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1. Introduction

The availability and use of antimicrobials in farm animals 
are essential for health and productivity. It contributes 
to food security and animal welfare, which in turn helps 
protect farmers’ livelihoods and animal sustainability (FAO, 
2016). Most antibiotics are small cationic proteins that are 
active against bacteria and/or fungi and certain parasites 
and viruses (Yi et al., 2014). It is estimated that the global 
consumption of antibiotics by the livestock industry in 
2010 was at least 63,000 metric ton (Van Boeckel et al., 
2015) and the authors estimated that global consumption 
of antibiotics in agriculture will increase by 67% from 2010 
to 2030. There is growing concern on the application of 
these high amounts of antibiotics as over-use of antibiotics 
has led to the development of antimicrobial resistance 
(AMR) by pathogens in husbandry (Llor and Bjerrum, 
2014). Antimicrobial resistance concerns microorganisms – 
bacteria, fungi, viruses, and parasites – that have acquired 
resistance to antimicrobial substances. The consequences 
of AMR include failure to successfully treat infections, 

leading to increased mortality, more severe or prolonged 
illness, production losses, and reduced livelihoods and 
food security. Moreover, AMR is a threat for humans as 
demonstrated by a comprehensive survey of antibiotic 
resistance in poultry products in the United States (Simjee 
et al., 2002). Enterococcus faecium isolates from these 
poultry products were shown to be highly resistant to 
penicillin, tetracycline, and erythromycin. At present, the 
development of AMR has been addressed by restricting 
the use of antibiotics in the feed industry, agriculture, 
and veterinary medicine. However, this only provides a 
temporary solution, and research is ongoing to identify 
alternatives to antibiotics. These alternatives must be 
sustainable and appropriately address animal health and 
welfare issues.

Insects can fulfil a major role in upgrading the value of side 
streams or leftovers into high-value feed ingredients in a 
circular economy. Insect farming has some environmental 
advantages compared to livestock production such as less 
land and water usage, lower greenhouse gas emissions, and 
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high feed conversion efficiencies (Van Huis and Oonincx, 
2017). Reviews on the nutritional value of insect products 
indicate their potential applications as alternative protein 
sources in different livestock diets (Dörper et al., in press; 
Jozefiak et al., 2016; Makkar et al., 2014; Sanchez-Muros 
et al., 2014; Veldkamp et al., 2012). Insects at all life stages 
are rich sources of macro-nutrients such as protein and fat 
(Bovera et al., 2016), but also other important nutrients 
such as mono-unsaturated and/or poly-unsaturated fatty 
acids, copper, iron, magnesium, manganese, phosphorous, 
selenium, and zinc, as well as riboflavin, pantothenic acid, 
biotin, and in some cases, folic acid (Rumpold and Schlüter, 
2013). Moreover, many bioactive compounds from insects 
are shown to, or putatively, have an antimicrobial activity or 
immunomodulatory effect such as antimicrobial peptides 
(Hu et al., 2017; Jozefiak and Engberg, 2017; Wang et al., 
2016), fatty acids and especially lauric acid (Kabara et 
al., 1972), polysaccharides and especially chitin/chitosan 
(Dong et al., 2020). Currently, available volumes of insect 
products are low, costs of insect products are relatively 
high compared to conventional protein sources, and there 
are still some legislative issues to be solved for a large 
implementation of insect products as feed ingredients in 
the livestock sector. Health benefits attributed to insects 
can create added value in the insect chain and support 
their use in feed. Intact, ground insects, or even processed 
insect products fed to livestock can improve animal health 
and may help reduce the use of antibiotics in the livestock 
chain (Gasco et al., 2018).

This paper focuses on the beneficial health effects of insects 
and in particular on antimicrobial, immunomodulatory 
and antioxidant effects of peptides, fatty acids, and poly
saccharides found in insects for their usage in monogastric 
animals.

2. Antimicrobial peptides

Antimicrobial peptides (AMPs) work by destructing the 
bacterial cell envelope. Most AMPs are cationic molecules, 
which disturb the target cell membrane by forming ion 
channels or transmembrane pores, thereby killing bacterial 
cells (Park and Hahm, 2005). The primary targets of AMPs 
are lipids in the bacterial cell membrane. AMPs bind to 
the anionic phospholipids and phosphate groups of the 
lipopolysaccharides (LPS) of Gram-negative bacteria, as 
well as to the peptidoglycan layer of Gram-positive bacteria. 
The effectiveness of their antimicrobial activity depends 
mainly on the lipid composition and the negative electric 
potential of the target membrane.

Four different models of disrupting the bacterial cell 
membrane by AMPs have been described (Duclohier, 2002). 
The first model of AMP action is the barrel-stave model, 
in which peptides bind to the cell membrane and insert 
themselves into the hydrophobic core of the membrane. 

