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Squalene, which is a natural triterpenoid unsaturated hydrocarbon, is abundant in shark liver and plant seeds. Squalene has various physiological functions such as being anti-inflammatory and antioxidant. This paper reviews the physiological functions of squalene and its application prospects in livestock and poultry production, with a view to providing a theoretical basis for its in-depth application in animal husbandry.

Keywords
 squalene; oxidative stress; gut health; animal husbandry; physiological function


1 Introduction

Squalene (SQ) is an unsaturated triterpene compound as well as an important component of fat-soluble vitamins, hormones, and cholesterol. In 1906, Japanese scholars extracted SQ from shark liver. Studies have shown that SQ can relieve skin damage caused by dryness and eczema; anti-oxidation (1), anti-inflammatory responses (2), and cardiovascular health are also aided by it (3, 4). A study showed that supplementing mice with SQ increased high-density lipoproteins (HDL) and paraoxonase-1 in the serum, alleviating oxidative stress damage (5). It has been shown that SQ is extremely effective in attenuating isoprenaline-induced oxidative stress in rat hearts (6). Additionally, SQ increases serum glutathione (GSH), superoxide dismutase (SOD), and catalase (CAT) levels in rats with myocardial infarction models (7). SQ research has mostly focused on production technology, material development, separation, purification, and identification in recent years (8–10). However, there are few studies on the physiological functions and mechanism of action uses of this biochemical substance in animal husbandry (1, 2). Therefore, this paper reviews its physiological functions and hypothesizes on its application prospects in animal husbandry, with a view to providing new references for green healthy farming.



2 The structure and properties of squalene

Squalene (C30H50) is a non-saponifiable lipid with six double bonds. Normal SQ is a colorless, odorless liquid grease. Interestingly, all six double bonds are trans structures. As a result, SQ is less stable, oxidizes easily, and gives off a peculiar fishy smell when exposed to air for a long time. Apart from that, SQ is easy to cyclize to generate triterpenoids such as bicyclic, tetracyclic, and pentacyclic structures (4, 11). There are four main types of common SQ structures: sterol-like form 1, sterol-like form 2, coiled form, and stretched form (Figure 1). The SQ is mainly synthesized by mevalonic acid, wherein acetyl coenzyme A is first converted to 3-hydroxy-3-methylglutaryl coenzyme A (HMG CoA). Subsequently, under the influence of 3-hydroxy-3-methylglutaryl coenzyme A reductase, HMG CoA is reduced to mevalonic acid. Mevalonic acid undergoes phosphorylation and decarboxylation to generate 3-isopentenyl pyrophosphate. Ultimately, through the action of squalene synthase, two molecules of farnesyl pyrophosphate combine into an allylic moiety, leading to the formation of squalene synthase (4). The synthesis process of SQ in animals is shown in Figure 2.
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FIGURE 1
 Four common structural forms of SQ. (A) sterol-like form 1. (B) sterol-like form 2. (C) coiled form. (D) stretched form.
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FIGURE 2
 The synthesis process of SQ in animals.


In eukaryotes, SQ is an important metabolic intermediate, involved in the synthesis of animal cholesterol and plant sterols (4). It is generally believed that the unique biological characteristics of SQ are closely related to its special conformation (11). On the one hand, SQ can easily pass through the cell membrane so that it is evenly distributed inside and outside the cell (4, 11, 12). On the other hand, the abundant double bonds can combine with hydrogen ions in water to form squalane and release O2-, thus accelerating the production of new cells and improving organ function (12). Studies have shown that the antioxidant effect of SQ is related to its molecular properties and free radical activities (4). SQ can not only scavenge free radicals but also inhibit the generation of reactive oxygen species (ROS) (4). In addition, SQ, which is on the skin surface, is one of the most efficient singlet oxygen scavengers and plays an important role in resisting physical and biological stimuli (13, 14).



3 The physiological functions of squalene

Squalene, as a precursor for steroid synthesis, has a variety of important biological functions such as anti-inflammatory and antioxidant properties and regulation of lipid metabolism (1–4). The physiological functions of SQ and its application in animal husbandry are shown in Figure 3.

[image: Figure 3]

FIGURE 3
 The physiological functions of SQ and its application in animal husbandry.



3.1 Squalene and anti-inflammatory response

In the process of intensive, large-scale farming, piglet weaning, immunization, and heat stress all cause elevated ROS in the animal, which in turn produces an inflammatory response (15). An inflammatory response is a pathological process that occurs when an animal is attacked by inflammatory factors. In the case of piglets, early weaning causes elevated expression of IL-6 and IL-1β in the intestine of piglets and disrupts the intestinal structure (16). Some novel feed additives such as plant extracts and organic acids can improve the inflammatory response of animals and have important potential for application (17, 18). Research by Cardeno et al. (2) showed that SQ had great potential in regulating inflammation. SQ takes part in regulating the activation pathways of neutrophils, monocytes, and macrophages, effectively targeting anti-inflammatory factors to exert its biological functions. Studies had shown that, in a mice model of inflammation treated with liposaccharide (LPS), oral administration of 25 μm or 50 μm SQ for 18 h alleviated the inflammation effectively, mainly manifested as a down-regulation of the expression of toll-like receptor 4 (TLR-4), inducible nitric oxidesynthase gene (iNOS), cyclooxygenase (COX-2), tumor necrosis factor alpha (TNF-α), interleukin 6 (IL-6), and interferon gamma (IFN-γ) (2). By regulating the nuclear factor-kappa B (NF-κB) signaling pathway, SQ can significantly reduce the level of phosphorylated P65-NF-κB protein, regulate the expression of cellular P65 protein mRNA, and reduce the expression of heme oxygenase-1 (HO-1), which is a downstream target gene of NF-E2-related factor (Nrf2). HO-1 stimulates the production of endogenous carbon monoxide (CO), biliverdin, and iron from hemoglobin, which in turn exerts anti-inflammatory effects (19, 20). Sánchez et al. (21) demonstrated that dietary supplementation with 25 and 125 mg/kg of SQ significantly alleviated dexton sulphate sodium (DSS)-induced colitis injury in weaned mice by inhibiting the phosphor relation of the mitogen-activated protein kinases (MAPK) and NF-kB signaling pathways. This suggests that SQ reduces inflammatory cell infiltration and decreases the expression levels of TNF-α and IL-6. In addition, SQ down-regulated the expression of COX-2 and iNOS, which helped to repair the damaged intestinal mucosal epithelial barrier and reduce the inflammatory response (2, 22).



