoral immune response,
as indicated by the higher Ab titers measured in the HS chickens fed the 1% or 2% Spirulina-
supplemented diet compared with the non-HS unsupplemented birds (negative control).

Overall, these studies indicate that the growth- and health-enhancing effects of di-
etary Spirulina supplementation that are usually recorded in healthy (non-HS) broiler
chickens might also occur in stressed (HS) ones. Possibly depending, at least in part, on
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how the specific supplementation level combines with the specific heat-stress condition,
these Spirulina-induced “absolute” improvements may involve not only the physiological
parameters that are not affected by heat stress but also the affected ones.

Further evidence in support of the ability of dietary Spirulina supplementation to
counteract the detrimental impact of heat stress on broiler chickens” growth performances,
carcass performances, systemic antioxidant/oxidant balances, humoral immunities, lipid
metabolisms, and intestinal microbiota compositions is provided by the studies performed
by another group of investigators [54,91,116] (Table 10). In these studies, the improvements
associated with feeding Spirulina-supplemented diets were recorded at levels of supple-
mentation ranging, on the whole, from 0.1% [54] to 1% [54,91,116]. Unfortunately, none of
the studies included a negative control group in their experimental design, which does
not allow us to assess if the observed “improvements” were expressions of “partial” or
complete” mitigation nor to identify the possible occurrence of “absolute” improvements.
However, two interesting findings in these reports are worthy of mention. First, the research
published by Abdel-Moneim et al. (2022) showed that Spirulina, in exerting its positive
mitigating effects, would synergize with selenium nanoparticles so that combining the
two dietary supplements in the diet of HS broilers might be recommendable to obtain
even better results (especially on growth performance parameters) [91,116]. Secondly, the
research published by Elbaz et al. (2022) included a valuable comparison between two
different forms and modes of administration of Spirulina as a supplement [54]. More
specifically, Spirulina in the dried powder form was added to the feed at the final level
of 0.1% or 0.2%, as compared with Spirulina in the form of an aqueous extract, added to
the drinking water at the final concentration of 0.1% or 0.2%. The study revealed that the
powder form of Spirulina incorporated in the feed was superior to the aqueous extract
administered via drinking water, which improved the parameters examined in the HS
chickens. The lower ameliorating efficacy of the liquid extract was attributed to the fact
that, during the extraction process, some of the beneficial components of the microalga
Spirulina were lost, leading to lower contents of total phenols and flavonoids and a lower
total antioxidant capacity in the extract compared with the dried powder.

Nevertheless, based on the findings of Kolluri et al. (2022), drinking water might
remain a valid option for administering Spirulina to HS broilers and obtaining satisfac-
tory outcomes [55]. More specifically, these authors prepared a uniform suspension of
Spirulina dried powder in the drinking water at final concentrations of 0.5%, 1%, 1.5%,
and 2% and administered it daily to the broilers (for 6 h in the morning) during the whole
of the hot, humid summer season (mid-April to May, i.e., under natural conditions of
high environmental temperature). Under these conditions, “relative” improvements of
some growth performance indices (final BW and BWG) were recorded only in HS chickens
that received the lower levels of Spirulina supplementation (i.e., 0.5% and 1%, with 0.5%
resulting in better improvements than 1%). At higher levels of Spirulina supplementation
(1.5% and 2%), growth performance remained unchanged in comparison with the unsup-
plemented HS birds, whereas “relative” improvements of health-related parameters were
observed (particularly, serum biochemical indices of hepatic function and integrity, and
immunological indices) and appeared maximized when compared with improvements
produced in the same parameters by 1% Spirulina, while 0.5% Spirulina did not exert any
detectable positive influence on the chickens” health. Based on these results, the authors
indicated supplementation of drinking water with Spirulina powder at a 1.5% or 2% final
concentration as a recommendable strategy to improve health-related indices of broilers
reared under high environmental temperature conditions, with no improvement or com-
promise of productive performance. Once again, the study design lacked a negative control
group, so it is not possible to assess whether the observed improvements were “just” the
expression of partial or complete mitigation of the negative influence exerted by heat stress
or could also have been appreciated in comparison with unsupplemented birds reared
under thermoneutral conditions.
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(b) Protection Against Chemical Challenges (Aflatoxins, Heavy Metals, Pesticides)

Less numerous studies in the reviewed literature explored the protective potential of
dietary Spirulina supplementation against harmful chemical contaminants to which broiler
chickens may be exposed (Table 11). In this context, too, the results, although limited, seem
rather encouraging.

The first group of reports that can be cited in this regard tested the feed supplement
Spirulina for its efficacy in mitigating the deleterious effects of aflatoxin B; (AFB;) in broiler
chickens [59,123,124]. In the feeding trial by Raju et al. (2005), which was conducted from
day 8 to day 42 of age, it was found that including Spirulina in broiler diets at 0.05%
was able to alleviate only part of the adverse effects of feed contamination by 300 ppb
of AFB; [123]. Notably, the AFB;-induced decreases in BWG and relative weights of the
immune organs thymus and spleen were mitigated, whereas all of the other alterations
caused by AFB; (including decreased FI, increased liver and kidney relative weights,
decreased serum total proteins, alterations in the serum lipid profile) were not counteracted
by this relatively low level of feed supplementation with Spirulina. However, in the more
recent study by Kasmani et al. (2023), a two-fold higher level of Spirulina (0.1%) in the diet
proved effective at ensuring complete mitigation of all of the adverse effects induced by a
pretty high feed contaminating level of AFB; (2.5 ppm), leading to growth performance,
liver health status, and humoral immune response efficiency to vaccines that were not
different from those recorded in the control chickens (i.e., in chickens fed unsupplemented
and non-contaminated diets) (Table 11) [59]. Moreover, always compared with the latter,
the chickens receiving the Spirulina-supplemented AFB;-contaminated diet even showed
improvements in the composition of the intestinal microbial population (with higher counts
of Lactobacilli and lower counts of Coliforms) [59]. Similar positive outcomes were reported
by Feshanghchi et al. (2022), who administered a diet contaminated by 600 ppb of AFB;
and supplemented with 1% Spirulina (1%) to broiler chickens from day 1 to day 42 of
age [124]. In this case, no improvements in the healthy control were observed. Still, all of
the adverse effects of AFB; on growth indices, carcass traits, liver health, immune function,
and intestinal microbiota composition were mitigated entirely, except for the decrease in
BWG, which was substantially but not wholly counteracted (Table 11).

In interpreting this variability in the extent to which different dietary supplementation
levels of Spirulina succeed in protecting chickens against the toxicity of various levels of
AFBy, it must be considered that just like the chickens’ responses to a certain amount of
Spirulina, also the chickens’ responses to a specific dose of the mycotoxin is under the
influence of factors that may increase or reduce its intensity, including, among others, the
source of aflatoxin and the composition of the basal diet [125].

As for the mechanisms that may explain the protective efficacy of Spirulina against the
toxic effects induced by AFB; in chickens, a significant contribution likely derives from the
multiple biological properties of the microalga (antioxidant, antiapoptotic, immunomod-
ulatory, hepatoprotective, prebiotic) [126]. Moreover, Spirulina has been found to act as
an aflatoxin-binder, reducing mycotoxin absorption in the gastrointestinal tract [126]. In
addition, as highlighted by some authors, the vitamins contained in Spirulina play an
important detoxifying role. Indeed, it has been reported that different forms of vitamin
A would inhibit the formation of the AFB;-DNA adduct (8-hydroxydeoxy-guanosine)
through the regulation of AFB; metabolism by the cytochrome P450 (CYP450) enzyme
system [124,127]. Ascorbic acid, of which Spirulina is also rich, would protect the organ-
ism from the acute toxicity of AFB; by activating AFB;-epoxide hydroxylase, aldehyde
reductase, and enterocyte CYP3A enzymes [127]. The pigments in Spirulina, particularly
chlorophylls, may provide further protection, as they have been shown to protect against
AFB; carcinogenesis in the liver and colon of rats [128].

Other studies suggest that supplementing broiler diets with Spirulina may be a valid
strategy to protect broiler chickens from the toxicity of heavy metals (Table 11). In this
regard, very low levels of dietary Spirulina supplementation (0.005-0.02%) have been
reported to exert dose-dependent mitigation of the adverse effects induced by arsenic on
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chickens’ growth performances and liver integrity [129]. In addition, Bharavi et al. (2021)
demonstrated that the inclusion of Spirulina at the rate of 0.1% in cadmium-contaminated
feed was able to mitigate the metal-induced alterations in the antioxidant/oxidant balance
of the liver and kidneys, as well as in the serum markers of liver and kidney function,
ensuring almost normal growth performance [130]. In all likelihood, the antioxidant and
anti-inflammatory properties of Spirulina chemical components (Table 1) played a crucial
role in determining the protective efficacy of dietary Spirulina against the hepatorenal
damage and dysfunction caused by cadmium toxicity (which is known to be in large part
due to oxidative stress) [30,35]. Furthermore, the authors suggested the contribution of
another possible mechanism to hepatorenal tissue protection by Spirulina. Notably, it was
hypothesized that some Spirulina components, besides acting as free radical scavengers,
also acted as chelators of cadmium, reducing its progressive accumulation in chickens’
livers and kidneys and facilitating its elimination [130]. The metal-chelating ability of some
antioxidant components of Spirulina (flavonoids, phycocyanin) is well documented [131,132],
and the hypothesis formulated by Bharavi et al. (2021) was supported by the finding of lower
cadmium concentrations in the organs of the Spirulina-supplemented intoxicated chickens,
compared with the concentrations measured in the organs of unsupplemented intoxicated
birds [130].
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Table 11. Overview of the studies evaluating the effects of dietary Spirulina supplementation on the productive performance and health status of broiler chickens

exposed to chemical challenges.

Spirulina Level

Challenge-Affected Parameters Showing Improvement
Relative to the Positive Control

(%) Chemical Challenge Substantial (AL : Notes Reference
. TS ubstantial (=Almos T
Partial Mitigation of Complete) Mitigation of Complete Mitigation of
Impaired growth No improvement was recorded for any of
performance (| BWG) the other AFB;-affected parameters related
0.05 AFB,; o R _ to growth performance (FI), carcass
(300 ppb) Impaired immune performance, or liver health (liver r.w., [123]
organ development serum total proteins, serum lipid profile),
({ thymus r.w., | spleen r.w.) kidney health (kidney r.w.).
Impaired growth performance
({ BWG, | FI, 1 FCR)
Altered intestinal microbiota composition
(J Lactobacilli count; 1 Coliform count)
. . The intestinal microbiota composition also
0.1 AFB; _ - Impaired liver health showed improvement over the negative [59]
: (2.5 ppm) (1 serum ALT, AST, ALP, GGT, LDH activities; control @ g
1 liver MDA levels, 1 liver NO levels, | liver '
SOD, CAT, and GPx activities)
Impaired humoral immune response to
vaccines
(J anti- NDV, IBDV and AIV Ab titers)
Impaired growth performance
(} FL, T FCR)
Impaired carcass performance
(1 abdominal fat r.w.)
In this study, the protective efficacy of
AFB Impaired erowth performan Altered intestinal microbiota composition Spirulina was cc?mp.ared with that of milk
1 00 1b - g\?\lé growth periormance (1 Coliform count) thistle and a toxin binder. [124]
(600 ppb) O ) The overall duration of exposure to AFB;
Impaired liver health was 42 days.
(1 serum ALT, AST activity; 1 liver r.w.)
Impaired immune function (. cellular
response to PHA-P at 24 h; | Ab response to
SRBC antigens at day 28)
The highest level (0.02%) was the most
effective at exerting the protective effect.
0.005-0.01-0.02 Arsenic Impaired liver health » Impaired growth performance B The WBC count was unaffected by arsenic [129]
(100 mg/kg) (1 serum ALT, AST activity) (I FBW) and showed improvement over the negative

control under the influence of
dietary Spirulina.
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Table 11. Cont.
Challenge-Affected Parameters Showing Improvement
sl Relative to the Positive Control
SPI“II(I:/“; Level Chemical Challenge Notes Reference
o 1 —
Partial Mitigation of Ci;l;slt:;?;lﬁ(;galg; 215:) £ Complete Mitigation of

Impaired liver health
(T serum ALT activity; The use of Spirulina was found to be
%élxel{scl;SHllevels, T liver associated with reduced liver and kidney

01 Cadmium evels) Impaired growth performance levels of cadmium. 130

. 100 ppm. X . BWG - In this study, the protective efficacy of [130]

(100 ppm) I d kidnev health (O ) Y, the p Yy
mpaired kidney healt] Spirulina was compared with that of various

0 setr_u_m ulrea llevjlli/'jl SeruGHéH herbal adaptogens (Panax ginseng and others).
creatinine levels, | kidney
levels, T kidney TBARS levels)
Impaired growth performance
(L FBW, | BWG, 1 FCR)
Impaired liver health
(T serum ALT activity,
1 serum AST activity; 1 liver Exposure to deltamethrin was found to
MDA levels, | liver GSH levels, induce increasgd FI, and dietary Spirulina

5 Deltamethrin 1 liver SOD activity; Impaired intestinal health B counteracted this effect almost completely. [67]

(300 mg/kg) histopathological alterations) (histopathological alterations) The use of Spirulina was found to be
associated with reduced deltamethrin

Impaired kidney health residues in meat and liver.