This results in the formation of pores and causes leakage 
of cytoplasmic material and a decrease in membrane 
potential. In this way, membrane-damaging peptides 
(such as gramicidin) can disrupt the ionic homeostasis 
of cells, leading to cell dysfunction and cell death. The 
second model is the toroidal model, in which peptides 
accumulate in a lipid monolayer and form pores, ultimately 
leading to the destruction of bacterial cells. Barrel stave 
pores interact with the bilayer hydrocarbon core, using it 
as a template for peptide self-assembly, whereas toroidal 
pores interact against the hydrocarbon core, disrupting 
the normal segregation of polar and nonpolar parts of 
the membrane by providing alternate surfaces for lipid 
hydrocarbon and headgroups to interact favourably with 
(Wimley, 2010). In the third model, AMPs cover the cell 
membrane in a carpet-like manner. This effect requires high 
AMP concentration and causes cell membrane dissolution. 
An example of a well described AMP acting in this way is 
the cecropin family. Cecropin is always oriented parallel 
to the membrane surface. The fourth and final strategy is 
to disrupt the cell membrane by creating ‘unstructured 
ring pores’ (i.e. aggregation channels) (Duclohier, 2002). 
This manner of AMP-mediated cell membrane disruption 
is similar to the activity of detergents (Wimley, 2010). In 
addition to these models of membrane destruction, some 
AMPs, such as proline-rich AMPs, may exert antibacterial 
activity by intervening in intracellular processes. It has 
been suggested as a general rule, that AMPs that act at 
high concentrations do so by permeabilising or destroying 
microbial membranes, while AMPs that act at low to 
moderate concentrations interact with intracellular 
targets (Nicolas, 2009). To demonstrate the effectiveness 
of antimicrobial substances from black soldier fly (BSF) 
Hermetia illucens (L.) (Diptera: Stratiomyidae) larvae, 
the larvae were septically injured with a contaminated 
needle (Park et al., 2014). Subsequently, BSF larvae were 
lyophilised, homogenised, and peptides and other small 
molecules were extracted with acidic methanol. The acidic 
methanol extraction method was used for the extraction 
of antimicrobial substances from the larvae, because the 
acidic methanol could denature and precipitate large 
proteins and polypeptides, while efficiently extracting 
small molecules (Meylaers et al., 2003). The antifungal and 
antibacterial effects of low molecular weight antimicrobial 
factors were examined on the growth of a wide range of 
microorganisms, including Gram-positive Staphylococcus 
aureus, methicillin-resistant S. aureus (MRSA), and Gram-
negative Pseudomonas aeruginosa. The BSF larval extract 
possessed a broad spectrum of antibacterial activity, 
demonstrating that secretions from BSF larvae prove useful 
in the fight against MRSA. In literature, different insect 
bioactive peptide families have been described and the 
mode of action of these peptides resulting in antimicrobial 
effects in vitro or in vivo in monogastric animals have been 
discussed. In the following paragraphs specific AMPs are 
discussed.
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α-helical peptides – cecropins

Among the many peptides synthesised by insects, cecropins 
are the best known α-helical cationic antimicrobial peptides 
and hence is one of the most widely studied antimicrobial 
peptides (Duvic et al., 2012). They were initially isolated 
from the haemolymph of experimentally infected and 
diapaused pupae of the moth Hyalophora cecropia (L.) 
(Lepidoptera: Saturniidae) (Steiner et al., 1981). Since 
the first report, the expression of cecropin-like peptides 
has been recorded in many other insect species, all of 
which belong to the higher insect orders of the Diptera 
and Lepidoptera. (Bulet et al., 2003). Cecropins were also 
identified in Drosophila melanogaster Meigen (Diptera: 
Drosophilidae), Aedes aegypti (L.) (Diptera: Culicidae), 
Anopheles gambiae Giles (Diptera: Culicidae), Musca 
domestica L. (Diptera: Muscidae), Bombyx mori L. (Lepido
ptera: Bombycidae), and Helicoverpa armigera Hübner 
(Lepidoptera: Noctuidae) (Jin et al., 2010). It was uncertain 
whether cecropins had a wider distribution among insects 
until cecropins were identified in Ascaris nematodes and 
tunicates. A cecropin-like 31 residue peptide (cecropin P) 
has been isolated from the small intestine of a pig (Lee et 
al., 1989), suggesting that the cecropins may be widespread 
throughout the animal kingdom. Mature cecropin peptides 
lack cysteine residues, are 35-39 amino acids in length, and 
form two linear alpha helices connected by a hinge. These 
helices integrate into the acidic cell membrane of bacteria, 
causing its destruction (Charroux et al., 2009; Imamura et 
al., 2009; Tanaka et al., 2005). Cecropins are active against 
both Gram-positive and Gram-negative bacteria (Otvos, 
2000). Examples of in vivo antimicrobial effects of cecropins 
are presented hereafter.

The synthetically produced anti-microbial cecropin peptide 
P5 is an exemplary peptide that was used as an alternative 
to antibiotics as a growth promoter in broilers (Choi et 
al., 2013b). The authors investigated the effects of dietary 
supplementation of the antimicrobial peptide P5 (AMP-P5) 
on growth performance, nutrient retention, excreta, 
intestinal microbiota, and morphology in broilers. The 
effect of the AMP-P5 experimental diet containing 40 or 
60 mg AMP-P5/kg was compared to the negative control 
(basic diet without antimicrobials) and the positive control 
(basic diet supplemented with 15 mg avilamycin/kg diet). 
Body weight gain, dry matter, and nitrogen retention 
were improved in broilers fed the positive control and 
the AMP-P5 diet compared to chickens fed the negative 
control. Increasing the AMP-P5 dietary level linearly 
improved weight gain, feed conversion rate, dry matter, 
and nitrogen retention. The total anaerobic bacteria and 
coliforms in the excreta and the coliforms in the ileal and 
caecal digesta were reduced in broilers fed the positive 
control diets and 60 mg of AMP-P5 compared to the 
broilers fed the negative control diet. Furthermore, the 
height of the villi in the duodenum and jejunum and 

