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Introduction

It has been suggested that reducing the bioenergetic costs of gut inflammation and stimulating the immune system of birds lead to improved growth and feed efficiency in poultry. Essential oils and their chemotypes have been recognized for their antimicrobial properties and emerged as promising molecules that may be used for sustainable poultry production and respond to the challenges posed by the One Health concept.





Methods

This trial was conducted to evaluate the effects of carvacrol at two levels (0 and 20 mg/Kg of diet) on growth performances, carcass traits, serum biochemicals, and intestinal gut microflora counts in broiler chickens. One thousand six hundred 1-day-old broiler chicks were divided equally into 2 groups: CON, the control group, and CARV, the experimental one.





Results

Each group consisted of 08 replicates of 100 chicks each, from 1 to 35 days. Carvacrol supplementation linearly reduced feed intake (P<0.05) and improved the feed conversion ratio (P<0.05). The highest body weight gain (P<0.0001) and daily weight gain (P<0.0001) were recorded in the CARV group. However, the weights of hot and cold carcasses, as well as lymphoid organs were not affected. Similarly, blood biochemistry parameters, except for glucose, and protein electrophoresis fractions were not changed. Carvacrol supplementation modified the immune response by reducing the Albumine/Globuline ratio (P<0.05) and lowering lactic bacteria (P<0.05), Enterobacteriaceae (P<0.0001), and Salmonella (P<0.001) counts in the intestinal gut. Clostridium count wasn’t affected.





Discussion

It can be concluded that carvacrol supplementation enhanced growth performances, decreased intestinal bacterial pathogens, and improved the immune status of broiler chickens. Carvacrol can be consequently recommended as an alternative to antibiotic growth promoters for broilers’ production.
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1 Introduction

The escalating global demand for broiler meat to fulfill the surged need for animal proteins (Devi et al., 2018) has urged poultry producers to improve chicks’ health, growth rates, and feed efficiency. Broilers were then treated with antibiotics growth promoters (AGPs) to boost growth, control infections, maintain gut health, and obtain heavy carcasses at slaughter (Lin et al., 2013). Regrettably, the anarchic use of AGPs has led to antibiotic resistance, which has resulted in serious public health risks (Lekshmi et al., 2017; Jeżak and Kozajda, 2022). Increased antibiotic resistance has led to the complete ban of APGs in animal feed by the European Union in 2006 (E.U. regulation 1831/2003/EC, 2003) and the further FDA request to remove APGs from animal feed in the United States (Thanner et al., 2016).

The ban on the use of such AGPs in many countries as a means to tackle antibacterial resistance accelerated the shift toward herbal medicine and phytobiotics. Essential oils (EO) have gained attention because of their antimicrobial properties that allow achieving high broiler production (Amiri et al., 2020). Nevertheless, the use of these phyto-bioactive molecules is hindered by their high volatility, low water solubility, poor intestinal absorption, and environmental instability. Synthetized phytobiotics demonstrated enhanced performances, greater feed utilization, boosted immune function, and improved meat and egg quality in broilers and layers (Gholami-Ahangaran et al., 2022; Mountzouris and Brouklogiannis, 2024).

Carvacrol (C10H14O), or 5-isopropyl-2-methylphenol (Figure 1), an oxygenated monoterpenoid phenol, is found in the essential oil fraction of some medicinal and aromatic plants such as Origanum vulgare, Origanum dictamnus, Origanum microphyllum, Origanum onites, Origanum scabrum, Thymus vulgaris, Thymus capitatus, Corido thymus, Thymus glandulosus, Nigella sativa and Lepidium flavum (Marinelli et al., 2018; Gholami-Ahangaran et al., 2022). Carvacrol is insoluble in water but very soluble in ethanol, acetone, and diethyl ether. It has a boiling point of 236–237°C and a density of 0.976 g/mL at 20°C (Yadav and Kamble, 2009).




Figure 1 | Carvacrol structure.