(1 serum urea levels, T serum
creatinine levels; 1 kidney MDA
levels, | kidney GSH levels,

} kidney SOD activity;
histopathological alterations)

The “1 ”or “] “arrows indicate that an increase or a decrease, respectively, was observed in the parameter with the experimental diet (Spirulina-containing) compared with the standard broiler
diet (control).  Positive control: challenged chickens fed an unsupplemented diet; ® negative control: non-challenged chickens fed an unsupplemented diet. Abbreviations: AFB; = aflatoxin By;
FBW = final body weight; BWG = body weight gain; FI = feed intake; FCR = feed conversion ratio; r.w. = relative weight (% of the pre-slaughter weight); ALT = alanine aminotransferase;
AST = aspartate aminotransferase; GGT = gamma-glutamyl transferase; ALP = alkaline phosphatase; LDH = lactate dehydrogenase; MDA = malondialdehyde; GSH = glutathione;
SOD = superoxide dismutase; CAT = catalase; GPx = glutathione peroxidase; TBARS = thiobarbituric acid reactive substances; NO = nitric oxide; NDV = Newcastle disease virus;
IBDV = infectious bursal disease virus; AIV = avian influenza virus; Ab = antibodies; WBC = white blood cell; PHA-P = phytoheamagglutinin-P; SRBC = sheep red blood cell.
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Finally, it is worth mentioning the study by Ibrahim et al. (2021), who provided
evidence for the ability of dietary Spirulina supplementation at an inclusion level of
2% to protect the chickens from the growth impairment and hepatorenal damage and
dysfunction caused by the insecticide deltamethrin [67]. The exertion of this protection
was indicated by the findings of improved growth indices, improved liver and kidney
histopathological characters, and improved values of serum biochemical markers of hepatic
and renal health in the supplemented intoxicated birds compared with the unsupplemented
intoxicated ones. Considering that oxidative stress also plays a crucial role in the toxicity of
deltamethrin [133], the finding that dietary Spirulina supplementation was also associated
with improved liver and kidney tissue levels of oxidation and antioxidant markers (MDA,
GSH, and SOD) [67] confirmed the mechanistic involvement of Spirulina’s antioxidant
properties (Table 1) in the production of these protective effects [30,35].

4.2. Effects of Spirulina as “Alternative Protein Source” on Productive Performance and Health
Status of Broiler Chickens

Compared with the use as feed supplement, the use of Spirulina as a partial or complete
replacement for conventional protein-rich raw materials in the formulation of broiler diets
has been less studied in the reviewed literature. Hence, the available information regarding
the impact of this specific in-feed application on production indices of broiler chickens
appears somewhat limited and not always consistent, probably also due to the heterogeneity
of the experimental conditions under which it has been obtained.

In approaching the interpretation of the data from the published research, it is im-
portant to keep in mind that, in this context, the “growth-supporting” substances that are
present in Spirulina (proteins in particular, but also others) have to compensate for the
decreased presence (or absence) in the diet of the “growth-supporting” substances normally
supplied by the “replaced” conventional protein source. Therefore, the “minimum positive
outcome” to be expected in relation to the use of “Spirulina-based” diets is the maintenance
of levels of productive performance (as well as of meat quality and animal health) that do
not differ from (i.e., that are not inferior to) those achieved by the use of the conventional
diets. Any improvements, where present, are welcome but not required, and where growth
depression is recorded, this, in all likelihood, reflects the occurrence of some nutritional
deficiencies and/or metabolic disturbances.

Soybean meal is undoubtedly the major conventional protein source for broiler feed, and
most studies have focused on the use of Spirulina as a partial soybean replacer [1,39,53,73,134].
The search for alternatives to soybean meal for use in animal feeding is motivated by
sustainability problems of modern broiler farming. Indeed, as the global population
grows, there will be an increase in the consumption of chicken meat [29]. To keep up with
the increasing worldwide demand for this high-quality animal food, global chicken meat
production is projected to increase by 32% by 2030 and 59% by 2050 (from production in 2012),
and this in turn will increase the demand for feedstuffs in general, but particularly for protein
feeds [39]. To meet the increased protein needs of the growing broiler production sector, the
soybean production would need to double by 2050 [29]. However, with the current crop yield
gains (0.9-1.6% per year) [29] and the direct competition with human consumption [135], the
availability of soybeans is anticipated to fall short [29], and this will also affect the market price
of this protein source, which indeed is linearly rising [39]. In this view, identifying sustainable
alternative protein sources that can be incorporated in broiler diets is one of the strategies
proposed to fill this protein-gap, and thus alleviate the demand for soybean meal, and other
soy-based feed materials, by commercial broiler (and livestock in general) producers [39].

Spirulina has received special attention as a replacement for soybean meal due to
its high nutritional value (Table 1), which is comparable or even superior to that of the
conventional vegetable protein feed [3,22]. Indeed, Spirulina, only except for crude fiber
(which is lower), shows greater values of crude protein, as well as of lipids, gross energy,
and mineral matter (including calcium and phosphorus) than soybean meal (which, for
instance, contains “only” about 40% of crude protein) [22,23,28,29]. The rich protein
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content of Spirulina, which moreover can be produced with more efficient land use than the
protein obtained from soy crops [22,28], also appears of high quality, given its satisfactory
metabolizable coefficients (>50%) [28], and its well-balanced amino acid composition, which
includes all the essential amino acids (Table 1). Most amino acids are present in Spirulina
in greater quantity than in soybean meal; some others are detected in similar amount in
the two protein sources [22,28,29]. Among the former there is methionine, and among
the latter there is lysine, with both these amino acids playing a crucial role in supporting
the quantity and quality of broiler meat production [14]. However, it is important to
consider that for some amino acids (namely, glutamate, histidine, and proline), the content
of Spirulina is lower than that of soybean [22,28,29]. In addition, it should be noticed that
the calculation of crude protein provides an overestimation of the actual protein content
of Spirulina, because of a relatively high amount (nearly 10%) of non-protein nitrogen
(represented by nucleic acids, glucosamine and other amines, and nitrogenous substances
in the microalga cell wall) that cannot be utilized by the chickens [23,28]. In light of the
not complete overlap in the chemical composition of Spirulina and soybean meal, the
suitability of Spirulina to meet the nutritional requirements of the fast-growing chickens
(with satisfactory production outcomes) is still controversial, and the optimal levels for
using this microalga as a substitute source of protein in a broiler diet have yet to be defined.

Regarding the latter point, the levels of dietary Spirulina inclusion that have been tested for
this specific in-feed application in the reviewed literature range from a minimum of 1.5% [136]
to a maximum of 21% [56]. However, another important aspect to be considered is that similar
inclusion levels of Spirulina do not necessarily translate into similar replacement levels of
soybean (Table 12), possibly also because of variations in the nutritional quality of the Spirulina
products (and soy-based feed ingredients) used by the different authors. In light of this, we
deemed it more appropriate and meaningful to arrange the present discussion by grouping
the reviewed papers based on similar “soybean replacement levels” rather than on similar
“Spirulina inclusion levels” (Table 12 and Figure 3).
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Figure 3. Overview of the studies evaluating the effect of feeding Spirulina-based (soybean-replaced)
diets on the productive performance of broiler chickens, with a particular focus on the varying
feeding regimens. The References analysed have been grouped on the basis of the overall duration of
the rearing cycle [53,56,134,136-141]. Each square indicates a single day of the rearing cycle. Different
colors have been used to facilitate the numbering of days (D = day).
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Table 12. Levels of total dietary soybean replacement realized by the dietary inclusion of varying levels
of Spirulina (total dietary soybean = soybean meal + other soy-based feed ingredients) in the studies
evaluating the effect of feeding Spirulina-based diets on the productive performance of broiler chickens.

Soybean Replacement Level (%) Spirulina Inclusion Level (%) Feeding Phase Reference

6.9

15 whole rearing cycle [136]
whole rearing cycle

8.6/9.6/11.2/12.3 25 (starter /grower /finisher 1/finisher 2) [157]
13.8 3 whole rearing cycle [136]
17.5 6 starter [56]
16.7 3 grower + finisher [53]
20.2 3 finisher [53]
27.1 4 - [138]

27.1/27.6 5 starter/grower [139]
27.6 6 whole rearing cycle [136]
33.3 6 grower + finisher [53]
34.8 11 starter [56]
404 6 finisher [53]
49.6 15 - [95,140]

50 11.8-9.7 starter/grower [134]
52.2 16 starter [56]
55.2 12 whole rearing cycle [136]
55.4 8 - [138]

59.9/56.0 10 starter/grower [139]
60.9 15 - [141]
69.8 21 starter [56]

81.9/83.5 15 starter/grower [139]

(a) Effects on Productive (Growth) Performance

Looking at the studies that, by using Spirulina, realized soybean replacement levels < 20%,
there seems to exist general agreement regarding the fact that this feeding strategy would
not affect the production indices of broiler chickens, leading, therefore, to a “positive
outcome” [53,56,136,137]. More specifically, in the study by Ross and Dominy (1990), the
replacement of 6.9% and 13.8% of total soybean by 1.5% and 3% of Spirulina, respectively,
resulted in final BW and FCR values comparable to those recorded in the chickens fed the
conventional soybean-based diet [136]. This study fed the test diets for the whole duration
of a 41-day rearing cycle (i.e., from day of hatching to slaughter age) (Figure 3). Similar
findings were reported more recently by Meyer et al. (2021), who used 2.5% Spirulina
to replace about 10% of total dietary soybean over a 49-day rearing cycle (Figure 3) and
found no performance effects in the broilers receiving this diet [137]. It is worth noting that
both these prolonged feeding regimens, combined with the relatively low levels of Spirulina
inclusion used and the limited amount of soybean replaced, may also be compatible with an
application of Spirulina as a “feed supplement” (see Section 4.1.1) (Table 3). However, from
this perspective, the dietary Spirulina “supplementation” realized by Ross and Dominy (1990)
(1.5 and 3%) caused only numerical improvements in the growth performance parameters,
which did not achieve statistical significance [136].