3.2 Squalene and oxidative stress

ROS is a one-electron reduction product of oxygen (14). Excessive ROS causes DNA, protein, and lipid peroxidation in cells, which in turn leads to cell damage, necrosis, and apoptosis (15, 23, 24). Strong oxidants, free radicals, and poisons can peroxidize cell membrane lipids, increase the permeability of cell membranes, and then cause the loss of intracellular fluid and even cell death (25). Based on their immense fluidic properties, SQ can be evenly distributed on the organ membrane structure (4, 11, 12). After membrane damage occurs, SQ can repair the injured membrane, and then exert its antioxidant effect (11, 12). The mechanism is hypothesized to occur as SQ has an abundant double-bond structure and is lipid-soluble, which rapidly fills in the damaged cell membrane structure (4). SQ can bind with hydrogen ions present in water, penetrate into cells, and enhance cellular metabolic functions (4). Studies have shown that SQ has a strong scavenging effect on singlet oxygen, and the effect is significantly higher than other lipids in the animal body (1). At the same time, SQ can significantly reduce the transmission efficiency of free radicals on the skin and protect cell DNA from damage (26). As a result, more and more studies have reported on the antioxidant properties of SQ.

Oxidative stress can cause peroxidation of LDL-C located in the inner layer of the heart, leading to increased permeability of the cardiovascular wall and damage to the structure of heart cells (27). Farvin et al. (28) showed that SQ increased the activities of antioxidant enzymes such as SOD, GSH-Px, and CAT in rat heart and alleviated isoproterenol-induced cardiac injury. Studies have shown that SQ can not only improve the antioxidant capacity of cardiovascular cells, but also maintain smooth cardiovascular epithelium, clear inflammatory reaction sites, and inhibit adhesion molecules from adsorbing low-density lipoproteins (LDL) (27). The research of Senthilkumar et al. (29) showed that, using a 150 mg cyclophosphamide-induced rat heart-injured model, daily feeding with the smallest dose of 0.4 mL SQ could alleviate oxidative damage with the highest efficiency. SQ significantly improved the functions of the enzymatic antioxidant system and non-enzymatic antioxidant system (7). Moreover, SQ effectively protected the structure of heart cells and the function of red blood cells (2, 14, 29). In a study of alcohol-induced oxidative damage, SQ also showed good antioxidant properties, mainly reflecting their protection against cell membrane lipid peroxidation (30). Aguilera et al. (31) showed that SQ could reduce alcohol-induced lipid and retinal structure damage. This is attributed to SQ’s ability to reduce the loss of polyunsaturated fatty acids, maintain normal cell membrane fluidity, and protect the optic nerve fiber layer. Thanks to research developments in recent decades focusing on the different functions of SQ, the antioxidant mechanism of SQ has been gradually discovered. Studies have shown that exogenous supplementation of SQ could significantly reduce the content of malondialdehyde (MDA) and 8-isoprostaglandin (Fα2) in animals and increase the activity of antioxidant enzymes (5). SOD plays an important role in maintaining intracellular ROS homeostasis and prevents ROS deposition in animals (23, 32, 33). MDA content reflects the degree of lipid peroxidation and the extent of biofilm damage in animals (23, 32, 33). It can be seen that SQ can maintain the redox balance in animals, scavenge excessive O2ˉ in cells, and alleviate lipid peroxidation damage.



3.3 Squalene and cardiovascular health

SQ can prevent abnormal elevation of glycoprotein levels in plasma or cardiac tissue, maintain GSH-Px activity, and protect cardiac tissue structure (27). In terms of improving serum lipoprotein, SQ could significantly reduce the level of LDL in the serum, improve the content of high density lipoproteins (HDL), and effectively inhibit the lipid peroxidation reaction between LDL and ROS (27). Ramírez-Torres et al. (34) pointed out that supplementing 1 g/kg of SQ daily can increase the expression of HDL-C in mouse plasma and improve the cholesterol transport capacity in plasma. Farvin et al. (35) study showed that adding 2% SQ to the diet significantly reduced levels of cholesterol, triglycerides, and free fatty acids in rat plasma and heart tissue, reducing fat deposition in the heart. It is speculated that the reason for this is that, on the one hand, SQ has lipophilicity and can synthesize stable complexes through phospholipid bilayers and bind with fatty acids, stabilizing the cellular and subcellular layers, thereby improving the antioxidant capacity of cardiovascular cells (36). On the other hand, SQ can accelerate the transport of cholesterol, triglycerides, and free fatty acids in plasma and the heart, promoting lipid metabolism (27). In addition, SQ can regulate cholesterol synthesis by inhibiting the key enzyme HMG-CoA reductase levels in the cholesterol synthesis pathway through negative feedback regulation, which is similar to the mechanism of action of statins (37). From this, it can be seen that SQ plays an important role in improving the homeostasis of the cardiovascular system’s internal and external environment, regulating cholesterol synthesis, and maintaining animal cardiovascular health.




4 The application prospect of squalene in animal production


4.1 Stress relief

When stimulated with stressors, animals will develop multiple kinds of responses, such as behavioral responses, neural responses, and endocrine responses (17). Among them, behavioral responses are the most direct way for animals to avoid stress, which can protect them from a high stress load and injury. However, in intensive production, the environment of animals is relatively closed, and the feeding mode is complex (17). Once stimulated by a stressor, such as weaning, transportation, temperature changes, vaccination, and forced molting, the behavioral response of livestock and poultry is difficult to make sense of (7). This may cause a large number of free radicals to be deposited in tissues (32, 33). When the free radicals produced by the animals cannot be eliminated, oxidative damage will occur in tissues and cells (32). In severe cases, this may lead to the death of animals. Studies have shown that supplementing SQ could effectively reduce the level of ROS in lipoproteins, and then exert antioxidant activity (2, 37). At the same time, SQ could react with the sulfhydryl group of cysteine, inhibit Nrf2 ubiquitination, and improve animal stress by regulating the Kelch-like epichlorohydrin-related protein-1 (Keap1)-Nrf2-ARE signaling pathway (2, 38, 39). The specific mechanism involves SQ promoting the dissociation of Keap1 from Nrf2, leading to the translocation of Nrf2 to the cell nucleus (38). This action enhances the expression levels of antioxidant enzyme genes such as GSH-Px, SOD, and CAT within the animal’s body, consequently reducing ROS and MDA levels (40). In addition, SQ has also been shown to have an important effect on protecting mitochondria and endoplasmic reticulum. It maintains the activity of enzymes involved in the tricarboxylic acid cycle, alters cellular energy status, and enhances the antioxidant capacity of mitochondria and the endoplasmic reticulum (41), further enhancing the resistance of animals under stress. Our research team used SQ as a feed additive for early weaned piglets. The results showed that adding 250 mg/kg SQ to the diet could effectively alleviate the stress caused by early weaning and improve production performance (42). In the poultry context, our research team discovered that dietary supplementation with 175 and 350 mg/kg of SQ significantly increased the activity of antioxidant enzymes such as SOD, GSH-Px, total antioxidant capability (T-AOC), and CAT in the serum of broiler chickens aged 1–21 days. This supplementation also notably reduced MDA levels and enhanced the antioxidant capacity of broiler chickens (43). A study has shown that SQ could significantly improve the effect on oxidative stress damage in broiler chickens caused by poisons (40). Therefore, SQ has research value when investigating it as a potential feed additive to improve the stress level of livestock and poultry.