the ratio of villi height to crypt depth in the duodenum, 
jejunum, and ileum increased in birds fed the positive diet 
and 60 mg AMP-P5 compared to broilers fed the negative 
control diet. Together, these results indicate that dietary 
supplementation with 60 mg AMP-P5/kg has the potential 
to improve the growth performance, nutrient retention, and 
intestinal morphology, and reduce intestinal and excreta 
coliforms in broilers similar to antibiotics. In a similar 
experimental setup, the inclusion of 60 or 90 mg of the 
synthetically produced antimicrobial peptide A3 (AMP-A3) 
was tested (Choi et al., 2013a). Broilers demonstrated 
increased growth performance and showed improved 
intestinal morphology and microbiota balance when fed 
this cecropin peptide. Wen and He (2012) evaluated the 
feasibility of including the antimicrobial peptide cecropin 
A(1-11)-D(12-37)-Asn (CADN) in poultry diets instead 
of antibiotic growth promoters (AGP). Chimeric CADN 
was originally isolated from H. cecropia (L.) (Lepidoptera: 
Saturniidae). At micromolar concentrations, it has strong 
antibiotic activity against Gram-positive and Gram-
negative bacteria. Chimeric CADN has the first 11 amino 
acid residues of the N-terminus of cecropin A and the last 
26 amino acid residues of the C-terminus of cecropin D, 
and shows greater antibacterial activity compared with 
individual parental peptides. A total of 1,500 male chickens 
at 14 days of age were randomly assigned to five groups 
and fed ad libitum with grower diets followed by fattening 
diets for 14 days each. The diets consisted of basal diets 
supplemented with a liquid sample of CADN (CADNL) 
at 0, 2, 4, 6, or 8 ml/kg for the five different diets. During 
the feeding period, a metabolic experiment was performed 
to determine the apparent digestibility of diethyl ether 
extract, nitrogen retention, and the apparent metabolisable 
energy of the feed sample fed to each chick cage. At the 
end of the feeding experiment, one chick was sacrificed 
from each cage for bacteriological, light microscopic and 
scanning electron microscopic examination of the intestinal 
villi. Chimeric CADN had a negative linear effect on feed 
intake (F) and feed:gain ratio (F:G) and a positive quadratic 
effect on weight gain (G) for grower diets. Chimeric CADN 
had a quadratic effect on F, G, or F:G for the finisher diets 
and nutrient utilisation was increased for both grower 
and finisher diets. Chimeric CADN decreased the counts 
of aerobic bacteria in the jejunal and caecal digesta in a 
dose-dependent manner and increased the height of the 
intestinal villi in a dose-dependent manner and caused the 
duodenal villi of the CADNL8 group at 42 days to appear 
as a leaf-shaped structure. The authors concluded that 
CADN may therefore be a substitute for antimicrobial 
growth promoter in broiler feed. For implementation in 
animal feed, however, it would also be interesting to see if 
grinded H. cecropia (L.) (Lepidoptera: Saturniidae) would 
also be effective for AMP activity.

Journal of Insects as Food and Feed� Please cite this article as 'in press'
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α-helical peptides – coprisin

Kang et al. (2011) studied the antibacterial effect of coprisin 
in mice. The authors isolated coprisin, an antimicrobial 
peptide from the Korean dung beetle Copris tripartitus 
(Coleoptera: Scarabaeidae), and identified a nine amino 
acid peptide in its α-helix region (LLCIALRKK) that 
contained antimicrobial activity. In a mouse model of acute 
intestinal inflammation, established by the administration 
of antibiotics followed by Clostridium difficile infection, the 
treatment effects of a coprisin analogue (disulphide bond 
dimer of nine peptides) were examined. Treatment with 
this coprisin analogue significantly alleviated weight loss, 
improved survival, and reduced mucosal damage and the 
production of pro-inflammatory cytokines. In contrast, the 
coprisin analogue showed no apparent antibiotic activity 
against commensal bacteria, including Lactobacillus and 
Bifidobacterium, which are known to inhibit C. difficile 
colonisation (Kang et al., 2011). The results indicated that 
the coprisin analogue may be useful as a therapeutic agent 
for inflammatory diarrhoea associated with C. difficile 
infection and pseudomembranous colitis in mice.

Cysteine-rich peptides – insect defensin

Among naturally occurring antibiotic peptides, defensins 
form a unique family. They have in common that they are 
cationic, structured polypeptides, composed of 34-51 amino 
acids rich in cysteine with three or four disulphide bridges. 
Defensins have been isolated from mammals, insects, 
and plants (Thevissen et al., 2004). They act as effector 
molecules of innate immunity and provide an effective 
initial defence against infectious pathogens. The structure 
of the defensin-like peptide has been determined, and the 
basic structural similarity between family members suggests 
that the overall structure is robust and that the nature 
of the side chains determines the specific functionality 
(Torres and Kuchel, 2004). They have been identified in 
many insect species of Diptera, Hymenoptera, Coleoptera, 
Lepidoptera, Hemiptera, Isoptera, and Pteroptera (Yi et al., 
2014). In insects, these peptides are produced by fat body 
cells and haemolymph cells, and they can easily diffuse 
and act systematically. The insect haemolymph acquires 
antimicrobial properties after the insect has been injured 
or after a microbial infection. Insect defensins are active 
mainly against Gram-positive bacteria (Otvos, 2000), 
including Micrococcus luteus, Aerococcus viridians, Bacillus 
megaterium, Bacillus subtilis, Bacillus thuringiensis, and 
S. aureus. Some insect defensins are also active against 
Gram-negative bacteria such as Escherichia coli (Yi et al., 
2014), or fungi, yeasts, and protozoa (Chapuisat et al., 2007; 
Viljakainen and Pamilo, 2008). To better understand the 
functional domains of defensins in general, the tenecin-1 
defensin was studied in more detail by Lee et al. (1998). 
When induced in the haemolymph of Tenebrio molitor L. 
(Coleoptera: Tenebrionidae) larvae, tenecin-1 was effective 