On the other hand, the dietary Spirulina “supplementation” realized by Meyer et al. (2021)
(2.5%) proved able to produce some growth advantages (BW: +10%; BWG: 11.5%; and
FI: +12.7%), even though these were detectable only by the end of the grower period
(i.e., by day 28), and were lost during the subsequent weeks of the rearing cycle [137].
The fact that the two studies used different chicken genetic lines (Hubbard and Ross 708,
respectively) might have contributed to this different response pattern to dietary Spirulina,
with Hubbard chickens appearing overall more resistant than Ross 708 to the potential
performance benefits offered by the microalga at these levels of dietary inclusion. The study
by Evans et al. (2015) evaluated the effects of a diet in which 17.5% of soybean was replaced
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by 6% of Spirulina in Hubbard x Cobb 500 chicks [56]. In this case, no significant change in
the growth performance indices of the birds was recorded. However, this study focused on
the possibility of incorporating Spirulina as an alternative protein source in a starter diet, so
the feeding period lasted only 18 days (starting from day 3 of age) (Figure 3). On the other
hand, Zampiga et al. (2024), using Ross 308 chickens, evaluated the possibility of partially
replacing soybean with Spirulina during later phases of a 41-day rearing cycle, particularly
in both the grower and finisher diets (for a 27-day feeding period, till slaughter age), or
only in the finisher diet (for a 12-day feeding period, till slaughter age) (Figure 3) [53]. The
replacement of 20.2% soybean with 3% Spirulina in the finisher diet proved suitable for
maintaining levels of growth performance equal to those recorded in the control chickens.
The replacement of 16.7% soybean with 3% Spirulina in the grower—finisher diet (hence for
a longer time) worked similarly well, except for a numerically higher FCR value.

As for the growth effects of using Spirulina to realize more field-relevant soybean
replacement levels of 25-40%, the results reported by the same three groups of investigators
appear conflicting. On the one hand, there are the studies by Ross and Dominy (1990) [136]
and Evans et al. (2015) [56]. The first demonstrated that Hubbard broiler chickens could
be fed a 6% Spirulina-containing diet in which soybean was reduced by 27.6% for the
whole rearing cycle (41 days) without any changes in their growth performance [136]. The
second, although adopting a feeding period of a shorter duration (18 days), limited to
the starter phase, substantially confirmed this conclusion, documenting no changes in
the growth-related parameters of Hubbard x Cobb 500 broiler chicks receiving a diet in
which 34.8% of soybean was replaced by 11% of Spirulina [56]. Similar findings were also
reported by Toyomizu et al. (2001), who fed Arbor Acres chickens on a diet containing 4%
Spirulina (as a replacement for 27.1% soybean meal) for the last 16 days of a 37-day
rearing cycle (Figure 3), and observed no variation in the growth performance, nor
the carcass parameters [138]. On the other hand, Zampiga et al. (2023) reported that
Ross 308 broilers fed a diet with 5% Spirulina as a replacement of about 27.3% of soybean
for the first 22 days of their rearing cycle (starter + grower phase) (Figure 3) had significantly
impaired growth performance (particularly BW: —8.7%; BWG: —10.7%; FCR: +7.6%) [139].
The negative impact of this diet, however, was found to be entirely reversed by feeding
a conventional soybean-based diet for the subsequent 24 days, with achievement, by the
slaughter age of 47 days, of growth performance indices similar to those of the chickens fed
a conventional diet in all feeding phases. In another study by the same group, significant
impairment of the growth performance of Ross 308 chicks (BW: —5.1%) was demonstrated
to occur at the end of a 41-day rearing cycle, if 6% Spirulina replaced 40.4% of soybean in
the finisher diet (i.e., for the last 12 days of the rearing cycle); the growth impairment was
more pronounced (BW: —6.2%; BWG: —6.0%; FCR: +8.35%) if 6% Spirulina replaced 33.3%
soybean in the grower—finisher diet (i.e., for the last 27 days of the rearing cycle) [53]. The
different outcome of the study by Zampiga et al. (2023) [139] compared with that of the studies
by Ross and Dominy (1990) [136], Evans et al. (2015) [56], and Toyomizu et al. (2001) [138]
suggests that Ross 308, Hubbard (its hybrids included), and Arbor Acres chicks might have
different tolerances towards the dietary replacement of soybean by Spirulina, seemingly lower
in Ross 308 than in Hubbard and Arbor Acres chicks.

Similarly, conflicting outcomes were reported at 50-55% soybean replacement levels.
In this regard, Evans et al. (2015) observed no growth impairment in Hubbard x Cobb
500 chicks after 18 days of feeding on a diet in which 52% of soybean was replaced by
16% of Spirulina [56]. The same lack of changes in the growth, as well as in the carcass
performance, was reported by Toyomizu et al. (2001) for Arbor Acres chickens fed a diet
containing 8% Spirulina as a replacement of 55.4% soybean meal for 16 days [138]. Slightly
less positive results were reported in the study by Ross and Dominy, 1990 [136]. In this
study, Hubbard chicks were fed a 55.2% soybean-replaced, 12% Spirulina-containing diet
for a longer time (41 days), and the final BW of the birds, though not different from that
of the control group, was found to be significantly lower than that of the chicks fed diets
containing lower levels of Spirulina (1.5-6%), and hence lower levels of soy replacement
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(6.9-27.6%). Velten et al. (2018) obtained frankly negative results in terms of growth
performance (BW: —51.1%; BWG: —52.4%; FCR: +40.0%; FI: —33.7%) by feeding Ross 308
chickens for the whole of a 34-day rearing period (Figure 3) on diets (starter and grower)
in which 50% of soybean was replaced by about 10.75% of Spirulina [134]. Depressing
effects on the growth performance of Ross 308 chickens (BW: —17.2%; BWG: —21.1%;
FCR: +16.5%) were similarly reported by another group of investigators, who tested a 49.6%
soybean-replaced, 15% Spirulina-containing diet for the last 21 days of a 35-day rearing
period (Figure 3) [95,140].

Finally, when Spirulina replaces more than 55-60% of total dietary soybeans, the re-
viewed literature agrees on this feeding strategy’s detrimental influence on broiler chickens’
growth performance indices. In this respect, the less adverse outcomes were reported by
Evans et al. (2015), who found that BW and FI were reduced by 2.9% and 5.8%, respec-
tively, in Hubbard x Cobb 500 chicks fed for 18 days on a starter diet in which 69.8% of
soybean was replaced by 21% of Spirulina [56]. Much more pronounced impairments of
growth performance were reported for Ross 308 chickens by Zampiga et al. (2023) after
22 days of feeding on starter and grower diets containing 10% Spirulina as a replacement
of 57.9% of soybean (BW: —24.2%; BWG: —25.3%; FCR: +15.8%; FI: —13.4%) [139]. The
same authors recorded an even worse outcome after 22 days of feeding on starter and
grower diets containing 15% Spirulina as a replacement of 82.7% soybean (BW: —50.4%;
BWG: —53.1%; FCR: +50.2%; FI: —29.5%). Moreover, this negative impact was found to
be mitigated, but not entirely reversed by re-feeding a conventional soybean-based diet
during the subsequent 24 days, up to the slaughter age of 47 days (10% Spirulina/—57.9%
soybean group: BW: —6.8%, BWG: —7.4%, FI: —9.9%; 15% Spirulina/—82.7% soybean
group: BW: —18.9%, BWG: —19.7%, FI: —20.3%). Significant, though slightly less severe,
impairment of some growth performance parameters was also observed in Ross 308 broiler
chickens by Pestana et al. (2020) [141], in this case, when feeding the birds for the last
14 days of a 35-day rearing cycle (Figure 3) on a diet in which 60.9% of soybean was replaced
by 15% of Spirulina (BWG: —11.5%, FCR: +10.1%, BW: numerically decreased).

Based on the information just discussed, and making generalizations with all due
caution, it may be stated that (i) the dietary inclusion of Spirulina for modest soybean
replacement levels (i.e., <20%) is tolerated by broiler chickens of different strains, during
either specific feeding phases or the whole feeding cycle, leading to growth performance
indices comparable to those of the birds fed a conventional soybean-based diet, and with
some chance to even observe some improvements of these parameters [48,69,71,72,137]
(see Section 4.1.1); (ii) the dietary inclusion of Spirulina for high soybean replacement
levels (i.e., >56%) is not tolerated by broiler chickens of different strains, under differ-
ent feeding regimens, leading to varying degrees of growth performance impairment
(more or less pronounced depending on the specific chicken strain and feeding regimen);
and (iii) the dietary inclusion of Spirulina for intermediate soybean replacement levels
(i.e., >20% and <55%) can be successfully tolerated by broiler chickens or not, depending on
the chicken strain and feeding regimen, with Ross 308 broilers appearing much less prone
to tolerance than Arbor Acres and Hubbard chicks (and their hybrids). The explanations
proposed for the negative influence exerted by Spirulina-rich diets on broiler chickens’
growth parameters are discussed in the following two paragraphs.

(b) Effects on Intestinal Health

Additional data from the studies conducted by some of the abovementioned research
groups help provide a more in-depth understanding of the reasons why Ross 308 broiler chicks
show reduced growth performance in response to diets in which about 50-60% of soybean is
replaced by 15% of Spirulina [134,140-142]. More specifically, Pestana et al. (2020) found that
the reduced growth performance of chickens fed this Spirulina-based diet was associated
with increased digesta viscosity, and consistent with this, greater length of some intestinal
compartments (duodenum and jejunum) was also observed in comparison with the control
(conventionally fed) birds [141]. Interestingly, their study also evaluated the effect of sup-
plementing the Spirulina-based diet with different exogenous carbohydrate-active enzymes
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(namely lysozyme on the one hand and a mixture of xylanases and {3-glucanases on the
other hand). The hypothesis was that these enzymes would have facilitated the disruption
of the microalga cell wall (similar in structure and composition to that of Gram-negative
bacteria), thereby enhancing the release of the microalgal nutrients, proteins included,
for their subsequent digestion and utilization by the animal. However, despite the initial
expectations, the broilers receiving the enzyme-supplemented Spirulina-based diet showed
similar growth performance impairment to broilers fed the unsupplemented Spirulina diet.
Moreover, in the chickens fed the Spirulina diet supplemented with lysozyme, the increase
in the digesta viscosity resulted to be even more pronounced (two-fold increase compared
with the control group).

Based on these findings, the authors hypothesized that the greater digesta viscosity
could be a major determinant of the impaired growth performance of the birds, as the
more viscous digesta would limit the access of the endogenous digestive enzymes to their
target substrates, thereby reducing the overall digestibility of the feed and the rate of
nutrient absorption. In addition, the authors argued that the increase in digesta viscosity
observed in chickens fed the Spirulina-rich diet could have been due to the gelation of a
probably large fraction of Spirulina-derived proteins that exceeded the digestive capacity
of endogenous proteolytic enzymes. The use of lysozyme, by breaking the microalgal
cell wall (much more efficiently than the mixture of xylanases and 3-glucanases), would
have further increased the extra-cellular release of the Spirulina proteins, leading to the
occurrence of more gelation and then a more pronounced increase in digesta viscosity. In
light of this scenario, the authors suggested that supplementing the Spirulina-based diet
with a combination of lysozyme and exogenous specific peptidases could have been an
effective strategy to improve both the release of the microalgal proteins and the efficiency of
their enzymatic digestion, with consequent prevention of the detrimental protein gelation
and its negative impact on the chickens’ growth performances [141].