In plants, the biosynthesis pathway of carvacrol relies on γ-terpinene, which is oxidized by cytochrome P450 monooxygenases to an unstable cyclohexadienol intermediate. The latter is dehydrogenated by a short-chain dehydrogenase/reductase to yield its corresponding ketone, which is converted to carvacrol (Hao et al., 2022). Indeed, carvacrol can be obtained by organic synthesis via Friedel-Crafts alkylation of o-cresol (Yadav and Kamble, 2009), sulfonation of p-cymene (Phillips, 1924), chlorination of α-pinene (Ritter and Ginsburg, 1950), or aromatization of carvone (Vrbková et al., 2021).

Carvacrol has been approved by the FDA for food use, recognized by the Council of Europe as a chemical flavoring category B (De Vincenzi et al., 2004), and allowed by the EFSA (European Food Safety Authority) Panel on Additives and Products or Substances used in Animal Feed to be supplemented for all poultry species as a safe feed additive (EFSA et al., 2022). In addition to its antioxidant potential (Kohen and Nyska, 2002; Hariri et al., 2010), carvacrol elicits a wide range of biological activities such as antibacterial (Lee, 2002; Imran et al., 2022), antifungal (Nazzaro et al., 2017), antiviral (Alagawany et al., 2015; Javed et al., 2021), anti-inflammatory (Imran et al., 2022; Mączka et al., 2023), anti-carcinogenic (Imran et al., 2022; Elbe et al., 2020) and immune-modulatory (Imran et al., 2022).

Researchers have focused on carvacrol as an alternative to APGs in the poultry industry, and efforts to elucidate its mechanistic aspects are ongoing. The present study aimed to investigate the effects of carvacrol on the growth performances, carcass quality, serum biochemical, and gut health of broiler chickens.




2 Materials and methods

The Official Animal Care and Use Committee of Tunisia’s National Institute of Agronomy approved all procedures used in the study.



2.1 Birds, experimental design, diets, and management

A total of 1600 one-day-old healthy unsexed Arbor Acres broiler chicks with an average weight of 42 ± 0.77 g were obtained from a commercial hatchery (SOTAVI, Ben Arous, Tunisia). The experiment was conducted in a completely randomized design. Chicks were randomly allocated to 2 groups: CON, the control group, and CARV, the experimental one. Each group consisted of 08 replicates of 100 chicks each. Birds in the two groups were fed a basal diet, and the CARV group was supplemented with Aviance (0.05%). This dose was recommended by the product’s manufacturer. Aviance is a carvacrol feed additive, which was developed and provided by Techna Group, Tunisia. An inclusion level of 0.05% of Aviance corresponded to 20 mg/Kg of carvacrol in the avian feed. The form of presentation, composition, and nutrient levels of the control and the experimental diets are shown in Table 1. The experiment was held in Zitouna Nutrition (Sousse, Tunisia), the experimental site of Techna, Tunisia. All broilers were housed in floor pens (length 3.7 × width 2.05 × height 1.5 m). They had free access to water and feed. The temperature was set to 32°C for the first 3 days and then gradually decreased until it reached 20°C. The relative humidity was between 75–79% during the first week of age. The light was provided 24 hours per day for the first two days and then reduced to 18 hours of light per day.


Table 1 | The composition and the nutrient levels of the diets.






2.2 Data and sample collection

At 10, 21, and 35 days of age, feed refusal and birds’ weight were recorded. Body weight (BW), daily WEIGHT gain (DWG), feed intake (FI), feed conversion ratio (FCR), and mortality rate were calculated for the periods of 0–10, 11–21, and 21–35 d of age. At 35 d old, one bird from each replicate was randomly selected for carcass traits, organ weights, and blood collection (n = 16). Chickens were euthanized following the decapitation method, and hot and cold carcass weights were recorded. The liver, spleen, heart, gizzard with the intact yellow lining membrane, and intestines were removed by a trained veterinarian and weighed. Relative organ weight (% of live body weight) was calculated to indicate gut development (gizzard and intestines) and as associated with the immune system (spleen).