4.2 Gut health

The intestine is not only the main organ for digestion, absorption, and metabolism, but also an important defense and immune barrier for the body (44). Therefore, the intestine is easily damaged by stimulation. The unique all-trans six double bond structure gives SQ excellent fluidity, which can evenly distribute and play a significant role in the mucosal layer of the intestine (4, 11, 12). In addition, SQ can fill the damaged membrane structure through cell membranes and sub-cell membranes, so to exert antioxidant and anti-inflammatory functions (4, 11, 12). Research indicates that SQ can enhance antioxidant enzyme activity in intestinal mucosa, reduce the expression levels of inflammatory factors, decrease infiltration of inflammatory cells, repair damaged intestinal epithelial barriers, and promote colonic health by inhibiting NF-κB and Nrf-Keap1 signaling pathways (21). Felices et al. (45) found that SQ could increase the expression and activity of sugar-related transporters in the intestine, promoting nutrient absorption and mitigating LPS-induced intestinal mucosal structural damage. Most piglets are weaned between 21 to 35 days old, and it takes 42 to 45 days for piglets to develop a healthy intestinal tract. In order to alleviate the intestinal damage caused by weaning, our research team added SQ to the diet of piglets weaned early between 21 to 45 days. The results showed that the diarrhea index of the piglets was significantly reduced, the permeability of the jejunum mucosa was reduced as well, and the intestinal morphology significantly improved compared with the control group (46). This could potentially be linked to the antioxidative, anti-inflammatory, and free radical scavenging properties of SQ. A study has shown that SQ can improve the antioxidant enzyme activity while removing ROS and reactive nitrogen species (RNS) (47). In the realm of intestinal microbiota, our research team discovered that dietary supplementation with 250 mg/kg of SQ significantly increased the abundance of Lactobacillus and Bifidobacterium populations and notably decreased the abundance of Escherichia coli populations in the cecum of early-weaned piglets (48). This helps maintain a balanced gut microbiota and promotes intestinal development. However, animal intestinal health is a complex and systematic research topic. Therefore, the mechanism of SQ to improve animal intestinal health still needs further research.



4.3 Skin protection

In recent animal husbandry production, while pursuing efficient development, animal welfare has gradually begun to be considered. There are often complicated conditions such as high humidity, high levels of dust, poor ventilation, and microbe and virus composition in livestock houses, and the above-mentioned conditions may have a great impact on the skin health of animals. Ozone within livestock housing can oxidize SQ present in animal skin, generating dicarbonyls and other peroxides, leading to irritation and allergic reactions, and posing substantial risks to animal skin and respiratory health (13, 49). Exudative dermatitis, skin rash, and scabies mite problems in suckling piglets and weaned piglets are mostly affected by environmental factors. Sebum plays a critical role in skin defense. SQ is an important part of sebum, with defense, moisturizing, antioxidation, and antibacterial properties (50). Studies have shown that the antioxidant capacity of SQ on the skin surface is better than that of other lipids (50). At the same time, SQ has a good singlet oxygen scavenging effect. SQ can exert anti-inflammatory and anti-oxidant effects and participate in the repair of damaged skin tissues (50). Furthermore, SQ can isolate wounds and prevent mixed infections caused by multiple harmful bacteria (51, 52), and activate macrophages and T cells, regulate the skin’s immune barrier, and can be used to treat skin conditions in piglets such as seborrheic dermatitis, rashes, and specific dermatitis (53). From this perspective, SQ, as a topical pharmaceutical agent with properties of being an antioxidant and moisturizer, not only exhibits antibacterial and anti-inflammatory functions but also possesses significant application value in safeguarding the skin and facilitating wound healing in animal husbandry.



4.4 Detoxification

In the process of livestock and poultry breeding, exogenous poison can be ingested into the intestinal tract, especially in free-range and grazing animals. Studies have shown that SQ is a potential detoxifier capable of removing lipophilic xenobiotics from the body. It enhances the elimination of exogenous toxins and effectively reduces their toxicity (54). Furthermore, the administration of SQ demonstrated a significant reduction in the toxicity levels of cyclophosphamide and diquat, while also restoring the blood biochemical parameters of the experimental subjects to normal levels (40). High doses of cyclophosphamide can disrupt the animal’s antioxidant enzyme system, leading to toxicity in the heart, liver, and kidneys, and ultimately resulting in multi-organ damage (40). Senthilkumar et al. (29) reported that a daily dose of 0.4 mL of SQ significantly alleviated multi-organ toxicity induced by 150 mg/kg of cyclophosphamide in rats. This treatment lowered the expression levels of injury markers such as alanine aminotransferase (ALT), aspartate transaminase (AST), and lactate dehydrogenase (LDH), while significantly increasing GSH expression compared to the control group (29). The mechanism is speculated to involve SQ’s antioxidant and membrane-stabilizing properties, which mitigate oxidative stress and tissue damage induced by cyclophosphamide (55–57). Additionally, SQ can clear toxic metabolites from the body, maintain normal antioxidant enzyme levels, and protect tissues from damage (29). Aguilera et al. (31) also found that SQ could mitigate alcohol-induced toxicity, reduce the impact of alcohol on lipid composition and structure in chicken embryo retinas, and protect the optic nerve fiber layer. Studies had shown that SQ also has a significant detoxification effect on hexachlorobiphenyl (HCB) ingested in the body (58). It not only promoted the excretion of HCB, but also reduced the absorption in the digestive tract (58). In addition, SQ alleviates the toxicity caused by heavy metals, lipopolysaccharide (LPS), pathogenic bacteria, and alkaloids (21, 33, 46). Felices et al. (45) found that SQ could alleviate the intestinal toxicity induced by LPS in vivo and in vitro. In their study, New Zealand rabbits were injected with LPS into the ear vein, and Caco-2 cells were stimulated with LPS (45). The results showed that SQ could effectively alleviate the intestinal toxicity damage by interfering with the interaction between myocin light chain kinase (MLCK) and NF-κB (45). It can be argued that SQ has great potential for application in mitigating exogenous toxicity and maintaining animal defenses.