In more recent studies by the same group, this hypothesis was verified but not con-
firmed [95,140]. More specifically, consistent with the previous findings, broilers fed a diet
in which 15% of Spirulina replaced about 50% of total soybean were found to have increased
viscosity of their intestinal content in association with impaired growth performance [140].
The supplementation of the Spirulina-based diet with a high dose (super-dosing) of a
multi-enzyme mixture (consisting of the carbohydrase lysozyme and the peptidase pan-
creatin) showed actual efficacy at reducing the high digesta viscosity. However, it did not
successfully mitigate the adverse effects of the diet on growth performance. On the other
hand, in the same study, the impairment of broiler chickens’ growth performances was
found to be in large part mitigated (with only the FCR value remaining higher than in
control birds) by subjecting Spirulina to extrusion before incorporation in the broiler diet.
This pre-treatment, however, did not prevent the gelation of the microalga proteins and
subsequent increase in digesta viscosity.

Based on these results, the authors of these studies revised the scenario initially
proposed, hypothesizing that the major determinant of the reduced growth performance
could be the poor digestibility of some “valuable” proteins derived from Spirulina that
would be somehow resistant to the proteolytic attack by endogenous, as well as exogenous
(supplemented) proteolytic enzymes. The phycobiliprotein phycocyanin has been indicated
as one of these “poorly digestible” Spirulina proteins [95,140]. This pigment protein is
associated with the intracellular photosynthesizing thylakoid membrane of the microalga
by stable bonds, and in this form, it could not be hydrolyzed by the digestive enzymes
(peptidases). Due to this digestibility issue, the important amino acids contained within this
protein would not be available for utilization by the chicken, and the resulting nutritional
deficiency would account for the reduced performance. The extrusion pre-treatment would
help break the protein-membrane chemical bonds and/or possibly induce a certain degree
of denaturation of the protein structure, thereby exposing some otherwise inaccessible
hydrolysis sites that are targets for digestive enzyme activity. In other terms, following
extrusion, the bioaccessibility of complex Spirulina proteins like phycocyanin and their
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susceptibility to enzymatic attack would increase, leading to improved digestibility of these
proteins and increased bioavailability of their amino acid components. In this context, the
increased digesta viscosity, determined by the gelation of the excess amount of the (highly
digestible) Spirulina-derived proteins, would “only” exert a worsening influence. In light
of the so proposed scenario, the authors suggested that the use of pre-extruded Spirulina in
combination with exogenous peptidases supplementation could be a suitable strategy to
fully exploit the nutritional potential of the microalga when included in the broiler diet as a
major protein source, alternative to soybean [95,140].

While waiting for the results of the ongoing research focused on this topic, other studies
can be cited that seem to support the idea that the nutritional strategy based on the use of
(non-extruded) Spirulina to replace large amounts of soybean meal may not be able to meet
the amino acid requirements for the optimal growth and development of broiler chickens [33].

For instance, Velten et al. (2018) reported that Spirulina can be successfully used as a
soybean replacer in the diet of Ross 308 broilers only under conditions of an extended level of
dietary amino acid supplementation [134,142]. More specifically, these authors observed that
replacing 50% soybean meal with (about 10%) Spirulina resulted in a significant depression
of growth performance and feed efficiency data if the amino acid supplementation of the
experimental diet was conducted at a basic level (i.e., adding amino acids equal to the control
diet). In this respect, it is interesting to note that this impaired growth performance was found
to occur in association with histomorphometric alterations of the intestinal wall that seem
consistent with the increased digesta viscosity mentioned above (i.e., decreased thickness of the
small intestinal Tunica muscularis layer, considered to be indicative of reduced gut motility). By
adopting an extended level of amino acid supplementation of the diet, the growth response of
the Ross 308 chickens fed the Spirulina-based ration for the whole duration of a 34-day rearing
cycle was fully comparable to that recorded in birds fed the conventional control diet [134].

In the study by Zampiga et al. (2024), evidence was provided that the growth impair-
ment detected in Ross 308 chickens fed a 33.3% soybean-replaced,6% Spirulina-containing
diet for the last 27 days of their 41-day rearing cycle occurred in association with signifi-
cantly decreased plasma levels of some metabolically critical amino acids (histidine and
arginine) and amino acid-derived compounds (creatine, carnosine) [53]. Moreover, in the
same study, the apparent ileal digestibility of some essential and non-essential amino acids
was found to be slightly reduced (by 1.72-6.39%) even in the birds that showed a normal
growth pattern in response to a 20% soybean-replaced, 3% Spirulina-containing diet, fed
for the last 12 days of the rearing cycle (finisher diet).

Interestingly, Evans et al. (2015) documented the occurrence of decreased apparent
ileal digestibility of various amino acids (aspartic and glutamic acid, proline, valine) in
the growth-depressed Hubbard x Cobb 500 chickens fed on a 70% soybean replaced,
21% Spirulina-containing diet. By contrast, the 52% soybean-replaced, 16% Spirulina-containing
diet, which was well tolerated by these chicks, resulted in values of amino acid digestibility
similar to, or even greater than (depending on the specific amino acid) those measured for the
control diet, and all other diets containing lower Spirulina levels (6 and 11%) [56].

(c) Effects on General Health

Although associated with reduced performance, digestibility issues, and some nutri-
tional deficiencies, replacing 50-60% soybeans with 15% Spirulina in the diet seems not to
seriously impact the chickens’ general health statuses. Various studies consistently reported
that the birds remained healthy during the feeding trial, with no significant increase in
the mortality rate being recorded [56,134,136,139]. One of the abovementioned groups of
investigators also evaluated the animals’ health statuses by analyzing hematochemical
parameters [95,141]. In this regard, Spinola et al. (2024) found no significant changes in
the blood cell counts and hemoglobin levels, suggesting maintained hematological home-
ostasis [95]. Moreover, the serum biochemistry indicated that the Spirulina-based diet did
not compromise the normal function of the liver and kidneys [95,141]. However, other
findings were reported that would suggest that Spirulina, under this use condition, is no
longer able to produce all of the beneficial influences that are typically observed when the
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microalga is used as a feed supplement, in all likelihood because of the abovementioned
“compensatory function”. For instance, the systemic antioxidant defenses appeared not to
increase, as indicated by the finding of unchanged serum total antioxidant capacity [141].
Also, no increase in serum total protein levels was recorded, unless the Spirulina-based
diet was supplemented with the mixture of carbohydrate-active enzymes [141]. Moreover,
and more importantly, no hypolipidemic effect could be observed. Instead, an increase
was consistently recorded in the serum lipid parameters (total lipids, total cholesterol,
LDL-cholesterol, and triglycerides) [95,141]. Interestingly, this lipemic boost, attributed
by the authors to enhanced fat absorption in the intestinal tract [95], was found to be
almost wholly counteracted (leading to values not different from those measured in the
control chickens) when the Spirulina-based diet was supplemented with a combination of
lysozyme and pancreatin [95,140].

Spinola et al. (2024) also demonstrated a diet effect on the liver’s chemical composi-
tion [95]. However, in this case, most of the changes were overall beneficial and included
reduced total lipid content, improved fatty acid profile (increased content of n-3 polyun-
saturated fatty acids, leading to favorably decreased n-6/n-3 ratio), and increased content
of antioxidant pigments (carotenoids and chlorophylls), which plausibly helped protect
the hepatic tissue from oxidative stress. Opposite to these positive effects, a significant
decrease in the liver content of a-tocopherol and a significant increase in the liver content
of cholesterol were found to consistently occur in association with the Spirulina-based diet
(regardless of extrusion or exogenous enzyme supplementation).

Of course, data from only two studies conducted by the same group of investigators are
too scarce for any generalizations. Moreover, it should be pointed out that these data relate
to an experimental feeding period of relatively short duration (21 days) that begins after two
weeks of feeding on a conventional soybean-based diet (Figure 3). Another aspect to consider
is that the experimental conditions adopted in these studies do not allow a distinction between
effects attributable to the dietary inclusion of Spirulina and effects determined by the removal
of dietary soybeans. Therefore, as also remarked by other authors [53,61,62], further research is
needed to explore the health-related effects of using relatively large amounts of Spirulina to
replace relatively large quantities of dietary soybean over extended feeding periods so as to
assess the safety of this nutritional strategy for broiler chickens.

Staying on the theme of the health-related effects of Spirulina used as a partial soybean
meal replacer, another perspective can be discussed: low-protein diets. Besides incorporat-
ing alternative protein sources into diets, the formulation of broiler diets with a reduced
content of total crude protein (CP) has also been proposed as a nutritional strategy to alle-
viate the global demand for soybean meal and other soy-based feedstuffs [29,39]. However,
lowering dietary CP has been shown to compromise broiler chickens” health and perfor-
mances. More specifically, broilers fed a diet in which CP was allowed to decrease to 17%
(compared with the 20% CP of the standard control diet) by reducing the overall amount
of dietary soybean meal from 31% to 22% were found to have increased liver bacterial
translocation (likely reflecting increased intestinal permeability and leakage) and increased
markers of systemic inflammation (namely, increased proportions of basophils within the
total circulating leukocytes and up-regulated expression of pro-inflammatory cytokines
in blood leukocytes) [39]. These health-related alterations occurred in association with
(and probably partly accounted for) decreased growth performance and feed efficiency and
reduced carcass performance (decreased carcass yields and increased fat deposition) [29].

Replacing 50% of soybean meal in the low-protein diet with 10% Spirulina proved to
reduce liver bacterial translocation to levels that were even lower than those measured in chick-
ens fed the standard CP control diet, suggesting a probable enhancement of intestinal barrier
integrity [39]. Moreover, and in partial agreement with this finding, the partial replacement of
soybean meal with Spirulina was found to almost completely mitigate the signs of systemic
inflammation, probably also thanks to the direct anti-inflammatory and the antibacterial ac-
tivities of substances contained in Spirulina (e.g., C-phycocyanin). Nevertheless, the negative
impact on the productive performance indices was not mitigated [29].
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Based on these findings, using Spirulina as a partial soybean replacer in formulating
low-protein diets for broilers may offer some health-related advantages but seems unlikely to
represent a solution to all of the issues related to this soybean-sparing nutritional approach.

4.3. Effects of Spirulina as Either a “Functional Feed Supplement” or an “Alternative Protein Source”
on the Quality of Broiler Chickens” Meat

As stated above, Spirulina is a rich source of high-quality proteins with a well-balanced
amino acid profile, as well as of vitamins, pigments, minerals, antioxidants, and polyunsat-
urated fatty acids (PUFAs), particularly y-linolenic acid (GLA) (Table 1). Hence, it is no
surprise that its use as a “feed supplement” has been reported to also positively influence
diverse aspects of broiler meat quality [51,73].

Changes in broiler meat quality have also been documented in association with
using Spirulina as a “replacement of conventional protein sources”, such as soybean
meal. However, in this case, only some changes resemble those in the meat from Spirulina-
supplemented broilers. Other changes occur in the opposite direction of the latter, and some
others seem only (or mainly) detectable in the meat from broilers fed “soybean-replaced”
diets, with outcomes that may not always meet consumer expectations [51,73].

The partially different modifications occurring in the quality of the “soybean-replaced”
meat, as compared to the “supplemented” meat, may somehow be related to the different
(and plausibly higher) amount of Spirulina-derived substances that are transferred to
the muscle tissue after digestion of the more abundant quantity of ingested Spirulina [51].
These substances, at higher concentrations, may produce effects that are different from those
produced at lower concentrations, or effects that at lower concentrations are not produced.
In addition, a causal contribution may derive from specific nutritional deficiencies. The
latter, as already discussed in relation to the adverse effects of high Spirulina intake levels
on broiler growth performance (see Section 4.2), may result from the inability of Spirulina
to adequately compensate for the partial or complete removal of soybean-based products
due (at least in part) to the incomplete bioaccessibility and/or bioavailability of some
of its valuable nutrients (particularly thylakoid membrane-associated proteins, and their
constitutive amino acids) [51,53].