against Gram-positive bacteria, especially methicillin-
resistant S. aureus (MRSA) (Moon et al., 1994). Moreover, 
activity against Staphylococcus epidermidis, Staphylococcus 
pyrogen, M. luteus, and Corynebacterium diphtheriae but 
also against fungi have also been established (Jozefiak et 
al. (2016). A reduced version of tenecin-1 was created, 
to investigate the functionality of the disulphide bridges, 
and a chemically synthesised N-terminal loop-deleted 
tenecin-1 was designed and both compared in activity 
to the native peptide. The native peptide showed strong 
antimicrobial activity; however both modified versions 
showed no antimicrobial effects, indicating that three 
disulphide bridges and the N-terminal loop are necessary 
for the bactericidal activity. Park et al. (2015) induced 
and purified a novel defensin-like peptide 4 (DLP4) from 
the immunised haemolymph of BSF larvae. The larvae 
were first washed with water containing disinfectant and 
rinsed with deionised water. Excess water was removed, 
after which each larvae was pricked deeply with a fine 
needle dipped into S. aureus (KCCM 40881; OD600=2.4).
The immunised haemolymph was extracted and DLP4 
was purified by solid phase extraction and reverse phase 
chromatography. Minimum inhibitory concentration (MIC) 
analysis showed that DLP4 had antibacterial activity against 
Gram-positive bacteria, including MRSA. Interestingly, 
transcription of the DLP4 gene hardly occurred in the body 
without compromising health, but upon bacterial challenge 
the expression of DLP4 transcripts was measured by 
quantitative real-time PCR in several tissues. Transcription 
was most pronounced in the fat body after immunisation. 
Commercially produced sterile bottle green flies Lucilia 
sericata Meigen (Diptera: Calliphoridae) maggots have 
been used successfully by medical professionals around the 
world to clean many chronic necrotic wounds and reduce 
bacterial burden on wounds during Maggots Debridement 
Therapy. Maggot secretions contain antibacterial activity 
and other activities beneficial to wound healing. Several 
secreted components of insect immunity were identified, 
including a defensin named lucifensin. This was produced 
recombinantly as a Trx-fusion protein in E. coli, purified 
using immobilised metal affinity chromatography and 
reverse-phase HPLC, and tested in vitro against Gram-
positive and Gram-negative bacterial strains. Lucifensin 
was active against the Gram-positive bacterial strains 
Staphylococcus carnosus, Streptococcus pyogenes, and 
Streptococcus pneumoniae, as well as S. aureus. The peptide 
did not show antimicrobial activity towards Gram-negative 
bacteria. Schmitt et al. (2016) discussed that amino acid 
residues in the peptide affects the molecular interaction 
at the bacterial membranes and subsequent antibacterial 
activity against Gram-positive and Gram-negative bacterial 
strains. Lucifensin has demonstrated antimicrobial activity 
comparable to other defensins and may have potential as 
a future scaffold for drug candidates, to be redesigned for 
other uses besides topical treatment of infected wounds 
(Andersen et al., 2010).
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Proline-rich peptides

Proline-rich AMPs, which are isolated from mammals and 
insects, are mainly active against Gram-negative bacteria, 
including a wide variety of plant-derived bacteria and some 
human pathogens (Liu et al., 2007; Otvos, 2000). All proline-
rich (PR) peptides isolated from mammals belong to the 
cathelicidin family of AMPs, such as PR-39 and prophenin. 
They constitute a group of vertebrate and invertebrate host 
defence cation peptides characterised by a high content of 
proline residues, often associated with arginine residues 
in repeating motifs. Insect-derived proline-rich AMPs are 
usually 20-35 amino acid residues in length, penetrate and 
pass through the outer membrane and enter the periplasmic 
space. In the cell, the peptides impede intracellular 
processes, such as the transport system (Scocchi et al., 
2011). Due to their special properties, they are classified as 
potential cell-penetrating peptides, capable of internalising 
impermeable drugs into bacteria and eukaryotic cells. 
Many proline-rich peptides were described by Otvos 
(2002). A characterised proline-rich AMP is drosocin, 
which appears to kill susceptible bacterial species (E. coli) 
by inhibiting the chaperone protein DnaK. (Kragol et al., 
2001, 2002). Drosocin is the prototype for medium-sized 
proline-rich antibacterial peptides that have been isolated 
from Hymenoptera, Lepidoptera, Hemiptera, and Diptera. 
(Bulet et al., 1993). Proline-rich AMPs can also interfere 
with the synthesis of DNA and RNA by binding to nucleic 
acids (Kragol et al., 2002; Li et al., 2006; Nicolas, 2009) and 
have been shown to exert antimicrobial effects in E. coli, 
Klebsiella pneumoniae, P. aeruginosa, and Acinetobacter 
baumannii (Hansen et al., 2012; Mattiuzzo et al., 2007). 
Apidaecins are a separate group of proline-rich peptides 
and may be used as new candidates for peptide antibiotics 
as they contain improved membrane penetration capacity 
(Li et al., 2006). They are lethal to many Gram-negative 
bacteria. The mechanism of action by which apidaecins 
kill bacteria involves an initial nonspecific encounter of 
the peptide with a component of the outer membrane, 
followed by invasion of the periplasmic space. Apidaecins 
then cross the inner membrane by specific and essentially 
irreversible coupling with a receptor or docking molecule 
(most likely a component of a permease-type transporter 
system). In the last step, the peptide is transported inside the 
cell, where it reaches its final target (most probably DnaK 
protein), and then performs its antibacterial function. For 
example, it can inhibit the two main functions of DnaK 
(E. coli HSP70), being ATPase activity and protein folding 
(Wu et al., 2020).

Glycine-rich peptides

The family of antimicrobial peptides rich in glycine usually 
targets fungi, Gram-negative bacteria (Otvos, 2000), and 
cancer cells by destroying cell membranes (Lee et al., 
2007). AMPs rich in glycine residues (14-22%), such as 

sarcotoxin IIA, hymenoptaecin, attacin, diptericin, and 
coleoptericin, have been identified in different insect 
species (i.e. B. mori L. (Lepidoptera: Bombycidae), Glossina 
morsitans Westwood (Diptera: Glossinidae), Heliothis 
virescens Fabricius (Lepidoptera: Noctuidae), Trichoplusia 
ni Hübner (Lepidoptera: Noctuidae), Samia cynthia ricini 
Drury (Lepidoptera: Saturniidae), and M. domestica L. 
(Diptera: Muscidae) (Dushay et al., 2000; Geng et al., 2004; 
Li et al., 2012). The high amount of glycine residues in these 
AMPs has a major impact on the tertiary structure of these 
peptides and their mode of action. Attacins, for example, 
act through blocking the synthesis of the major outer 
membrane proteins in dividing Gram-negative bacteria, 
such as E. coli, thus disturbing the integrity of the cell wall 
and causing the bacteria to grow in long chains (Carlsson 
et al., 1998).