4.5 Improving the quality of livestock products

Intensive and large-scale farming practices often lead to oxidative stress in livestock and poultry due to high stocking densities and poor environments, resulting in growth stagnation, pale meat, and compromised appearance (59, 60). Meat quality is one of the most important indicators in the slaughter performance of livestock and poultry, and water holding capacity is a central indicator to measure the quality of fresh meat. After slaughter, lipids and proteins in muscle are highly susceptible to oxidation, leading to the destruction of cell membranes and myofiber structures, decreased rate of protein degradation, and increased loss of moisture (61, 62). The findings of the study indicated that the inclusion of SQ in the diet of one-day-old Ross broilers had a positive linear effect on the reduction of drip loss in breast muscles. This effect was observed in order to maintain the stability of pectoral muscle pH24h and pH48h within the range of 5.8 ~ 5.9 (63). On one hand, SQ can enhance GSH-Px activity in muscles, inhibit lipid peroxidation, and improve water-holding capacity by boosting muscle antioxidant capabilities (63). On the other hand, SQ can stimulate hemoglobin production, maintaining normal muscle pH with enhancing water-holding capacity (64, 65). Additionally, a study demonstrated that adding 5% olive oil to feed reduced the content of saturated fatty acids and increased the content of polyunsaturated fatty acids in chicken breast and thigh meat, thereby improving meat quality (66). This improvement is speculated to result from the presence of abundant SQ in olive oil, which elevates serum HDL-C concentration in broiler chickens, reduces triglyceride content, and subsequently enhances meat quality. In addition to this broiler study, SQ also improves reproductive performance in boars. It was shown that the addition of SQ to the diet of 12-month-old boars significantly improved semen quality, while decreasing serum leptin levels and significantly increasing testosterone levels (67). Through calculation, it was found that SQ has the characteristics of low cost and high profit, and has great potential for application (67).



4.6 Other application prospects of squalene


4.6.1 Vaccine adjuvant

Studies had shown that an SQ adjuvant could enhance the response speed of humoral and cellular immunity (68). Compared with conventional aluminum adjuvants, under the premise of ensuring animal safety, an SQ adjuvant produces a higher number of antibodies (≥5 times), and its immune response effect is much better. Studies have shown that using SQ to prepare inactivated oil emulsion vaccines could significantly improve the specific immune response of specific pathogen-free (SPF) chickens. At the same time, the proliferation of T lymphocytes and the transformation efficiency of spleen cells were improved (68). In production, poultry vaccines are often vaccinated in the form of nasal drops and eye drops; the pseudorabies vaccination for newborn piglets is also in the form of nasal drops. The excellent fluidity of SQ adjuvant enables the vaccine to be quickly and evenly distributed on the animal mucosal tissues, and the easy absorption of SQ also lays the foundation for an efficient immune response. Therefore, the development and utilization of SQ adjuvant in livestock and poultry production has favorable application potential and economic prospects.



4.6.2 Antibacterial agents

Squalene and squalane play important roles in the immune regulation of infectious diseases (42). Nowicki and Barańska-Rybak (69) showed that shark liver oil could effectively inhibit the proliferation of bacteria and fungi during infections after skin damage. This suggests that high doses of SQ may possess antibacterial activity. SQ can regulate the activity of platelets and the synthesis of diglycerides to regulate the immune response triggered by microorganisms (70). Moreover, SQ relieves inflammation and oxidative damage by improving antigen presentation in order to inhibit the proliferation of microorganisms near the lesion (51). In addition, SQ can form a protective layer on damaged areas of the body to isolate the colonized microorganisms from contacting with oxygen. Our research team found that SQ had a significant therapeutic effect on piglet exudative dermatitis caused by a staphylococcal infection. It also significantly improved piglet diarrhea caused by weaning (42).



4.6.3 Sustained release carrier

In order to increase the effectiveness of functional additives in livestock and poultry production, promote targeted delivery of additives or drugs, and prevent interference from plasma metabolism, sustained release carriers, such as montmorillonite, silk fibroin, chitosan, and SQ, have received widespread attention (71). Due to their biocompatibility, inertness, and non-toxic nature, they can form vesicles that fuse with cell membranes. Currently, SQ is widely employed as a drug delivery carrier (72). Under normal conditions, SQ is a colorless oily substance with excellent fluidity and distribution, and it can extend the half-life of a drug (72). Wang et al. showed that SQ stabilized phosphatidamide ethanolamine or copolymers through emulsion to delay the release of morphine prodrugs (72, 73). The sustained-release function of SQ lotion can be used to coat iron levoglucan injection or psoralen capsule for iron supplementation in newborn animals (51). On the one hand, SQ prolongs the half-life of the drug, improves drug potency, and reduces stress damage to newborn animals caused by multiple injections. On the other hand, the slow-release effect of SQ can reduce the total amount of drugs, reducing economic input and environmental pollution. Therefore, SQ has extremely important application prospects as a sustained-release carrier of medicine.





5 Conclusion

SQ has various functions such as reducing the expression level of inflammatory factors in animals, alleviating oxidative stress, detoxifying, protecting animal intestinal health, and improving meat quality. In addition, SQ can also serve as a vaccine adjuvant, antibacterial agent, and drug sustained-release carrier, which has important application potential in animal husbandry. Therefore, in the future, the application of SQ in livestock and poultry production should be increased, and its appropriate addition levels at different growth stages of livestock and poultry should be explored to promote the development of green ecological agriculture.



Author contributions

XD: Writing – original draft, Software. XM: Conceptualization, Writing – original draft. YG: Writing – review & editing.



Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This research was supported by the Jilin Provincial Department of Science and Technology Project (JJKH20190017KJ) and the Baicheng Normal University Doctoral Research Initiation Fund Project (012006).