It is also worth noting that some of the meat quality changes associated with Spirulina-
based diets seem to occur less consistently (i.e., more variably, and hence less predictably)
than meat quality changes associated with Spirulina-supplemented diets, and this hap-
pens even when findings from the same group of investigators are examined. As some
authors have partly suggested, this may signify that, under the circumstance of a relatively
high Spirulina intake (as usually required for partial or complete replacement of conven-
tional soybean protein), other influencing factors (possibly including the abovementioned
digestibility-related issues) can variably intervene, and thus variably modulate the response
of certain meat quality traits to dietary Spirulina [51].

At any rate, it must be acknowledged that the amount of research specifically focusing
on the impact of dietary Spirulina on broiler meat quality is still limited and has been
conducted only by a few groups of investigators. Therefore, any generalizations from this
paucity of data should be approached with caution.

(a) Effects on meat nutritional composition and oxidative stability

One of the meat quality parameters that dietary Spirulina supplementation has been
shown to influence positively is the fatty acid composition of the lipid fraction, with
consequent enhancement of the nutritional value of this food product (Table 13). Notably,
in the study by Bonos et al. (2016), a significant enrichment of certain beneficial #n-3 PUFAs
(mainly eicosapentaenoic acid—EPA and docosahexaenoic acid—DHA) was reported
to occur in the broiler thigh muscle following administration of 0.5 and 1% Spirulina-
supplemented diets [49]. Two more recent studies obtained similar results using slightly
lower or higher levels, respectively, of dietary Spirulina supplementation [46,47]. More
specifically, El-Bahr et al. (2020) measured greater contents of total PUFAs, total n-3 PUFAs
(including EPA and DHA), and arachidonic acid (-6 PUFA) in the breast muscle from
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broiler chickens fed 0.1% Spirulina-supplemented diet for 32 days, than in the meat from
the control (unsupplemented) birds [47]. Sharmin et al. (2020) found that including 1.5%
(but not 1%) Spirulina in a broiler diet for 5 weeks was functional to obtain increased levels
of n-3 PUFAs (including DHA and linolenic acid) in breast and thigh meat [46].

Increased muscle lipid oxidation may be a drawback of an increased content of the
oxidation susceptible n-3 PUFAs (causing the development of off-flavors and reducing meat
color stability) [1,46,49,51]. Nevertheless, none of the abovementioned studies documented
increased meat lipid oxidation in association with dietary Spirulina supplementation. Instead,
in one of the studies, lipid oxidation in the meat from Spirulina-supplemented broilers was
found to remain unchanged as compared with control meat (notably, no change was detected
in the levels of thiobarbituric acid reactive substances—TBARS) [49]. In the other two studies,
dietary Spirulina supplementation was associated with reduced meat lipid oxidation, as
indicated by the measurement of lower levels of MDA [47] and lower levels of TBARS [46]
compared with the control unsupplemented diet. Moreover, El-Bahr et al. (2020) also reported
lower protein carbonyl values (indicative of reduced oxidative protein damage), as well as
increased muscle SOD activity, suggesting that reduced levels of oxidation could be due to
the concomitantly increased antioxidant capacity of the meat [47]. In all likelihood, a direct
contribution to the overall improved oxidative stability of the broiler meat could also be
provided by the antioxidant components of Spirulina (e.g., phycocyanin, carotenoids) (Table 1),
transferred to the muscle tissue after absorption from the intestine [47,51,73].

Always in terms of fatty acid composition and oxidative stability of broiler meat,
partially different results were reported by authors who incorporated Spirulina in the
chickens’ diets as a soybean replacer (Table 13). In particular, in the study by Pestana et al.
(2020), a diet in which about 60% of soybean was replaced by 15% of Spirulina also proved
able to modify the fatty acid composition of the meat in comparison with the control group
(either in presence or absence of exogenous carbohydrate-active enzymes) [141]. However,
in this case, greater values of saturated fatty acids (SFAs), lower levels of n-3 PUFAs, and
bidirectional variations in the levels of some specific n-6 PUFAs (including a two-fold
increase in GLA, and a 12% decrease in linoleic acid) were recorded.

In a similar, more recent study by the same group, a higher content of SFAs was
confirmed to occur in the “soybean-replaced” meat (predominantly of palmitic acid, which
is known to have potentially harmful health implications for humans by increasing the
cardiovascular disease risk) [140]. Moreover, lower levels of total PUFAs were measured in
both breast and thigh meat. However, unlike previous findings, among PUFAs, only 1-6
PUFAs were found to be decreased (with GLA and linoleic acid being both decreased by
about 30%), whereas an increase occurred in the n-3 PUFAs (especially EPA and DHA). As
a consequence of the changes detected in the PUFA profile, Costa et al. (2024) found the
n-6/n-3 PUFA ratio of the “soybean-replaced” meat to be favorably decreased compared
with that of the meat obtained from chickens fed the control diet (and interestingly, this
decrease resulted to be more marked when extruded Spirulina was used as the soybean
replacer). However, despite this decrease, the n-6/n-3 PUFA ratio values calculated for
the “soybean-replaced” meat (ranging from 17.5 to 23.2) continued to be much higher
than the ideal value recommended for healthy food (less than 4) [73,143]. In addition,
as a consequence of the whole of the changes occurred in the fatty acid profile, the meat
obtained from broilers fed the Spirulina-based diet also showed (i) significantly decreased
PUFA /SFA ratio values (that, although remaining higher than the recommended minimum
of 0.49, were more distant from the optimal values of 1.4-2.4 than the values calculated for
the control meat) and (ii) significantly increased values of the health-related lipid indices
“atherogenic index” and “thrombogenic index” (again with slight, but significant deviation
from values recommended for a healthy diet) [140]. So, as concluded by the authors,
although the high level of Spirulina intake was associated with a potentially beneficial
increase in n-3 PUFAs, the total amount of these fatty acids remained too small and was
not enough to counterbalance the increase in SFAs and have a major favorable impact on
the athero/thrombogenic potential of the broiler meat.
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Table 13. Overview of the studies evaluating the effects of dietary Spirulina (used as either a feed supplement or a soybean replacer) on the nutritional composition

and oxidative stability of broiler chickens” meat.

i Oxidative Stability
5 I]zl:\lllellsmn Soybean Replacement FA Profile idati Other Notes Reference
(%) Level (%) Oﬁ:ﬁ:{t;;n Antioxidant Defenses Components
1 Essential amino acids
Breast: (lysine, methionine,
0.1 . 1 total PUFAS, total n-3 PUFAS, f ?,/[CDA 4 SOD activity tryptophan, histidine) - [47]
EPA, DHA, AA . .
1 Non-essential amino
acids (aspartic acid)
0.5-1 - 1T EPA, DHA <> TBARS - - - [49]
Breast and thigh: . ; : o, ;
Breast and thigh: Breast: Only the higher supplementation level (1.5%) was effective )
1-15 - lTirﬁgiicniig UFAs, DHA, | TBARS - tcrude fat at producing the change. [46]
. In this study, this supplementation level of Spirulina:
T Protein L o
- Ensured mitigation of the negative influence exerted
2 - - - - | Total lipids, cholesterol by exposure to deltamethrin (300 mg/kg) on [67]
triglycerides ! ! these parameters;
- Resulted in lower residues of deltamethrin in the meat.
Brsgzt and thigh: 1 Total carotenoids,
T > total chlorophylls, and In this study, the effects of dietary Spirulina were also
| n-3 PUFAs chlorophylls plus . evaluated in combination with carbohydrate-active )
15 60.9 TGLA o < TBARS carotenoids <+ Total lipids, cholesterol enzymes (lysozyme or a mixture of xylanase and [141]
{ PUPA/SEA rato B-glucanase).
+ 1-6/n-3 PUFA ratio + o and y- tocopherol
Breast and thigh: .
1 SFAs (palmitic acid) T ToltaLTaroti’lOﬁds, d
Total PUFAs total chlorophylls and | .\ ) 359 - - -
+ carotenoids P In this study, the effects of dietary Spirulina were also
15 149.6 Tn-3 PUFA (EPA, DHA) + TBARS > cholesterol evaluated after extrusion processing of Spirulina or in 140
6 PUFA (GLA, linol d P g of op [140]
4 n—6 oo [(j X »linoleic aci ) | o-tocopherol, p combination with a mixture of lysozyme and pancreatin.
i EJ}/?Z_/ SFA rat;c? " y-tocopherol + b
T ALTI 3-tocopherol
Breast: This study was performed in Ross 308 broiler chickens;
11.8 (s)-9.7 (8) 50 - < TBARS - ¢ protein, intramuscular The feeding trial lasted 35 days and was arranged in two [144]

fat, moisture

feeding phases (starter and grower).
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Table 13. Cont.
: Oxidative Stability
* Il?ecwllglsmn Soybean Replacement FA Profile idati Other Notes Reference
(%) Level (%) ?\)/;ﬁ;tel:sn Antioxidant Defenses Components
221(s) 75 This study was performed in Ross 308 broiler chickens;
MUFA The feeding trial lasted 35 days and was arranged in two
T 8 Yy 8
| Total PUFAs, B B feeding phases (starter and grower); the soybean replace-
1 -6 PUFA, 1T TBARS ment level was 75% and 50% in the starter and grower (1]
125(g) 50 I Linoleic acid, | n-3 PUFA diets, respectively.
The changes in TBARS were recorded in breast meat pack-
aged in a highly oxygenated modified atmosphere.
soacti This study was performed in Ross 308 broiler chickens;
J Bioactive compounds 4 p
23 (s)-20 (g) 100 - - -

(anserine, creatine,
carnosine)

The feeding trial lasted 35 days and was arranged in two [145]
feeding phases (starter and grower).

The “17,”] ”, or “<+” arrows indicate that the parameter increased, decreased, or did not change, respectively, with the experimental diet (containing Spirulina) compared with the
standard broiler diet (control). Abbreviations: PUFAs: polyunsaturated fatty acids; SFAs = saturated fatty acids; MUFAs = monounsaturated fatty acids; EPA = eicosapentaenoic acid;
DHA = docosahexaenoic acid; AA = arachidonic acid; GLA = y-linolenic acid; MDA = malondialdehyde; PC = protein carbonyl; SOD = superoxide dismutase; TBARs = thiobarbituric
acid-reactive substances; Al = atherogenic index; TI = thrombogenic index.
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Regarding the antioxidant capacity and oxidative stability of the “soybean-replaced”
meat, the studies by Pestana et al. (2020) [141] and Costa et al. (2024) [140] consistently
reported bidirectional variations in the meat contents of some antioxidant compounds.
More specifically, greater values of total carotenoids and reduced levels of x-tocopherol
were measured. The authors explained the latter finding as a consequence of the fact
that the Spirulina product used for their study (probably due to some particular growth
conditions used for the microalga production) had lower content of this vitamin than
reported in the consulted literature (50-190 mg/kg dry weight) [25,140]. However, other
authors have reported that concentrations of tocopherol in the raw microalga material are
generally low (ranging from 0.011 to 0.014 mg tocopherol/g dried Spirulina) [146], and this
warrants attention in the formulation of a diet for broilers that contains high proportions of
Spirulina. Despite the diminished tocopherol content, the “soybean-replaced” meat did not
show changes in its oxidative stability. Indeed, the lipid oxidation level of breast and thigh
meat (as measured by TBARS) was found to not be modified by the Spirulina-based diet
compared with the control diet [140,141]. In all likelihood, the increased total meat content
of Spirulina-derived carotenoids played a compensating and more critical role in ensuring
the maintenance of the oxidative stability of the meat.