Insect AMP-complexes

In recent decades, much attention has been paid to AMPs as 
natural antibiotics that are likely to be protected against the 
development of bacterial resistance. However, experimental 
evolution studies have revealed a rapid increase in the 
resistance of bacteria to tested individual AMPs (Chernysh 
et al., 2015). In terms of the development of drug resistance, 
complexes of insect AMPs have an obvious advantage 
over individual peptides and small molecule antibiotics. 
Combining AMPs with a different mode of action will 
reduce the risk for resistance to bacteria. This strategy is also 
used in chemical bactericides. As a model to demonstrate 
the potency of AMP complexes, a semi-purified AMP 
complex from bacteria-challenged maggots of Calliphoridae 
flies was used (Chernysh et al., 2015). The isolated AMP 
complex was found to contain three different families of 
membrane damaging or permeable peptides (defensins, 
cecropins, and diptericins), one proline-rich peptide family 
and several unknown antimicrobial substances. The clinical 
strains of E. coli, K. pneumoniae, and A. baumannii were 
used to test the resistance to the isolated AMP complexes 
and reference antibiotics cefotaxime, meropenem, and 
polymyxin B. All strains easily developed resistance to the 
reference antibiotics, while no signs of increased resistance 
to the AMP complex consisting of defensins, cecropins 
and diptericin, and proline-rich peptides were recorded. 
Similar results were obtained with the compounds isolated 
from three other fly species (i.e. Calliphora vomitoria (L.) 
(Diptera: Calliphoridae), L. sericata Meigen (Diptera: 
Calliphoridae), and M. domestica L. (Diptera: Muscidae)). 
Rahnamaeian et al. (2015) also showed the functional 
synergy of co-occurring insect AMPs (the bumblebee linear 
peptides hymenoptaecin and abaecin) resulting in more 
potent antimicrobial effects at low concentrations. Abaecin 
showed no detectable activity against E. coli when tested 
alone at concentrations up to 200 mM, while hymenoptaecin 
influenced the growth and viability of bacterial cells, but 
only at concentrations above 2 mM. When combined, 
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just 1.25 mM abaecin enhanced the bactericidal effect 
of hymenoptaecin. These naturally occurring synergistic 
interactions suggest that AMP combinations can be used 
therapeutically against Gram-negative bacterial pathogens 
that have acquired resistance to common antibiotics.

3. Fatty acids

Fatty acids with aliphatic tails of six to twelve carbon atoms 
are called medium-chain fatty acids (MCFAs) and have 
also demonstrated antimicrobial activity. In some cases, 
the effect on the intestinal mucosa and the antibacterial 
activity of MCFA may be beneficial for the prevention 
and treatment of gastrointestinal diseases in piglets after 
weaning (Rossi et al., 2010). Medium-chain fatty acids can 
be used directly by enterocytes for energy production, thus 
helping to support gut integrity in young piglets (Guillot 
et al., 1993). Recent research in pigs indicates that certain 
fatty acids, including short- and medium-chain fatty acids 
and long-chain polyunsaturated fatty acids, play a potential 
therapeutic role in pig enteritis (Liu, 2015). The results 
of these studies indicate that fatty acids have an impact 
on the intestinal integrity of pigs. Utilising these feeding 
strategies can offer a significant opportunity to improve pig 
health and nutrient efficiency in human food production. 
MCFAs are naturally found in milk fat and in various feed 
materials, especially in coconut and palm oils. In addition 
to these raw materials, it is also known that insects such as 
BSF prepupae can contain high levels of the MCFA lauric 
acid and it is possible that insect oil can replace the less 
sustainable fat sources in animal feed.

Lauric acid

Black soldier flies contain fatty acids at levels ranging 
between 15-49% on dry matter basis (Makkar et al., 2014). 
The fatty acid composition of the larvae depends on the 
fatty acid composition of the diet. Lauric acid (C12:0) 
has been found in high concentrations (up to 60%) in 
the fat of the prepupae of BSF reared in organic waste 
streams with high amounts of starch (Spranghers et al., 
2017). The lipids of cow manure-fed larvae contained 21% 
lauric acid, 16% palmitic acid, 32% oleic acid, and 0.2% 
omega-3 fatty acids, with the proportions being 43, 11, 12, 
and 3% for the larvae, respectively, fed a mixture of 50% 
fish offal and 50% cow manure (St-Hilaire et al., 2007). 
Lauric acid is known for its antiviral and antibacterial 
activities (Lieberman et al., 2006), in particular its activity 
against Gram-positive bacteria (Skřivanová et al., 2005). 
Skřivanová et al. (2005) determined the susceptibility of 
Clostridium perfringens strains CCM 4435T and CNCTC 
5459 to C2-C18 fatty acids. Lauric acid showed the highest 
antimicrobial activity, followed by myristic, capric, oleic, 
and caprylic acid. Lauric acid activity was not influenced by 
the presence of solid particles and did not cease at pH>6. 
Significant antibacterial activity of lauric acid was also 