Acknowledgments

We thank Baicheng Normal University for its excellent support during this experiment.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

 1. Auffray, B. Protection against singlet oxygen, the Main actor of sebum squalene peroxidation during Sun exposure, using Commiphora Myrrha essential oil. Int J Cosmet Sci. (2007) 29:23–9. doi: 10.1111/j.1467-2494.2007.00360.x

 2. Cárdeno, A, Aparicio-Soto, M, Sergio, MDLP, Bermudez, B, Muriana, FJG, and Alarcón-de-la-Lastra, C. Squalene targets pro- and anti-inflammatory mediators and pathways to modulate over-activation of neutrophils, monocytes and macrophages. J Funct Foods. (2015) 14:779–90. doi: 10.1016/j.jff.2015.03.009

 3. Kumar, LRG, Sanath Kumar, H, Tejpal, CS, Anas, KK, Nayak, BB, Sarika, K , et al. Exploring the physical and quality attributes of muffins incorporated with microencapsulated squalene as a functional food additive. J Food Sci Technol. (2021) 58:4674–84. doi: 10.1007/s13197-020-04955-9 

 4. Reddy, LH, and Couvreur, P. Squalene: a natural triterpene for use in disease management and therapy. Adv Drug Deliv Rev. (2009) 61:1412–26. doi: 10.1016/j.addr.2009.09.005

 5. Gabás-Rivera, C, Barranquero, C, Martínez-Beamonte, R, Navarro, MA, Surra, JC, and Osada, J. Dietary squalene increases high density lipoprotein-cholesterol and Paraoxonase 1 and decreases oxidative stress in mice. PLoS One. (2014) 9:e104224. doi: 10.1371/journal.pone.0104224 

 6. Dhandapani, N, Ganesan, B, Anandan, R, Jeyakumar, R, Rajaprabhu, D, and Ezhilan, RA. Synergistic effects of the squalene and polyunsaturated fatty acid concentrate on lipid peroxidation and antioxidant status in Isoprenaline-effects myocardial infarction in rats. Afr J Biotechnol. (2021) 6:8. doi: 10.4314/ajb.v6i8.57041

 7. Gao, Y, Ma, X, Zhou, Y, Li, Y, and Xiang, D. Dietary supplementation of squalene increases the growth performance of early-weaned piglets by improving gut microbiota, intestinal barrier, and blood antioxidant capacity. Front Vet Sci. (2022) 9:995548. doi: 10.3389/fvets.2022.995548 

 8. Park, SY, Choi, SJ, Park, HJ, Ma, SY, Moon, YI, Park, SK , et al. Hexane extract of green tea (Camellia Sinensis) leaves is an exceptionally rich source of squalene. Food Sci Biotechnol. (2020) 29:769–75. doi: 10.1007/s10068-019-00724-3 

 9. Rasool, A, Zhang, G, Li, Z, and Li, C. Engineering of the Terpenoid pathway in Saccharomyces Cerevisiae co-overproduces squalene and the non-Terpenoid compound oleic acid. Chem Eng Sci. (2016) 152:457–67. doi: 10.1016/j.ces.2016.06.004

 10. Xu, W, Wang, D, Fan, J, Zhang, L, Ma, X, Yao, J , et al. Improving squalene production by blocking the competitive branched pathways and expressing rate-limiting enzymes in Rhodopseudomonas Palustris. Biotechnol Appl Biochem. (2022) 69:1502–8. doi: 10.1002/bab.2222 

 11. Nurfatimah, RP, Ahmadi, KGS, Hapsari, I, Kholila, K, and Estiasih, T. Separation of squalene rich fraction from palm oil fatty acid distillate (Pfad): a review. IOP Conf Ser Earth Environ Sci. (2021) 733:012094 8. doi: 10.1088/1755-1315/733/1/012094

 12. Kim, SK, and Karadeniz, F. Biological importance and applications of squalene and Squalane. Adv Food Nutr Res. (2012) 65:223–33. doi: 10.1016/b978-0-12-416003-3.00014-7

 13. Lou-Bonafonte, JM, Martínez-Beamonte, R, Sanclemente, T, Surra, JC, Herrera-Marcos, LV, Sanchez-Marco, J , et al. Current insights into the biological action of squalene. Mol Nutr Food Res. (2018) 62:e1800136. doi: 10.1002/mnfr.201800136

 14. Ibrahim, N, and Naina, MI. Interdependence of anti-inflammatory and antioxidant properties of squalene-implication for cardiovascular health. Life (Basel). (2021) 11:103. doi: 10.3390/life11020103 

 15. Li, M, Chen, L, Zhao, Y, Sun, H, and Zhao, L. Research on the mechanism of Hrp relieving Ipec-J2 cells immunological stress based on transcriptome sequencing analysis. Front Nutr. (2022) 9:944390. doi: 10.3389/fnut.2022.944390 

 16. Du, JH, Xu, MY, Wang, Y, Lei, Z, Yu, Z, and Li, MY. Evaluation of Taraxacum Mongolicum flavonoids in diets for Channa Argus based on growth performance, immune responses, apoptosis and antioxidant defense system under lipopolysaccharide stress. Fish Shellfish Immunol. (2022) 131:1224–33. doi: 10.1016/j.fsi.2022.11.034

 17. Yu, Z, Zhao, L, Zhao, JL, Xu, W, Guo, Z, Zhang, AZ , et al. Dietary Taraxacum Mongolicum polysaccharide ameliorates the growth, immune response, and antioxidant status in association with Nf-Κb, Nrf2 and Tor in Jian carp (Cyprinus Carpio Var. Jian). Aquaculture. (2022) 547:737522. doi: 10.1016/j.aquaculture.2021.737522

 18. Zhao, L, Zhao, JL, Bai, Z, du, J, Shi, Y, Wang, Y , et al. Polysaccharide from dandelion enriched nutritional composition, antioxidant capacity, and inhibited bioaccumulation and inflammation in Channa Asiatica under hexavalent chromium exposure. Int J Biol Macromol. (2022) 201:557–68. doi: 10.1016/j.ijbiomac.2021.12.117 

 19. Jung, KH, Hong, SW, Zheng, HM, Lee, HS, Lee, H, Lee, DH , et al. Melatonin ameliorates Cerulein-induced pancreatitis by the modulation of nuclear erythroid 2-related factor 2 and nuclear factor-Kappab in rats. J Pineal Res. (2010) 48:239–50. doi: 10.1111/j.1600-079X.2010.00748.x 

 20. Jung, CH, Kim, JH, Park, S, Kweon, DH, Kim, SH, and Ko, SG. Inhibitory effect of Agrimonia Pilosa Ledeb. On inflammation by suppression of Inos and Ros production. Immunol Investig. (2010) 39:159–70. doi: 10.3109/08820130903501790