Similar results in terms of oxidative stability (i.e., no change in TBARS) were reported
by Altmann et al. (2018) for the meat obtained from broilers fed a diet in which Spirulina
powder replaced 50% of soybean meal (at a final inclusion level of 11.8% and 9.7% in
the starter and grower diets, respectively) (Table 13) [144]. However, it is of note that
in a subsequent packaging trial conducted by the same authors, the meat obtained from
chickens fed Spirulina (this time used as a 75% and 50% soybean replacement in the starter
and grower diets, respectively, at final inclusion levels of 22.1% and 12.5%) showed higher
lipid oxidation levels (as measured by TBARS) than the control meat, after storage under
conditions of highly oxygenated (80%) modified atmosphere packaging (HiOXMAP) [11].
This would suggest that meat from broilers fed Spirulina as a soybean replacer might
have an inherently higher susceptibility to oxygen, which could be exacerbated by certain
packaging conditions used in the meat industry [11,73].

Besides changes in fatty acid and antioxidant content and profile, other modifications
in the nutritional composition of broiler meat have been reported to occur in response to
the dietary administration of Spirulina, both in terms of macro- and micro-nutrients. The
data available in this regard are more limited but again suggest a rather favorable influence
exerted on the meat nutritional quality by the relatively low Spirulina inclusion levels used
for “feed supplementation” and a less desirable influence exerted instead by the higher
Spirulina inclusion levels used for “soybean replacement” (Table 13).

In the study by El-Bahr et al. (2020), broilers receiving a diet supplemented with
0.1% Spirulina had breast muscle with increased levels of the essential amino acids lysine,
methionine, tryptophan, and histidine, as well as of the non-essential amino acid aspartic
acid, compared with birds that received no supplementation [47]. With the higher levels
of dietary Spirulina supplementation (1.5%) used by Sharmin et al. (2020), an increase
in the crude fat content of broiler breast meat was recorded [46]. However, in response
to the 2% Spirulina-supplemented diet used by Ibrahim et al. (2021), the broiler meat
showed a significant increase in protein content and a significant decrease in fat content,
along with decreased levels of harmful cholesterol and triglycerides (important contribu-
tors to cardiovascular diseases), compared with the meat of the control unsupplemented
group [67]. Interestingly, in this same study, it was found that Spirulina, at this level of
supplementation, was able to mitigate the negative impact that deltamethrin toxicity had
on these specific biochemical components of broiler meat (and that consisted in a decrease
in protein, and increase in fat, cholesterol, and triglycerides).

Based on the study performed by Costa et al. (2024), a decrease in total lipid content
would also be appreciable in the meat (breast muscle) obtained from broilers fed diets
incorporating 15% Spirulina as a replacement for about 50% soybean [140]. However, in a
previous study by the same research group [141], no change occurred in the total lipids of



Life 2024, 14, 1537

64 of 81

the meat in response to a similar Spirulina-based diet. As for the cholesterol levels of this
meat, the two studies were consistent in reporting no significant influence exerted by the
15% Spirulina-containing diet on this parameter [140,141].

Costa et al. (2024) also found that breast and thigh meat from broilers fed the 50% soybean-
replaced and 15% Spirulina-containing diet had reduced zinc content (by about 30%) compared
with the control meat [140]. This observation raises further concern about the nutritional
completeness of the “soybean-replaced” broiler meat. Moreover, considering that Spirulina is
consistently reported to be a rich source of this essential mineral element [5,12,19,62,76,95], this
finding by Costa et al. (2024) [140] seems to confirm that the relationship between the innate
nutritional composition of this microalga (as of any other ingested feed ingredients) and body
composition is not always straightforward [95] (see Section 4.1.2).

Worthy of mention is also the study by Gkarane et al. (2020), who reported that breast
meat from chickens fed diets in which 100% soybean meal was replaced by Spirulina (at the
final level of 23% and 20% in the starter and grower diets, respectively) had reduced levels
of the endogenous bioactive compounds anserine, creatine, and carnosine (3.3 vs. 4.1 mg/g,
0.15 vs. 0.72 mg/g, and 1.49 vs. 2.49 mg/g, respectively) compared with meat from birds
fed the control diet (Table 13) [145]. This also poses a nutritional concern, as low creatine
levels may negatively influence neurodegenerative disorders and athletic performance of
the human consumers [147,148]. Moreover, low contents of carnosine (and other histidine-
containing peptides) could be associated with reduced scavenging capacity and reduced
protective potential against cardiovascular diseases [149]. According to the authors, the
reduced carnosine content measured in the broiler meat was at least in part attributable
to the smaller amount of histidine that they detected in the soybean-replaced, Spirulina-
containing diet (as compared with the conventional control diet) [147], which would be
consistent with the lower content of histidine that has been reported for the protein derived
from Spirulina as compared with the protein derived from soybean meal [22,28,29]. As
already mentioned in Section 4.2 (see above), a recent study by Zampiga et al. (2024)
proved that lower-than-normal circulating levels of the amino acid histidine and dipeptide
carnosine could be documented in broiler chickens fed Spirulina-based soybean-replaced
diets, even though this metabolic alteration was observed in association with diets in which
only a modest amount of soybean meal was replaced by relatively low levels of Spirulina
(3-6%) (Table 12; Figure 3), and the responsibility for its occurrence was attributed to a
concomitant decrease in the intestinal digestibility of the amino acid [53].

(b) Effects on Meat Physicochemical Properties and Sensory Attributes

Among the physicochemical properties of broiler meat, color shows clear susceptibility
to the influence by dietary Spirulina (Table 14). This seems particularly true when Spirulina
is included in the broiler diet as an “alternative protein source” [1].

Indeed, in the studies by Pestana et al. (2020) and Costa et al. (2024), greater values of
yellowness (b*) (up to three times) were observed in the breast muscle and greater values
of both redness (a*) and yellowness (b*) were observed in the thigh muscle of chickens fed
diets containing 15% Spirulina as a replacer of 50-60% of soybean [140,141]. This finding
was suggested to reflect the increased content of total carotenoids by which this “soybean-
replaced” meat was also characterized (see above and Table 13), given that carotenoids are
not only antioxidants but also pigments [76].

Similarly, Altmann et al. (2018, 2020) reported that the meat obtained from chickens
fed Spirulina-based diets (particularly, diets containing Spirulina either at 11.8% and 9.7% to
replace 50% soybean meal in both starter and grower diets or at 22.1% and 12.5% to replace 75%
and 50% soy protein in starter and grower diets, respectively) had higher values of redness (a*)
and higher values of yellowness (b*), resulting in a dark reddish-yellowish color [11,144]. As
specified by the investigators, the distinctive meat color not only resulted from the instrumental
analytical measurement but was also perceptible to the naked eye and still appreciable by the
end of the storage period under conditions of HiIOXMA packaging.

The color enhancement effect associated with the use of Spirulina as an alternative
protein source was also documented in an earlier study by Venkataraman et al. (1994), who
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detected more intense red and yellow hues in the meat obtained from chickens fed diets
containing 140 g/kg (14%) and 170 g/kg (17%) of Spirulina as a replacement, in this case,
of either fishmeal or groundnut cake, respectively [40].

Interestingly, the enhancing effect of Spirulina on chicken meat color was also clearly ob-
served at lower levels of dietary protein replacement by Spirulina. More specifically, Toyomizu
et al. (2001) found that both yellow and red indices of chicken meat were increased in response
to dietary inclusion of Spirulina at 4% and 8% [138]. The yellowness increased in a sub-linear
fashion with the increase in dietary Spirulina and showed a correlation with the meat content
of the Spirulina-derived carotenoid zeaxanthin (yellow pigment). By contrast, the rise in meat
redness was already maximal in the chicks fed the 4% Spirulina diet [138], and according to
some authors, it would be related to an increment of myoglobin levels induced by the high
iron and mineral content of the microalga [150]. In accordance with Toyomizu et al. (2001),
Zampiga et al. (2024) reported enhanced redness and yellowness of breast meat in broilers
fed 3% and 6% Spirulina-containing diets (either during the finisher phase or during both the
grower and finisher phases) (also see Table 12, Figure 3), with the intensity of the yellow pig-
mentation increasing as the dosage and duration of Spirulina administration increased [53,138].

However, it is apparent from the literature that, with Spirulina levels in feed equal to or
lower than 5% (including levels more properly indicative of dietary supplementation), the
impact on broiler meat color becomes less pronounced and less consistent (Table 14). Indeed,
Raach-Moujahed et al. (2011), who tested Spirulina as a growth-promoting supplement at
levels of 1%, 2.5%, and 5.0% (with partial proportional replacement of soybean meal), reported
no change in meat color, even though higher values of yellowness (b*) were recorded with
2.5 and 5.0% dietary Spirulina [72]. Park et al. (2018) also tested dietary Spirulina at 1% and
lower levels (0.25, 0.5, 0.75%) and observed no changes in breast meat color [63].

According to some authors, the whole of these findings suggests that the color en-
hancement effect of Spirulina on broiler meat would increase gradually with increasing
dietary inclusion levels of Spirulina; as long as these levels are relatively low, then it would
reach a saturation point, beyond which further increases in the levels of Spirulina intake
would not further enhance the broiler meat color [51]. The same authors presented this
saturation effect as a “critical observation”. However, a more important point is whether
the Spirulina-enhanced meat color (although indicative of an enriched meat content of
antioxidant carotenoids) can enhance consumer appeal, given that color is one of the
most important food quality parameters consumers perceive [33,140]. In this regard, it
has been argued that a darker meat color could be advantageous in consumer acceptabil-
ity [38,141,144]. However, the intense orange color particularly and consistently observed
in the meat obtained from chicken-fed diets in which relatively high levels of Spirulina are
used to partially or wholly replace conventional protein sources may not be universally
accepted by meat consumers. Indeed, at least concerning chicken skin, in countries like
Mexico and, to a varying degree, the United States, consumer preferences currently are
for a yellow-orange color, which is culturally associated with a good health status of the
bird; by contrast, in Europe, a pale skin color is generally preferred [140]. At any rate, it is
important to also consider the observations reported by Pestana et al. (2020), who noticed
that when the “soybean-replaced” chicken breast meat was cooked, the trained sensory
panel did not distinguish a color difference between samples from Spirulina-fed chickens
and control chickens [141].
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Table 14. Overview of the studies evaluating the effects of dietary Spirulina (used as either a feed supplement or a soybean replacer) on the physicochemical
properties and sensory attributes of broiler chickens’ meat.