seen in pigs with D-streptococcal infections (Spranghers 
et al., 2018). At the highest inclusion level (equivalent to 
0.87 g of C12:0/100 ml), reductions of approximately 2 logs 
of D-streptococci were observed. In the animal test, only 
0.5 log cfu reductions of D-streptococci were observed in 
the gut of piglets fed diets containing 8% full-fat BSF. The 
authors discussed that most of the lauric acid from the feed 
was absorbed too early (57-60% already in the stomach) 
and could not reach the places where it would find the 
optimal conditions to inhibit bacterial growth. It is worth 
noting that monolaurin can be formed as a monoester 
from lauric acid and is many times more biologically active 
than lauric acid in killing viruses and bacteria (Lieberman 
et al., 2006). Although the mode of action of MCFA is not 
fully understood, it is known that its antibacterial activity 
is related to the decrease in pH and its dissociation ability 
(Roth and Kirchgessner, 1998). Undissociated forms of 
MCFA can penetrate the lipid membrane of the bacterial 
cell and then dissociate in the cytoplasm. As the target 
bacteria struggle to maintain a neutral pH by exporting 
excess protons, cellular ATP is consumed leading to energy 
depletion and ultimately leading to cell death (Ricke, 2003). 
In an in vitro evaluation, the high amount of C12:0 in the 
fat extracts of the prepupae of BSF resulted in substantial 
antimicrobial effects against D-streptococci, while no 
significant effects were recorded for coliforms (Spranghers 
et al., 2018). Lauric acid, however, also demonstrated a low 
impact on the commensal Lactobacilli in humans (Matsue 
et al., 2019) suggesting that lauric acid might modulate 
intestinal health by managing the microbiota in the upper 
small intestine, in which bacteria are mainly Gram-positive 
bacteria. The possible antimicrobial effects of BSF fat (C12: 
0) could provide important added value when whole larvae 
or prepupae are used as a protein source in monogastric 
feeding (Spranghers et al., 2017). The antimicrobial activity 
of BSF fat can provide a significant added value when 
complete pre-pupae are used as a protein source in feed for 
monogastric animals (Spranghers et al., 2018). Moreover, 
extracted fat of insects as oil source can maybe replace 
less sustainable vegetable oil sources currently used in 
animal diets.

4. Polysaccharides

Chitin and chitosan are polysaccharides that are found in 
high concentrations in insects. Chitosan is an edible, 
biodegradable polymer which is the main organic skeleton 
material of the arthropod exoskeleton, including insects, 
crustaceans, and some fungi (Cutter and Sumner, 2002; 
Mau-Chang et al., 1996; Suyatma et al., 2004). Chitosan, 
β-(1-4)-linked 2-amino-2-deoxy-β-D-glucopyranose, is an 
N-deacetylated derivative of chitin, in which acetamide 
groups were converted into primary amino groups (Islam 
et al., 2017). Chitosan is, next to cellulose, the most common 
natural polymer (Vartiainen et al., 2004). Chitosan not only 
acts as a chelating agent in biological systems, but also has 
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antibacterial activity against bacteria, yeasts, and fungi 
(Vartiainen et al., 2004). Furthermore, fish, birds, or 
mammals cannot synthesise chitin or chitosan, so they are 
a potential target for recognition by the immune system 
(Komi et al., 2018). In fact, innate immune cells can be 
stimulated by chitin and chitosan (Lee et al., 2008) and the 
presence of chitin in the exoskeletons of insects and larvae 
may affect the immune status of monogastric animals (Islam 
and Yang, 2017). For example, broiler chickens fed with T. 
molitor larvae were shown to have a lowered albumin/
globulin ratio, which indicated that immune activity was 
enhanced (Bovera et al., 2015). Similar results were found 
for laying hens fed approximately 1 g per day of chitin 
provided by the inclusion of BSF larval meal in the diet 
(Marono et al., 2017). Chitin’s positive effects on laying 
hens health and metabolism are also confirmed by Bovera 
et al. (2018). In the experiment BSF larval meal was fed at 
two different levels in substitution (25 or 50%) of soybean 
meal to laying hens. Hens fed the higher amount of insect 
meal showed higher values of globulin and a lower albumin/ 
globulin ratio compared to the other groups. High globulin 
concentrations and low albumin/globulin ratios indicate a 
better disease resistance and immune response in birds 
(Griminger and Scanes, 1986). These findings for better 
disease resistance and immune response were also 
confirmed by high globulin concentrations and low 
albumin/globulin ratios in an experiment with partridges 
fed two different levels of BSF larvae as well as T. molitor 
in substitution (25 or 50%) of soybean meal (Loponte et 
al., 2017). Broiler trials demonstrated the antimicrobial 
activity of chitin. Broilers provided with shrimp chitin 
showed growth inhibition of E. coli and Salmonella 
enteritidis (Khempaka et al., 2011). Furthermore, fermented 
T. molitor larval meal or Zophobas morio Fabricius 
(Coleoptera: Tenebrionidae) also reduced the growth of E. 
coli and S. enteritidis in broilers. Regarding the latter study, 
the authors could not discriminate between chitin- and 
probiotics-mediated antimicrobial activity (Islam and Yang, 
2017). In a follow-up analysis, the authors evaluated the 
antimicrobial efficacy of 0.4% dry T. molitor (DMLP) or Z. 
morio larvae (DSMLP) and their use as an alternative to 
antibiotics in broilers. Broilers were orally inoculated with 
2.4×107 cfu S. enteritidis KCTC 2021 and 3.7×107 cfu E. 
coli KCTC 2571. One week later, the mortality rate 
decreased after supplementation with DMLP and DSMLP. 
Both the average daily gain and the average daily feed intake 
increased and the feed conversion decreased. Detailed 
analysis revealed that the content of caecal E. coli and S. 
enteritidis was significantly reduced in broilers fed DMLP 
and DSMLP, while the content of faecal microbiota and 
the pH of the caecal and faecal digesta was not affected. 
Islam and Yang (2017) concluded that dietary 
supplementation with DMLP and DSMLP increased average 
daily body weight gain, improved feed conversion ratio and 
decreased mortality and caecal E. coli and S. enteritidis 
contents. In addition to the observed antimicrobial 