 21. Sánchez-Fidalgo, S, Villegas, I, Rosillo, M, Aparicio-Soto, M, and de la Lastra, CA. Dietary squalene supplementation improves Dss-induced acute colitis by downregulating P38 Mapk and Nfkb signaling pathways. Mol Nutr Food Res. (2015) 59:284–92. doi: 10.1002/mnfr.201400518 

 22. Chang, M, Xue, J, Sharma, V, and Habtezion, A. Protective role of Hemeoxygenase-1 in gastrointestinal diseases. Cell Mol Life Sci. (2015) 72:1161–73. doi: 10.1007/s00018-014-1790-1 

 23. Yu, Z, Xu, SF, Zhao, JL, Zhao, L, Zhang, AZ, and Li, MY. Toxic effects of hexavalent chromium (Cr(6+)) on bioaccumulation, apoptosis, oxidative damage and inflammatory response in Channa Asiatica. Environ Toxicol Pharmacol. (2021) 87:103725. doi: 10.1016/j.etap.2021.103725 

 24. Zhao, L, Yuan, BD, Zhao, JL, Jiang, N, Zhang, AZ, Wang, GQ , et al. Amelioration of hexavalent chromium-induced bioaccumulation, oxidative stress, tight junction proteins and immune-related signaling factors by Allium Mongolicum regel flavonoids in Ctenopharyngodon Idella. Fish Shellfish Immunol. (2020) 106:993–1003. doi: 10.1016/j.fsi.2020.09.005 

 25. Pelle, E, Huang, X, Mammone, T, Marenus, K, Maes, D, and Frenkel, K. Ultraviolet-B-induced oxidative DNA Base damage in primary Normal human epidermal keratinocytes and inhibition by a hydroxyl radical scavenger. J Invest Dermatol. (2003) 121:177–83. doi: 10.1046/j.1523-1747.2003.12330.x 

 26. Warleta, F, Campos, M, Allouche, Y, Sánchez-Quesada, C, Ruiz-Mora, J, Beltrán, G , et al. Squalene protects against oxidative DNA damage in Mcf10a human mammary epithelial cells but not in Mcf7 and Mda-Mb-231 human breast Cancer cells. Food Chem Toxicol. (2010) 48:1092–100. doi: 10.1016/j.fct.2010.01.031

 27. Chan, P, Tomlinson, B, Lee, CB, and Lee, YS. Effectiveness and safety of low-dose pravastatin and squalene, alone and in combination, in elderly patients with hypercholesterolemia. J Clin Pharmacol. (1996) 36:422–7. doi: 10.1002/j.1552-4604.1996.tb05029.x

 28. Farvin, KH, Anandan, R, Kumar, SH, Shiny, KS, Mathew, S, Sankar, TV , et al. Cardioprotective effect of squalene on lipid profile in Isoprenaline-induced myocardial infarction in rats. J Med Food. (2006) 9:531–6. doi: 10.1089/jmf.2006.9.531 

 29. Senthilkumar, S, Devaki, T, Manohar, BM, and Babu, MS. Effect of squalene on cyclophosphamide-induced toxicity. Clin Chim Acta. (2006) 364:335–42. doi: 10.1016/j.cca.2005.07.032 

 30. Yun-Ping, M, Ai-Ying, C, Zhi-Guo, X, Ding-Juan, Z, Min, C, Wen-Bin, D , et al. Protective effects of squalene on acute alcohol-induced liver injury in mice. Sci Technol Food Ind. (2014) 5: 1763–70. doi: 10.1039/c4fo00106k

 31. Aguilera, Y, Dorado, ME, Prada, FA, Martínez, JJ, Quesada, A, and Ruiz-Gutiérrez, V. The protective role of squalene in alcohol damage in the Chick embryo retina. Exp Eye Res. (2005) 80:535–43. doi: 10.1016/j.exer.2004.11.003 

 32. Yu, Z, Zhao, YY, Zhang, Y, Zhao, L, Ma, YF, and Li, MY. Bioflocs attenuate Mn-induced bioaccumulation, Immunotoxic and oxidative stress via inhibiting gr-Nf-Κb Signalling pathway in Channa Asiatica. Comp Biochem Physiol C Toxicol Pharmacol. (2021) 247:109060. doi: 10.1016/j.cbpc.2021.109060 

 33. Yu, Z, Zhao, YY, Jiang, N, Zhang, AZ, and Li, MY. Bioflocs attenuates lipopolysaccharide-induced inflammation, immunosuppression and oxidative stress in Channa Argus. Fish Shellfish Immunol. (2021) 114:218–28. doi: 10.1016/j.fsi.2021.05.006 

 34. Ramírez-Torres, A, Gabás-Rivera, C, and Osada, J. Squalene: A trove of metabolic actions In: D Boskou and M Clodoveo, editors. Products from Olive Tree. London: IntechOpen (2016)

 35. Farvin, KHS, Anandan, R, Sankar, TV, and Viswanathan Nair, PG. Protective effect of squalene against isoproterenol-induced myocardial infarction in rats. Jclinbiochemnutr. (2005) 37:55–60. doi: 10.3164/jcbn.37.55

 36. Hauss, T, Dante, S, Dencher, NA, and Haines, TH. Squalane is in the Midplane of the lipid bilayer: implications for its function as a proton permeability barrier. Biochim Biophys Acta. (2002) 1556:149–54. doi: 10.1016/S0005-2728(02)00346-8 

 37. Bhilwade, HN, Tatewaki, N, Nishida, H, and Konishi, T. Squalene as novel food factor. Curr Pharm Biotechnol. (2010) 11:875–80. doi: 10.2174/138920110793262088 

 38. Ahmed, SM, Luo, L, Namani, A, Wang, XJ, and Tang, X. Nrf2 signaling pathway: pivotal roles in inflammation. Biochim Biophys Acta Mol basis Dis. (2017) 1863:585–97. doi: 10.1016/j.bbadis.2016.11.005

 39. Rinaldi Tosi, ME, Bocanegra, V, Manucha, W, Gil Lorenzo, A, and Vallés, PG. The Nrf2-Keap1 cellular defense pathway and heat shock protein 70 (Hsp70) response. Role in protection against oxidative stress in early neonatal unilateral ureteral obstruction (Uuo). Cell Stress Chaperon. (2011) 16:57–68. doi: 10.1007/s12192-010-0221-y 