SP Inclusion Soybean Replacement

Level Level (%) Color pH WHC Sensory Attributes Notes Reference
(%)
J Cooking loss
0.1 - - - - - [47]
< Thawing loss
> Cooking loss
0.25-0.5-0.75-1 - “ P - The effect on drip loss was dose-related. 63
p [63]
} 7-day drip loss
BrefSt The effect on meat yellowness was observed only with the two
1-2.5-5 3.1-9.4-18.8 b o _ At Tendemess, higher supplementation levels (2.5 and 5%) and did not reault in [72]
juiciness, odor, flavor any visible change in color.
< L* a*
The yellowness increased with increasing Spirulina inclusion
4-8 27.1-554 Ta*, b - - - levels and showed correlation with zeaxanthin meat content. [138]
3 (f)-6 (f) 20.2-40.4 <+ Cooking loss The effect on meat color was recorded under all feeding regimens.
1 a*, b* < - The effect on meat WHC was recorded when 6% of Spirulina was [53]
3 (gf)-6 (gf) 16.7-33.3 J Drip loss used to replace soybean in both the grower and finisher diets.
Breast and thigh
1T b* < Tenderness, flavor,
off-flavors, overall In this study, the effects of dietary Spirulina were also evaluated in
15 60.9 Thigh: o - acceptability combination with carbohydrate-active enzymes (lysozyme or a [141]
1a* mixture of xylanase and {3-glucanase).
J Juiciness
«~ L*
Breast and thigh:
1b* In this study, the effects of dietary Spirulina were also evaluated
15 196 Breast: - - after extrusion processing of Spirulina or in combination with a 140
H. X X [140]
Thigh: + PHaun mixture of lysozyme and pancreatin.
tar
+ Tenderness This study was performed in Ross 308 broiler chickens.
11.8 (5)-9.7 (g) 50 1a, b + pH. | Storage loss The feeding trial lasted 35 days and was arranged in two feeding [144]
' 718 L PHash 1 Cooking loss ; hases (starter and grower).
| Metallic off-flavor P g
The meat showed dark reddish-yellowish color.
221 (s) 75 This study was performed in Ross 308 broiler chickens.
The feeding trial lasted 35 days and was arranged in two feeding
1 a*, b* _ _ 1 Umami and phases (starter and grower); the soybean replacement level was [1]
125 (g) 50 ay chicken flavor 75% and 50% in the starter and grower diet, respectively.

The dark reddish-yellowish color of the meat was still appreciable

by the end of storage in a highly oxygenated modified atmosphere.
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Table 14. Cont.

SP Inclusion Soybean Replacement

Level o Color pH WHC Sensory Attributes Notes Reference
(%) Level (%)
14 (FM)-17 (GNC) - 1a* b* - _ _ . In this study, dietary Spirulina was used to replace protein sources [40]

other than soybean.

The “17,”]”, or “+" arrows indicate that the parameter increased, decreased, or did not change, respectively, with the experimental diet (containing Spirulina) compared with
the standard broiler diet (control). Abbreviations: L* = lightness; a* = redness; b* = yellowness; WHC = water-holding capacity measured as drip, storage and/or cooking loss;
FM = fishmeal; GNC = groundnut cake.
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Besides color, dietary Spirulina seems able to influence other physicochemical proper-
ties of broiler meat, as well as some sensory attributes, though data available in this regard
are again limited and somewhat variable (Table 14). With particular regard to the use of
Spirulina as a “feed supplement”, El-Bahr et al. (2020) found that a supplementation level
of Spirulina as low as 0.1% was able to reduce meat cooking loss, with no effect on thawing
loss [47]. Park et al. (2018), using slightly higher Spirulina supplementation levels (0.25, 0.5,
0.75, and 1.0%), detected no changes in cooking loss; however, drip loss after 7-day refriger-
ated storage was found to decrease linearly with increasing Spirulina supplementation [63].
Taken together, these findings may mark an improved water-holding capacity of the broiler
meat [151], and this, as partly suggested by the authors [63,73], seems consistent with the
improved oxidative stability documented for this meat (see above) [47]. Indeed, reduced
lipid and protein oxidation would translate into delayed loss of cell membrane and protein
integrity, with consequent enhanced capability of muscle fibers to retain water [63,151].

Despite the lack of any appreciable changes in its oxidative stability (see above and
Table 13), the meat obtained from broilers fed a diet in which 50% of soybean meal was
replaced with Spirulina (in both the starter and grower diets, with final Spirulina inclusion
levels of 11.8% and 9.7%, respectively) was also found to show greater water-holding
capacity during storage and cooking [146]. Similarly, Zampiga et al. (2024) reported
reduced meat drip loss (with unchanged cooking loss) in response to a Spirulina-based diet
(6% Spirulina replacing 33.3% soybean) fed during both the grower and finisher phases and
attributed this outcome to the antioxidant activity exerted by the carotenoid pigments [53].

As for the meat pH, Park et al. (2018), at the tested levels of dietary Spirulina supple-
mentation (0.25, 0.5, 0.75, and 1.0%), detected no changes in the value of this parameter in
breast meat [63]. Raach-Moujahed et al. (2011) found no changes in pH values of chicken
meat at dietary Spirulina inclusion rates ranging from 1.0 to 5.0% (and corresponding
soybean replacement levels ranging from 3.1 to 18.8%) [72]. The latter authors also reported
no changes in sensory attributes such as tenderness, juiciness, odor, and flavor. No apparent
influence on meat pH was also reported by Zampiga et al. (2024) with diets in which about
18.5% and 36.9% of soybean meal was replaced by 3% and 6% of Spirulina, respectively [53].

With higher Spirulina inclusion levels to replace higher amounts of soy-based protein
in the broiler diet, the information regarding the impact on broiler meat pH and sensory
attributes becomes less consistent (Table 14). Indeed, in the studies by Pestana et al. (2020)
and Costa et al. (2024), the pH value of the breast meat obtained from chickens fed a
50-60% soybean-replaced, 15% Spirulina-containing diet was found to be either unchanged
or decreased, respectively [140,141]. Moreover, Pestana et al. (2020) reported that sensory
attributes such as tenderness, flavor, off-flavors, and overall acceptability did not vary
for this “soybean-replaced” meat compared with the control meat [141]. Only juiciness
was found to be reduced [141]. By contrast, appreciable (and overall, potentially positive)
changes in the abovementioned aspects of meat quality were reported by other authors
who used Spirulina to replace 50-100% of soybean meal in a broiler diet. More specifically,
in the study published by Altmann et al. in 2018, it was found that replacing 50% of
soybean meal with Spirulina (with final Spirulina inclusion levels of 11.8% and 9.7%
in the starter and grower diets, respectively) resulted in more tender breast filets, with
higher pH, and reduced unpleasant (metallic) off-flavor [144]. In a subsequent study, the
same authors reported that feeding starter and grower diets in which 22.1% or 12.5%
of Spirulina replaced 75% or 50% soybean in the diet, respectively, resulted in a slightly
increased umami and, therefore, chicken flavor, which made the meat taste all-the-more like
chicken [11]. In two further studies by the same group, the latter finding was explored more
in-depth, and evidence was collected that replacing 50-100% of soybean with Spirulina
induced significant changes in the profile of several compounds that play key roles in the
development of the typical aroma of chicken meat [145,152]. A particularly interesting
finding was the presence in the “soybean-replaced” broiler meat of increased levels of the
flavor-related compound inosine-5-monophosphate, which was suggested to reflect the
high purine nucleotide content of the Spirulina-containing diet [145].
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(c) Effects on Meat Microbiological Quality and Safety

There are two more and partially interrelated aspects of broiler meat quality on which
dietary inclusion of Spirulina has been reported to exert an influence.

Firstly, the overall microbiological quality of the meat. In this regard, El-Bahr et al. (2020)
reported that, after 1 day and after 5 days of chilling, the breast meat from broilers receiving
a Spirulina-supplemented diet had a lower aerobic plate count compared with the meat
from the unsupplemented control birds [47]. Although the Spirulina intake level used in
that study was relatively low (0.1%), the authors explained this positive effect in terms of
shelf-life in light of the high Spirulina content of substances endowed with antimicrobial
activity and likely transferred to the meat after intestinal absorption.

Secondly, the safety of the meat for the human consumer. Food safety is a prerequisite
for food quality, and safety perception, like quality perception, is a central issue in today’s
food economics because it can influence consumers’ choice and demand for food [153].

In this view, evidence suggests that dietary Spirulina supplementation may offer
potential advantages in terms of improved broiler meat’s chemical safety. More specif-
ically, Ibrahim et al. (2021) reported that the inclusion of 2% Spirulina in broiler diet is
effective in lowering the chemical contamination by residues of deltamethrin in chicken
meat, as well as in the skin and liver [67]. Deltamethrin is a synthetic pyrethroid commonly
used in veterinary medicine as an ectoparasiticide and in agriculture as a pesticide, with
known adverse effects on human health (skin, respiratory, gastrointestinal, and neuro-
logical symptoms). The mechanisms underlying dietary Spirulina’s “decontaminating”
effect have not been defined. A possible explanation might be the occurrence of a direct
chemical interaction, within the intestinal environment or systemic circulation, between
the ingested deltamethrin and dietary Spirulina components that would act like chemical
binders or chelators, leading to reduced bioavailability and/or facilitated elimination of
the contaminating agent. A similar mechanism has been proposed to account for the docu-
mented ability of Spirulina (through its content of flavonoids and phycocyanin) to reduce
the accumulation of heavy metals in broiler tissues as part of its more general protective
efficacy against heavy-metal-induced toxicity [130,131] (see Section 4.1.3). Alternatively (or
additionally), the residue reduction effect might be the indirect consequence (i) of the protection
exerted by Spirulina on chickens’ livers and kidneys against deltamethrin-induced toxicity (as
a preserved hepato-renal function would allow appropriate deltamethrin elimination from
the body) [67,133], and/or (ii) of the Spirulina influence on the lipid content of the meat (as a
decreased lipid content would reduce the accumulation of the pyrethroid in the tissue) [67].

Staying on the subject of the effects of dietary Spirulina on the safety of broiler meat, it
must be mentioned that some studies reported that the undesirable presence of potentially
harmful levels of chemical contaminants, such as cyanotoxins (e.g., microcystins), heavy
metals, pesticides, and polycyclic aromatic hydrocarbons, has been detected in various
commercially available dietary supplements containing Spirulina [26,154]. Although these
data refer to Spirulina products for human consumption, the same problem may also be
expected to occur with Spirulina products for use in animal feed. Indeed, the microalga Spir-
ulina can accumulate pollutants from the environment [18,20,26,27]. Moreover, although
Spirulina is a non-toxic cyanobacterium, toxin-producing cyanobacterial species in the
natural environment may coexist within the water used for culturing the microalga [154].
As a consequence, contamination of Spirulina biomass can easily take place under non-rigorous
cultivation conditions [18,27], and the regular intake of contaminated Spirulina biomass by
chickens through the feed during the whole period of rearing may pose significant health risks
to the animals [23], as well as to the humans consuming their contaminated meat [51,52].

So, although Spirulina has the “generally recognized as safe” (GRAS) status [17,18],
it is important to keep in mind that this safety only applies to Spirulina products with
contaminant levels that do not exceed the tolerable values. In this view, it appears justified
that some countries (like the European Union) with the priority to ensure consumer and
animal protection pay particular attention to the quality of the algae-based products that
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enter their markets, striving to impose strict controls of their chemical composition and
proper risk assessment of their production process [18-20].

4.4. Integrated Perspective with Economic Considerations: Opportunities and Challenges

(a) Impact of dietary Spirulina on the physiology of broiler chicken production

From the reviewed literature, it emerges that dietary inclusion of Spirulina can actually
influence a large variety of parameters related to broiler productive performance, health status,
and meat quality, either positively or negatively, depending mainly, though not exclusively, on
the inclusion level. An overview of the various production-related aspects of broiler chickens’
physiology that Spirulina has been shown to modify when used as a feed supplement or a
soybean replacer is provided in Figure 4, along with an indication of the mechanistic events
that have been implicated in the chickens’ responses to dietary Spirulina.
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Figure 4. Aspects of broiler chickens’ physiology that Spirulina (SP) has been shown to influence

when included in feed as either a supplement or a soybean replacer. Arrows indicate which aspects

have been extensively (solid line) or partially (dotted line) studied in relation to the two different

uses of dietary Spirulina.
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Looking at the use of Spirulina as a feed functional supplement (i.e., at relatively low
inclusion levels), there is a rather significant body of evidence that seems to confirm its
ability to either promote or support the intestinal and extra-intestinal health status of broiler
chickens, leading to improved or preserved productive performance of the birds (under
normal or challenging conditions, respectively), as well as to increased disease resistance
and survivability. A recently published meta-analysis of dietary Spirulina’s effects on
broiler chickens” growth performances corroborates part of this conclusion [155].