activities, cholesterol and triglyceride serum levels in birds 
were also lowered when fed diets containing BSF compared 
to those fed a diet based on soybean meal. Indeed, chitin 
has further hypolipidaemic and hypocholesterolaemic 
properties (Koide, 1998) in broiler chickens, resulting in a 
reduction in body fat and possibly the production of leaner 
meat (Hossain and Blair, 2007). In mice, similar studies 
have been performed, but with isolates of chitin or chitosan, 
which allows more direct correlations of the antimicrobial 
effects towards these compounds. In a study analysing the 
effects on Candida albicans infections, pre-treatment with 
i.p. injections of chitin and, in particular, chitosan increased 
survival rates (Suzuki et al., 1984). Similarly, chitosan pre-
treatment also increased mice survival infected with S. 
aureus (Moon et al., 2007). Chitin and chitosan, in addition 
to their antimicrobial activity, also showed antiparasitic 
activity. Infections with L. major in mice were treated with 
local injections of chitin or chitosan for several weeks 
(Hoseini et al., 2016). It was found that chitin and chitosan 
significantly reduced the onset of parasite-induced lesions, 
and upon sacrifice it was evident that they also significantly 
reduced the parasitic load in the draining lymph nodes. In 
another study chitosan was tested to treat intestinal 
infections with Eimeria papillata (Abdel-Latif et al., 2016). 
Daily gavage for 5 days significantly reduced the number 
of oocytes found in faeces and significantly reduced the 
number of parasites per crypt and significantly improved 
histological features. It must be stated here that insect-
derived compounds will not be used via injections in 
monogastric livestock animals but the above studies were 
included here to illustrate the direct effects of isolates of 
chitin or chitosan. The mechanism by which chitin and 
chitosan exert their antimicrobial and antiparasitic effects 
is directly or indirectly through supporting immune activity. 
The direct approach is presumably similar to that described 
for peptides and includes cell lysis, penetration of cyto
plasmic membranes, and cation chelation (Park and Kim, 
2010). These mechanisms could explain antimicrobial and 
antifungal effects but are less likely to result in antiparasitic 
effects. Furthermore, pilot studies now show that the 
antimicrobial effect could even be pathogen-specific, ruling 
out generic methods of action. A striking conclusion from 
the described, but also other studies as reviewed elsewhere 
(Dong et al., 2019), is the apparent difference in effectivity 
between chitin and chitosan. Chitosan was shown to be 
more effective in treating microbial infections, while chitin 
was more effective in treating parasitic infections. All the 
studies on chitin and chitosan described above had in 
common that they also investigated and discovered 
treatment-induced changes in the immune system that 
might have contributed to the effectiveness of the inter
vention. The observed decrease in growth of E. coli and 
S. enteritidis after intervention with T. molitor or Z. morio 
isolates coincided with an increase in IgG and IgA levels, 
which play a protective role against microbial infections 
(Islam and Yang, 2017). In studies showing that chitin and 
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chitosan have a protective effect on C. albicans infection, 
the increase in survival rate coincides with the increase in 
polymorphonuclear leukocyte levels in blood and peritoneal 
immune cells. These cells also show an enhanced ability to 
produce reactive oxygen species (Suzuki et al., 1984). 
Similarly, in the treatment of E. coli infection, especially 
chitin can increase the ability of immune cells to produce 
interleuking (IL)-10, tumour necrosis factor (TNF)α, 
interferon (IFN)γ, and IL-5, thereby helping to fight the 
infection (Ghotloo et al., 2015; Hoseini et al., 2016). Also, 
successful treatment of E. papillata infection with chitosan 
coincided with a strong effect on the immunity of mice, 
with increased neutrophil infiltration and levels of inflam
matory cytokine transcription, and decreased levels of 
anti-inflammatory cytokine transcription. (Abdel-Latif et 
al., 2016). These data on the immunomodulatory effects 
of chitin and chitosan have been further confirmed by in 
vitro studies as shown in this paragraph. Through numerous 
studies with human and mice cells, it has become clear 
that there are certain receptors on immune cells that can 
recognise chitin and chitosan and allow cells to react to 
their presence. In particular galactin-3, mannose receptor, 
RegIIIγ, dectin-1, and various toll like receptors have been 
shown to interact with chitin and/or chitosan (Komi et al., 
2018). The typical immune cells that express most, if not 
all, of these receptors are macrophages. Studies on direct 
exposure of macrophages to chitin or chitosan have shown 
that this leads to cytokine production similar to the above 
(i.e. IL-10, IL-6, and TNFα) (Wagener et al., 2014). In 
addition, spleen derived immune cell mixtures responded 
to chitin exposure with the production of IFNγ, IL-12, and 
TNFα (Shibata et al., 1997). Mainly through in vitro studies, 
it has also become clear that various physical and chemical 
parameters are critical to the functions of chitin and 
chitosan. Purity, size, concentration, and acetylation level 
are all factors that have been individually shown to affect 
the strength or type of immunomodulatory effects of chitin 
and chitosan. (Alvarez, 2014; Zimmerman, 2014).

5. Antioxidant activity

Oxidation of cellular components is linked to several 
adverse health conditions (Halliwell, 2012). Reactive 
oxygen species (ROS) responsible for this, can be generated 
endogenously, as a response to stress or pathogens, or 
exogenously via toxins or UV exposure. Production of ROS 
as protection against invaders is an effective mechanism, 
although excess production can lead to undesired tissue 
damage. Antioxidants can therefore be beneficial to 
protect against exogenous influences, as well as minimising 
collateral damage. Antioxidants can neutralise free radicals 
as well as reactive oxygen species (that are responsible for 
oxidative damage) via three mechanisms: hydrogen atom 
transfer, electron-proton transfer, or sequential proton 
loss-electron transfer (Chen et al., 2015). Several reports 
have highlighted the antioxidant potential of insect proteins 