 40. Chen, YP, Gu, YF, Zhao, HR, and Zhou, YM. Dietary squalene supplementation alleviates Diquat-induced oxidative stress and liver damage of broiler chickens. Poult Sci. (2021) 100:100919. doi: 10.1016/j.psj.2020.12.017 

 41. Buddhan, S, Sivakumar, R, Dhandapani, N, Ganesan, B, and Anandan, R. Protective effect of dietary squalene supplementation on mitochondrial function in liver of aged rats. Prostag Leukot Ess. (2007) 76:349–55. doi: 10.1016/j.plefa.2007.05.001 

 42. Gao, Y, Du, X, Li, BX, Li, JY, Li, JL, Qin, H , et al. Effects of dietary squalene supplementation on growth Performance, Blood biochemical Indexesand antioxidant capacity of early weaned piglets. Chin J Vet Sci. (2022) 42:160–4. doi: 10.16303/j.cnki.1005-4545.2022.01.26

 43. Gao, Y, Zhang, GH, Zhou, YQ, Liu, SQ, Zhou, XT, Zhao, BX , et al. Effects of squalene on growth performance, antioxidant capacity and immunity function of broilers at age of 1-21 days. J Anhui Agric Univ. (2023) 49:935–8. doi: 10.13610/j.cnki.1672-352x.20230106.007

 44. Li, X, Wen, J, Jiao, L, Wang, C, Hong, Q, Feng, J , et al. Dietary copper/zinc-loaded montmorillonite improved growth performance and intestinal barrier and changed gut microbiota in weaned piglets. J Anim Physiol Anim Nutr (Berl). (2021) 105:678–86. doi: 10.1111/jpn.13522 

 45. Felices, MJ, Escusol, S, Martinez-Beamonte, R, Gascón, S, Barranquero, C, Sanchez-de-Diego, C , et al. Lps-squalene interaction on D-galactose intestinal absorption. J Physiol Biochem. (2019) 75:329–40. doi: 10.1007/s13105-019-00682-8 

 46. Gao, Y, Du, X, Li, BX, Gao, YR, Zhang, HN, Zhang, HL , et al. Effects of squalene on morphology, mucosal permeability and antioxidant capacity of jejunum of early-weaned piglets. J Fujian Agric Forest Univ. (2022) 51:84–9. doi: 10.13323/j.cnki.j.fafu(nat.sci.).2022.01.013

 47. Aquilano, K, Baldelli, S, and Ciriolo, MR. Glutathione: new roles in redox signaling for an old antioxidant. Front Pharmacol. (2014) 5:196. doi: 10.3389/fphar.2014.00196 

 48. Gao, Y, Zhang, GH, Guo, XM, Ji, ZC, Tan, XT, Du, X , et al. Effects of dietary squalene supplementation on intestinal development, antioxidant capability and gut Flora in weaned piglets. Feed Indust. (2022) 43:17–22. doi: 10.13302/j.cnki.fi.2022.16.004

 49. Lovászi, M, Mattii, M, Eyerich, K, Gácsi, A, Csányi, E, Kovács, D , et al. Sebum lipids influence macrophage polarization and activation. Br J Dermatol. (2017) 177:1671–82. doi: 10.1111/bjd.15754

 50. Xi-Xi, L, Song-Lin, Z, Wei-Jun, C, and Fei, S. Comparative study on anti-aging effect of squalene and vitamin E to skin. Sci Technol Food Indust. (2013) 34:91–100. doi: 10.13386/j.issn1002-0306.2013.13.003

 51. Liu, CY, Ma, MH, Jin, GF, Geng, F, Wang, QL, and Sun, SG. Research process on squalene and bioactivities. J Chin Inst Food Sci Technol. (2015) 15:147–56. doi: 10.16429/j.1009-7848.2015.05.020

 52. Smith, KR, and Thiboutot, DM. Thematic review series: skin lipids. Sebaceous gland lipids: friend or foe? J Lipid Res. (2008) 49:271–81. doi: 10.1194/jlr.R700015-JLR200

 53. Wołosik, K, Knaś, M, Zalewska, A, Niczyporuk, M, and Przystupa, AW. The importance and perspective of plant-based squalene in cosmetology. J Cosmet Sci. (2013) 64:59–66.

 54. Kamimura, H, Koga, N, Oguri, K, and Yoshimura, H. Enhanced elimination of theophylline, phenobarbital and strychnine from the bodies of rats and mice by Squalane treatment. J Pharmacobiodyn. (1992) 15:215–21. doi: 10.1248/bpb1978.15.215 

 55. Qureshi, AA, Lehmann, JW, and Peterson, DM. Amaranth and its oil inhibit cholesterol biosynthesis in 6-week-old female chickens. J Nutr. (1996) 126:1972–8. doi: 10.1093/jn/126.8.1972 

 56. Ko, TF, Weng, YM, and Chiou, RY. Squalene content and antioxidant activity of Terminalia Catappa leaves and seeds. J Agric Food Chem. (2002) 50:5343–8. doi: 10.1021/jf0203500 

 57. Ivashkevich, SP, Apukhovskaia, LI, and Vendt, VP. Effects of sterols having different chemical structure and squalene on osmotic resistance of erythrocytes. Biokhimiia. (1981) 46:1420–5.

 58. Richter, E, Fichtl, B, and Schäfer, SG. Effects of dietary paraffin, Squalane and sucrose polyester on residue disposition and elimination of Hexachlorobenzene in rats. Chem Biol Interact. (1982) 40:335–44. doi: 10.1016/0009-2797(82)90156-9 

 59. Sihvo, HK, Immonen, K, and Puolanne, E. Myodegeneration with fibrosis and regeneration in the pectoralis major muscle of broilers. Vet Pathol. (2014) 51:619–23. doi: 10.1177/0300985813497488 

 60. Estévez, M. Oxidative damage to poultry: from farm to fork. Poult Sci. (2015) 94:1368–78. doi: 10.3382/ps/pev094 

 61. Wang, ZG, Pan, XJ, Peng, ZQ, Zhao, RQ, and Zhou, GH. Methionine and selenium yeast supplementation of the maternal diets affects color, water-holding capacity, and oxidative stability of their male offspring meat at the early stage. Poult Sci. (2009) 88:1096–101. doi: 10.3382/ps.2008-00207 

 62. Zhang, C, Wang, L, Zhao, XH, Chen, XY, Yang, L, and Geng, ZY. Dietary resveratrol supplementation prevents transport-stress-impaired meat quality of broilers through maintaining muscle energy metabolism and antioxidant status. Poult Sci. (2017) 96:2219–25. doi: 10.3382/ps/pex004