2.3 Blood variables

At slaughter, 5 mL of blood were collected and placed into heparinized tubes. For glucose determination, an additional 3 mL of blood was collected into sodium fluoride tripotassium Ethylene Diamine ethylenediaminetetraacetic acid (K3 EDTA) tubes. Sodium fluoride is a glycolysis inhibitor, whereas K3 EDTA prevents blood from clotting. For protein electrophoresis, non-heparinized tubes were used for blood collection. Glucose, creatinine, and total cholesterol were analyzed by an auto-analyzer (ROCHE cobas integra 400 plus Mannheim, Germany). Serum total protein (TP), albumin, α-globulins, β-globulins, and γ-globulins were analyzed using capillary protein electrophoresis equipment (SEBIA minicap flex piercing Lisses, France).




2.4 Intestinal bacterial count

This analysis aimed to evaluate the effect of the additive on the microflora of the digestive tract of broiler chickens by counting lactic acid bacteria (LAB), enterobacteria, Salmonella spp., and anaerobic bacteria. On the thirty-second day of age (d32), 16 broilers (08 controls and 08 experimental) were slaughtered, at a rate of one bird from each pen. The small intestine tract of each slaughtered subject was collected in sterile spittoons and transferred at 4°C to the bacteriology laboratory for bacteriological analyses on the same day. The digesta contents of the duodenum, jejunum, and ileum were collected and pooled. One gram of each sample was diluted in 9 ml of sterile peptone water and homogenized. Then, 1 ml of each solution was used to make a series of dilutions of 10−1 up to the 10−10 dilution. Then 100 µl of each dilution was used to inoculate the different selective solid media, namely, Slanetz-Bartley (SB) agar (BioKar diagnostics, France) for the enumeration of Enterococcus spp. (belonging to LAB); Violet Red Bile Glucose (VRBG) agar (BioMérieux, France) intended for the enumeration of enterobacteria (Escherichia coli and others); Salmonella-Shigellla (SS) agar (Merck, Darmstadt, Germany) for the enumeration of Shigella spp. and Salmonella spp. All those plates were incubated at 37°C for 18–24 h. Tryptone sulfite neomycin (TSN) agar (Merck, Darmstadt, Germany) was used for the detection and enumeration of strictly anaerobic Clostridium spp. TSN plates were incubated at 37°C for 24 h under anaerobic conditions in a gas pack system (Gas Pak, BBL, Merck, Darmstadt, Germany) (Baurhoo et al., 2007).




2.5 Statistical analysis

The results were subjected to the Shapiro-Wilk normality test. When normal, the one-way ANOVA was used. All analyses were performed at a 5% significance level using the R statistical program. The statistical model was as follows (Equation 1):



Where Yij = dependent variable, μ = variable mean, βi = effect of carvacrol, and ϵij = experimental error associated with observation Yij.





3 Results



3.1 Growth performances

Table 2 shows the effect of carvacrol-containing diets on BWG, DWG, FI, FCR, and mortality rate of broiler chicks during the starter, grower, and finisher phases. Significant effects of carvacrol supplementation on BWG and DWG were noted. Final BW and total WG were higher (P<0.0001) in CARV chicks as compared to CON pullets at 35 days old. BW increased from 41.88 ± 74.42 g to 1877 ± 34.86 g and from 42.54 ± 0.68 g to 1937.44 ± 19.05 g in CON and CARV broiler chicks, respectively. The total weight gain was higher in the CARV group than in the CON group by an average of 103.23%. The highest values of DWG were recorded in CARV chicks during the trial. Interestingly, statistically significant differences in BWG between CON and CARV groups were observed during the starter (P<0.0001) and the grower (P=0.005) phases of the trial. The DWG of CON and CARV broilers during the 35 days of the trial were 52.44 ± 0.98 g/d and 54.13 ± 0.55 g/d, respectively (P<0.0001). The lowest FI values were recorded for CARV broiler chicks during all phases of the growing period. FI varied significantly (P=0.02) between CON and CARV chicks, especially during the finisher phase, where averages of 136.51 ± 8.19 g/d and 127.83 ± 5.43 g/d were observed respectively for CON and CARV groups. The difference in total FI between the treatments was also significant (P=0.02). Likewise, the lowest values of FCR were noted in the CARV group. Significant differences in FCR between CON and CARV chicks were calculated, especially during the grower (P=0.01) and the total trial (P=0.03) periods. Similarly, the mortality rate was lower in CARV than in the CON group during the starter, the finisher, and the total trial. However, this difference was not significant (P>0.05).