Moreover, at the relatively low intake levels that are used for feed supplementation,
Spirulina seems able to also enhance the quality of the broiler meat, particularly in terms of
nutritional value (enrichment with beneficial n-3 PUFAs, increased content of protein and
essential amino acids, decreased content of fat, cholesterol, and triglycerides), oxidative sta-
bility, and microbiological quality, with potential (not yet fully explored) to yield a healthier
food product with an extended shelf-life. At the highest levels of feed supplementation
(>1%), the color of the broiler meat also might appear enhanced, however, to an extent that
seems unlikely to impact consumer acceptability of the product significantly.

Based on the studies examined herein, the levels of Spirulina supplementation in the
broiler diet that have successfully produced desirable performance-, health- and /or meat
quality-related effects roughly range from 0.01 to 3-5%. Within this range, however, as a
demonstration of the complexity of the relationship between Spirulina and changes induced
in chicken physiology [51,52], it is possible to identify (i) supplementation levels that seem
effective at producing some desirable changes but not others; (ii) supplementation levels
that would produce certain desirable changes, of a certain desirable magnitude, in some
circumstances, but not in others; and (iii) supplementation levels that, while producing
a certain desirable change, of a certain desirable magnitude, also would exert a negative
influence on other physiological parameters, potentially leading to undesirable effects that
may limit their usability.

In this view, there is an essential need to identify the optimal level (or level range) of
Spirulina supplementation of the broiler diet that would allow for obtaining the maximum
positive influence on the largest possible number of performance-, health- and meat quality-
related parameters. Furthermore, it is necessary to establish the most appropriate form
(e.g., the whole dried alga, powder, or liquid extract), mode (via feed or drinking water),
time (i.e., rearing phase), and duration of Spirulina administration. The identification of
these core components of any effective nutritional (and pharmacological) manipulations of
animal physiology would represent a key advance towards field application.

Future studies addressing this issue would benefit from adopting more standardized
experimental conditions, given the considerable influence that factors such as chicken strain,
basal diet composition, and chemical composition of the Spirulina product tested may have
on the overall animal response to the microalgal supplement. With particular regard to
the latter factor, it is hoped and strongly recommended that future published scientific
papers provide a comprehensive analysis not only of the nutritional profile, but also of the
main functional bioactive components and possible contaminants of the Spirulina product
incorporated in the broiler diet. In addition, the process of optimization of Spirulina’s use
as a functional feed supplement for broilers would benefit from more insights into the
mechanisms underlying the desirable effects of Spirulina on chicken physiology, as well
as into the identity of the specific bioactive compounds that play a most important role
in producing these effects. This would also contribute to tailoring the use of this dietary
supplement to the particular goal that has to be achieved and/or to the specific group of
animals that has to be fed. Last but not least, more comparative studies are needed to
assess how the efficacy of dietary Spirulina supplementation at improving/preserving
the productive performance, health status, and/or meat quality of broiler chickens stands
compared to other supplements with similar beneficial properties available in the market.

Regarding the use of Spirulina as an alternative protein source in the formulation
of broiler diets, particularly as a partial or complete replacement of soybean-based feed
ingredients, the relatively few studies conducted so far have considerably tempered the
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initial hopes by documenting the potential occurrence of negative impacts on the chickens’
growth performances starting from soybean replacement levels higher than 20-25% (with
sensitivity to this effect seemingly varying among different chicken strains), and a consis-
tently impaired growth performance when Spirulina replaces more than 55% of dietary
soybean protein. The latter condition seems associated with important digestibility issues,
and some strategies have been explored to overcome this limitation. Among them, extru-
sion processing of Spirulina, though not completely solving the problem, seems promising,
and it seems reasonable to believe that its efficacy might be increased by concurrent supple-
mentation of the extruded Spirulina-based diet with exogenous peptidase enzymes. The
possibility of a “simpler” strategy, based on fortification of the diet with an extended level
of amino acid supplementation for balancing the probably poor bioaccessibility of some
valuable Spirulina proteins, also deserves consideration.

At the moderate to high dietary inclusion levels of Spirulina used for soybean pro-
tein replacement (>3%; i.e., starting from soybean replacement levels > 10%), significant
changes also seem to occur in broiler meat quality. Some of the reported changes may
appear positive from a nutritional point of view, particularly the enrichment with the potent
antioxidant carotenoids. However, it remains controversial how this impacts the oxidative
stability of the meat, and also, it is unclear how the high intake levels of Spirulina modify
the fatty acid composition of this meat. Moreover, with carotenoids also being pigments,
their increased presence in the meat translates into an appreciable enhancement of meat
color, which becomes particularly pronounced and describable as “dark reddish-yellowish”
at the higher levels of Spirulina inclusion (>10%) used to replace dietary soybean by 50%
or more. In addition, at these higher levels, other modifications have been reported to
involve meat sensory traits, particularly an increased chicken flavor. These color and
flavor enhancement effects might not align with universal consumer preferences and might,
therefore, limit the marketability of the meat obtained from broiler fed “soy-replaced” diets.

In light of this knowledge, further research is currently needed to determine the
maximum level of soybean protein in broiler diets that may be replaced by Spirulina
successfully, namely with no negative impact not only on the productive performance but
also on consumer acceptability of the meat and, not less importantly, on chickens” health.
Moreover, it will be necessary to define the most appropriate rearing phase during which
the substitution could be applied (starter, grower, finisher phase, or the whole rearing
period, from day of hatching to slaughter age) and the most suitable strategy of dietary
Spirulina inclusion for this specific in-feed application.

(b) Impact of dietary Spirulina on the economics of broiler chicken production

Even assuming that all of the critical “technical” issues highlighted above are entirely
solved, the fact remains that the microalga Spirulina—at present—is relatively expensive, which
is a limiting factor for its application in feed for broilers (and livestock in general) [3,18,20,29,33].
The high cost-price of Spirulina is mainly because of the high production costs, determined in
turn by costs for construction and installation of the cultivation system (fixed capital expendi-
tures) and the cost of all electricity consumed to keep the algae water circulating [1,14,17-20].
In addition, there are costs (in large part energy costs) related to the microalga post-harvest
processing that is necessary to obtain a product suitable for inclusion in animal feed
(e.g., drying, grinding, pelleting) [19]. Finally, additional costs to consider are those for ex-
porting to ultimate end-user countries, given that the current production of Spirulina for the
food and feed markets is quite concentrated on a relatively small number of non-European
global producers (with China producing about two-thirds of the total Spirulina biomass
produced worldwide) [17,21]. This latter aspect, combined with the limited volumetric
productivity of open basins (the cultivation system most commonly used for commer-
cial microalga production) [18], translates into still small global production volumes [3],
making the final selling price particularly high [17,20]. Based on the online sale market,
importing Spirulina for animal use in Europe would cost a minimum of EUR 11.80/kg for
a minimum purchase quantity of 25 kg (the price includes value-added tax and is related
to organic Spirulina powder, i.e., Spirulina of very high quality and grown under con-
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trolled conditions). The current market price for imported soybean meal, instead, is about
EUR 0.42/kg, as determined by consultation (July 2024) of the Bologna Commodity Ex-
change (the price does not include value-added tax, and is related to wholemeal, foreign
soybean meal, with 44% crude protein).

Therefore, under present circumstances, Spirulina cannot compete with conventional
protein sources for livestock, and its possible use as a replacement for soybean meal in the
formulation of broiler diet is far from being cost-effective (even the more so in consideration
of the additional cost of the extrusion processing, exogenous enzyme supplementation
and/or amino acid fortification necessarily required for this specific in feed application, as
explained above) [14,18,20,29,53].

The Spirulina’s current cost-price is also relatively high compared with traditional
growth-, health- and/or meat quality-improving feed additives for livestock [18,45,61].
However, in relation to this specific application, the higher cost of the microalga could be
counterbalanced by the fact that only small quantities are used. This also explains why
most of the global production volume of Spirulina for in-feed and in-food applications is
currently sold as supplements [17,18].

With particular regard to the poultry farm context, a few of the studies reviewed herein
have performed an economic analysis of the impact of including Spirulina as a functional
supplement in the broiler diet (at levels ranging, on the whole, from 0.03% to 1%) [4,5,45,60,61].
Quite predictably, all of these studies reported an increase in the feed costs (and hence in the
total cost of meat production) caused by the cost of the Spirulina supplement added to the ration,
which was fairly proportional to the level of Spirulina supplementation realized. Nevertheless,
all studies concluded that using Spirulina as a dietary supplement in a broiler diet (at the selected
doses) can be cost-effective and recommendable, at least to the extent that the improvements in
productive performance obtained through this supplementation translate into a corresponding
increase in a gross return that is sufficient to achieve high enough net return increases.

It is of note, however, that based on the results of one of the abovementioned studies,
the best economic efficiency is not necessarily recorded with the Spirulina supplementation
levels that maximize the improvements in performance parameters (and that are usually
the highest) [5]. Moreover, it should be pointed out that the calculations performed by
the authors of all those studies did not consider the economic impact of the advantages
that dietary Spirulina supplementation may produce in terms of reduced mortality rates
and reduced medication use through its positive effects on chickens’ resistance to disease
and stress. Finally, by exploiting the reported synergistic effects of Spirulina and other
dietary supplements (e.g., garlic powder, selenium nanoparticles) [91,116,117], reducing
the amount of Spirulina used and its associated costs may be possible.

In light of these economic considerations, it would be opportune that all future research
efforts towards the identification of an “optimal” level (or level range) of Spirulina supple-
mentation in broiler diets do not overlook the profitability of broiler farming, conducting a
cost-benefit analysis of the data collected more regularly.

5. Concluding Remarks

In summary, the practical applicability of the microalga Spirulina as a component of
broiler diets, at least for now, remains an open question, especially when considering its
use as an alternative feed protein raw material for soybean replacement. This application
still poses significant technical challenges and is economically unfeasible at current prices.

The future of Spirulina as a functional supplement seems more promising, or at least
less uncertain. However, before this novel supplement can be included in the feed for
broilers on a large scale, a large-scale commercial Spirulina production for the feed sector
must occur [3,33]. In other terms, the global production volume of Spirulina (which is
still too small) should increase to the point that it ceases to be a bottleneck [17]. This
will require more applied research to bring innovation and further technological develop-
ments in microalgae cultivation systems, making them more productive and less energy-
consuming [12,14,18,20,33].
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The production up-scaling is also expected to reduce production costs substantially, as
in microalgae production economies of scale play a significant role due to the large fixed
capital expenditures [17]. This, in turn, will allow the selling prices of Spirulina to become
more competitive with those of traditional feed additives and ingredients already present
on the markets, making all potential applications of Spirulina in broiler feed (including
soybean replacement) more affordable.

Meanwhile, as further scientific evidence is collected regarding the possibility of safely
obtaining advantageous positive effects by dietary Spirulina supplementation on the productive
performance, health status, and meat quality of broiler chickens, the overall perception of
Spirulina as a nutritional asset will increase. In turn, this increased reputation will help increase
the economic value of the microalga, as well as the interest and confidence of the broiler producer
in its use, eventually leading to an increase in the global demand level for this product.

Scientists, therefore, play key role in guiding the further development of this market
sector (as of many others). It is the responsibility of the whole scientific community to
ensure that possible Spirulina transitioning into broiler production is based on reliable
evidence collected through well-conducted research.
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