such as those from Acheta domesticus (L.) (Orthoptera: 
Gryllidae), BSF, and T. molitor proteins (Mouithys-Mickalad 
et al., 2020; Navarro del Hierro et al., 2020). Some authors 
have also reported strong radical scavenging activities of 
protein hydrolysates from these insect species (Mouithys-
Mickalad et al., 2020; Zielińska et al., 2017a,b, 2018). 
Oxidative damage of cellular components could occur via 
several pathways. One of the noticeable pathways involve 
neutrophil response. Animals are continuously exposed to 
pathogenic microbes via the oral route (Mouithys-Mickalad 
et al., 2020). When the pathogenic microbes enter the 
animal body, neutrophils (and other white blood cells) 
rush to the site of infestation and initiate a defence via 
phagocytosis, degranulation, and release of the neutrophil 
extracellular trap. These processes result in development of 
reactive oxygen species (e.g. superoxide anion) and enzymes 
that facilitate oxidation (e.g. myeloperoxidase). This whole 
process is crucial for the host defence. However, continuous 
exposure of microbes results in excessive secretion of 
the oxidative molecules which can cause inflammatory 
damage to cellular components. In the long run, these 
oxidative damages could even result in the formation 
of inflammatory diseases, such as accelerated ageing, 
locomotor malfunctioning, etc. (Beckman et al., 1990; 
Lobo et al., 2010; Tsumbu et al., 2012). In vitro antioxidant 
activity of BSF protein derivatives against neutrophil 
and myeloperoxidase response has been reported in 
detail. Authors indicated that BSF proteins and protein 
hydrolysates could be effective in preventing the oxidative 
damage that results from the neutrophil response, whereas 
fishmeal and chicken meal used as benchmark during the 
study exhibit little to no activity (at highest concentration 
analysed). During the same study, authors indicated 
that BSF proteins and protein hydrolysates also exhibit 
strong potential to prevent oxidative damage resulting 
from myeloperoxidase response, whereas fishmeal and 
chicken meal used in this study exhibit mild pro-oxidant 
activity (Mouithys-Mickalad et al., 2020). This activity 
could be attributed to the presence of antioxidant peptides 
(Mouithys-Mickalad et al., 2020; Zielińska et al., 2017a,b, 
2018). The antioxidant activity of peptides depends on 
several factors, including: (1). Molecular weight, with short 
chain peptides being more effective in scavenging free 
radicals; (2). Amino acid composition as hydrophobic amino 
acids exhibit higher free radical scavenging activity when 
compared to hydrophilic amino acids; (3). Amino acid 
sequence as amphiphilic peptides have superior radical 
scavenging activity (Cai et al., 2015; Yang et al., 2019; Zou 
et al., 2016). In context of molecular weight, BSF protein 
derivatives contain a substantial amount of proteins <1000 
da (6 and 98% of total proteins in BSF proteins and protein 
hydrolysates, respectively) (Mouithys-Mickalad et al., 2020). 
Furthermore, BSF also contain substantial amounts of 
hydrophobic amino acids (Spranghers et al., 2017). There 
is still limited information regarding the presence of 
amphiphilic peptides in BSF and this could be a subject of 
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future investigations. Most researchers have used water 
soluble extracts for the determination of in vitro antioxidant 
activity of insect proteins (Chatsuwan et al., 2018; Di Mattia 
et al., 2019; Flores et al., 2020; Mouithys-Mickalad et al., 
2020). Water soluble short chain peptides (present in 
substantial quantities in insects like BSF) could be readily 
absorbed in the intestines of monogastric animals (Wang et 
al., 2019). There are several in vivo studies that report strong 
antioxidant activity of insect proteins in fish and poultry 
diets (Chu et al., 2020; Li et al., 2017; Xu et al., 2020). 
However, there is a scarcity of literature that reports the in 
vivo antioxidant potential of insect proteins in monogastric 
diets. A study on E. coli lipopolysaccharide challenged 
beagle dogs indicated improvement in glutathione 
peroxidase and superoxide dismutase concentrations in 
the body with increased dietary BSF proteins. This indicates 
antioxidant potential of insect proteins in monogastric 
animals (Lei et al., 2019). However, studies are still needed 
to further validate these findings and justify the antioxidant 
activity of insect proteins in farmed monogastric animals 
such as pigs, rabbits, etc.

6. Summary and conclusion

Insects can fulfil a major role in upgrading the value of 
side streams or leftovers into high-value feed ingredients 
in a circular economy. Insects and products derived from 
insects are rich sources of macro-nutrients such as protein 
and fat, but also other important nutrients such as mono-
unsaturated and/or poly-unsaturated fatty acids, copper, 
iron, magnesium, manganese, phosphorous, selenium, and 
zinc, as well as riboflavin, pantothenic acid, biotin, and in 
some cases folic acid. Next to nutritional value, insects 
also contain bioactive compounds contributing to possible 
secondary effects of health stimulators in livestock animals. 
Three categories of bioactive compounds in insects are 
included in animal research regularly: AMPs, fatty acids 
(especially lauric acid), and polysaccharides (especially 
chitin and chitosan). Each compound demonstrated 
antimicrobial activities via different mechanism(s) including 
membrane pore formation or destruction, impeding 
intracellular processes or pH, or supporting the immune 
system of the host. Moreover, antioxidant capacity of insect-
proteins might also protect against oxidative tissue damage. 
There are several ways to feed bioactive insect components 
to farm animals. Insect larvae can be fed live, but they can 
also be further processed into insect protein and insect fat 
and subsequently be included in the feed. Bioactive insect 
components can also be extracted but this will increase 
the costs of these components, while the combination of 
AMP complexe), and thus the combination of AMPs with 
fatty acids and chitin or chitosan seems to be the solution 
against antimicrobial resistance. This might perhaps be the 
main advantage of insects over individual antibiotics for the 
future to combat antibiotic resistance. More research into 
health-promoting properties of bioactive insect components 

such as e.g. processing or rearing on health-promoting 
effects, optimal inclusion levels, and differences in efficacy 
between insects species is therefore recommended in the 
near future to create added value from insect products in 
animal feed.
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