Table 2 | Average Body Weight Gain (BWG), Daily Weight Gain (DWG), Feed Intake (FI), Feed Conversion Ratio (FCR), and mortality rate during the starter phase (days 0–10), grower phase (days 10–21), finisher phase (days 21–35) and total trial (days 0–35) of control (CON) and experimental (CARV) broilers.






3.2 Carcass yield and organ weights

Most read-outs on carcass yield and organ weights were not affected by the experimental treatment (Table 3), which averaged in the treated chicks 74.85% for hot carcass yield, 72.76% for cold carcass yield, 161.18 ± 22.28 g for intestines, 57.87 ± 4.95 g for liver, 2.44 ± 0.54 g for spleen and 35.42 ± 4.57 g for gizzard. Nevertheless, carvacrol treatment reduced significantly (P=0.04) heart weight, which averaged 13.9 ± 2.97 g and 10.84 ± 1.89 g respectively in CON and CARV chicks, and tended (P=0.08) to decrease the spleen/BW ratio in the CARV group.


Table 3 | Average carcass yield and relative organ weights in control and carvacrol-treated broiler chicks.






3.3 Blood biochemicals

Carvacrol supplementation tended to increase blood glucose (P=0.07) but didn’t have any effect (P>0.05) on total proteins, total cholesterol, and creatinine (Table 4). For all the flock of chicks, the electrophoretic pattern of serum proteins of broilers at 32 days old assessed by capillary zone electrophoresis showed 08 fractions: prealbumin, albumin, α1, α2, α3, β1, β2 and γ (Figure 2). No significant (P>0.05) differences in these protein electrophoresis fractions were noted between control and experimental groups, except the A/G ratio (P<0.05), which averaged (+SD) 0.79 ± 0.07 and 0.72 ± 0.07, respectively for control and carvacrol supplemented broilers.


Table 4 | Effect of carvacrol supplementation on blood biochemistry of broilers at 32 days of age.






Figure 2 | Capillary zone electrophoresis of (a) Control and (b) Carvacrol-treated broilers at 32 days old.






3.4 Intestinal bacterial count

The effect of carvacrol supplementation on the intestinal microbial population of broilers at 32 days old is shown in Table 5. Lactic acid bacteria, Enterobacteriaceae, and Salmonella spp. counts dropped in CARV group (P<0.05; P<0.0001 and P<0.001, respectively). Clostridium counts were not affected by the treatment.


Table 5 | Effect of carvacrol supplementation on intestinal bacterial population (log CFU/g of digesta) of broilers at 32 days of age.