 63. Chen, Y, Gu, Y, Zhao, H, Zhang, H, and Zhou, Y. Effects of graded levels of dietary squalene supplementation on the growth performance, plasma biochemical parameters, antioxidant capacity, and meat quality in broiler chickens. Poult Sci. (2020) 99:5915–24. doi: 10.1016/j.psj.2020.08.042 

 64. Qiao, M, Fletcher, DL, Smith, DP, and Northcutt, JK. The effect of broiler breast meat color on Ph, moisture, water-holding capacity, and emulsification capacity. Poult Sci. (2001) 80:676–80. doi: 10.1093/ps/80.5.676 

 65. Xiao, S, Zhang, WG, Lee, EJ, Ma, CW, and Ahn, DU. Effects of diet, packaging, and irradiation on protein oxidation, lipid oxidation, and color of raw broiler thigh meat during refrigerated storage. Poult Sci. (2011) 90:1348–57. doi: 10.3382/ps.2010-01244 

 66. Zhang, ZF, Zhou, TX, and Kim, IH. Effects of dietary olive oil on growth performance, carcass parameters, serum characteristics, and fatty acid composition of breast and drumstick meat in broilers. Asian Australas J Anim Sci. (2013) 26:416–22. doi: 10.5713/ajas.2012.12486 

 67. Zhang, W, Zhang, X, Bi, D, Wang, X, Cai, Y, Dai, H , et al. Feeding with supplemental squalene enhances the productive performance in boars. Anim Reprod Sci. (2008) 104:445–9. doi: 10.1016/j.anireprosci.2007.08.003 

 68. Li-Jie, LI, Kui-Zhen, Y, Ming-Yi, LI, Yan-Tuan, LI, and Feng-Qiang, H. Effects of squalene adjuvant on immune response in chickens. Chin J Marine Drugs. (2013) 32:17–22. doi: 10.13400/j.cnki.cjmd.2013.01.009

 69. Nowicki, R, and Barańska-Rybak, W. Shark liver oil as a supporting therapy in atopic dermatitis. Pol Merkur Lekarski. (2007) 22:312–3.

 70. Lewkowicz, N, Lewkowicz, P, Kurnatowska, A, and Tchórzewski, H. Biological action and clinical application of shark liver oil. Pol Merkur Lekarski. (2006) 20:598–601.

 71. Luo, HL, and Lu, ZJ. Progress in chitosan-based drug release carriers. Chin Polym Bull. (2006) 7:25–30.

 72. Wang, JJ, Sung, KC, Yeh, CH, and Fang, JY. The delivery and Antinociceptive effects of morphine and its Ester prodrugs from lipid emulsions. Int J Pharm. (2008) 353:95–104. doi: 10.1016/j.ijpharm.2007.11.013

 73. Yang, LQ, Yang, D, Meng, S, Guan, YM, and Li, J. Research Progress on silk fibroin as a drug sustained-release carrier. Chin Med Biotechnol. (2009) 4:449–51. doi: 10.3969/cmba.j.issn.1673-713X.2009.06.010



Glossary

[image: Table1]


Copyright
 © 2024 Du, Ma and Gao. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fvets-10-1284500-g003.jpg
TNFa 16
IL-1pCOX-2

Tmprove immnuc
function

—— Promotion/Increase

—— Suppression / Decrease

Triglyceride

HDL






OPS/images/fvets-10-1284500-t001.jpg
ALT Amino transferase

AST Aspartate transaminase
CAT Catalase
co Carbon monoxide

Cyclooxygenase

DSt Dexton sulphate sodium

sQ Squalene

GsH Glutathione

GSH-Px Glutathione peroxidase

HCB Hexachlorobiphenyl

HDL High-density lipoproteins

HDL-C High-density lipoproteins-C

HMG CoA 3-hydroxy-3-methylglutaryl coenzyme A
HO-1 Heme oxygenase-1

IFN-y Interferon gamma

L6 Interleukin 6

iNOS Inducible nitric oxidesynthase gene
Keap! Kelch-like epichlorohydrin-related protein-1
LDH Lactate dehydrogenase

LDL Low-density lipoproteins

Low-density lipoproteins-C

Lps Liposaccharide

MAPK Mitogen-activated protein kinases
MDA Malondialdehyde

MLCK Myocin light chain kinase
NE-xB Nuclear factor-kappa B
Nef2 NE-E2-related factor

ROS Reactive oxygen species
SOD Superoxide dismutase

SPE Specific Pathogen Free
T-AOC Total antioxidant capability
TLR-4 Toll-like receptor 4

TNF-a Tumor necrosis factor alpha





OPS/xhtml/Nav.xhtml




Contents





		Cover



		The physiological function of squalene and its application prospects in animal husbandry



		1 Introduction



		2 The structure and properties of squalene



		3 The physiological functions of squalene



		3.1 Squalene and anti-inflammatory response



		3.2 Squalene and oxidative stress



		3.3 Squalene and cardiovascular health









		4 The application prospect of squalene in animal production



		4.1 Stress relief



		4.2 Gut health



		4.3 Skin protection



		4.4 Detoxification



		4.5 Improving the quality of livestock products



		4.6 Other application prospects of squalene



		4.6.1 Vaccine adjuvant



		4.6.2 Antibacterial agents



		4.6.3 Sustained release carrier















		5 Conclusion



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher’s note



		References



		Glossary



















OPS/images/fvets-10-1284500-g001.jpg
Stretched form





OPS/images/fvets-10-1284500-g002.jpg
Acetyl coenzyme A

acetyl-CoA C»acely]lmnsfelﬂseld—Ace!y] coenzyme A

Acetoacetyl coenzyme A
HMG-CoA synthase
o

HO SCoA

HMG-CoA
HMG-CoA lcducmscl
o

MH/\
HO' OH

Mevalonate

‘mevalonate kinase
phosphomevalonate kinase

o
HO OH

5-diphosphomevalonate

diphosphomevalonate decacboxylase

I\

Isopentenyl diphosphate

\J

Famesyl diphosphate

Squalene synthase

)\/\)\/\OPP

Presqualen diphosphate

Squalene






OPS/images/cover.jpg
& frontiers | Frontiers in Veterinary Science

The physiological function of
squalene and its application
prospects in animal husbandry












OPS/images/crossmark.jpg
©

2

i

|






OPS/images/logo.jpg
' frontiers Frontiers in Veterinary Science