4 Discussion

In recent decades, the shift towards phytobiotics away from chemical drugs has been increasing due to their safety, availability, and the multiple biological effects they exert. Here, we hypothesized that growth performances, carcass yield, organ weights, blood biochemistry, and intestinal microflora of broiler chickens could be improved by carvacrol supplementation. In our study, we assessed Aviance as a carvacrol feed additive. The tested level (0.05%) represents the level recommended by the product’s manufacturer. It corresponds to 20 mg of carvacrol per Kg of starter and grower feed and 15 mg of carvacrol per Kg of finisher diet. Our findings displayed beneficial effects on chicks’ growth performances. An improvement in BWG, ADG, and FCR and decreased FI were noted. Peng et al. (2016) and Zhang et al. (2021) described similar results in broiler chickens from 1 to 21 days old in response to 200, 300, and 600 mg/Kg of oregano essential oil (EO). Likewise, Lillehoj et al. (2011) reported improved BWG in response to 5 ppm carvacrol supplementation from 1-day-old for 7 days. Several studies (Jamroz et al., 2005; Feng et al., 2021; Flees et al., 2021; Mountzouris and Brouklogiannis, 2024) suggested that EOs and derived molecules such as carvacrol improve growth performances by improving gut transit rate and stimulating the secretion of digestive enzymes, which enhances the digestion, absorption, and utilization of nutrients. In this context, it was stated that EOs exert a positive effect on amylase and trypsin’s activities once incorporated in poultry feed (Jamroz et al., 2005). In addition, the increase of BWG could be attributed to the antimicrobial activity of carvacrol, allowing it to reduce intestinal diseases and promote gut health (Bento et al., 2013). The FCR indicates how efficiently feed is converted to body mass over a fixed time. The observed effects of carvacrol in lowering FI and enhancing FCR could be attributed to the subsequent increase of the absorption of the diet as well as the reduction of the bioenergetic costs of gut inflammation. The villus height directly affects the absorption capacity of the intestine mucosa membrane and Goblet cells secrete a sticky protein that exerts a protective effect on intestinal epithelium (Yamauchi et al., 2006). Liu et al. (2019) reported that 200 µl of carvacrol allowed a significant increase in the villus height and the Goblet cell count of the small intestine in broilers. Similar findings were described by Reisinger et al. (2011) in response to an administration of a blend of EOs containing 15 mg kg−1 of carvacrol and by Du et al. (2016) as a result of a supplementation of 25% thyme + 25% carvacrol in the broiler diet. In another hand, there is growing evidence of the connection between the metabolizable energy of the diet and the microbiota composition of the hindgut. Assuming that only the antimicrobial activity of carvacrol is responsible for decreasing harmful bacteria, thus enhancing intestinal integrity, increasing the metabolizable energy available for growth, and improving animal performance. In this trend, Kirkpinar et al. (2011) described a significant decrease of total Clostridium spp. counts in birds supplemented with oregano EO. Furthermore, Giannenas et al. (2004) reported that Origanum vulgare was described for its efficiency against intestinal parasites, including the Eimeria species.

Notwithstanding our findings regarding the increase of BWG and the decrease of FI, Saadat Shad et al. (2016) didn’t point to any improvement of BWG and FI in broiler chickens receiving carvacrol at 300 and 500 mg/Kg of diet during 42 days. In the same way, Botsoglou et al. (2002) didn’t state any beneficial effect on growth performances with various doses of oregano EO (from 50 to 1000 mg/Kg). While Jaafari et al. (2012) reported reduced FI and BWG at 200 ppm carvacrol supplementation for 4 weeks from 1 day old, Bosetti et al. (2020) described increased FI in response to a microencapsulated EO containing g 60% cinnamaldehyde and 30% carvacrol, supplemented at 100, 200 and 400 mg/kg. Such inconsistencies could be attributed to the odor and the flavor of the supplemented feed, which may stimulate or suppress the bird’s appetite. It could also vary with the supplied types and doses (Russo et al., 1998), the phytobiotics’ combination (Skoufos et al., 2016), the bird type, and the rearing conditions (Pirgozliev, 2014). Improvement in chicken meat production suggests enhanced growth, increased carcass yield and muscle proportion, as well as reduced abdominal fat. In our study, although birds receiving a carvacrol had heavier hot and cold carcass yields, the difference between the control and experimental groups wasn’t statistically significant. A non-significant impact of carvacrol on internal organ weights was noted as well. The current findings comply with the results of Alp et al. (2012), indicating no additional beneficial effect of dietary supplementation of oregano EO at 300 mg/Kg on broilers’ carcass characteristics. Similarly, Alcicek et al. (2003) showed that supplementation of a dose above 48 mg/Kg of a selection of EOs (including Oregano EO) had any positive effect on broilers’ carcass yield. Nonetheless, Khattak et al. (2014) described an increase in carcass and breast weights in response to a feed additive containing a blend of EOs, including Oregano and thyme EOs. This was also the case with Alcicek et al. (2003), who concluded that their selection of EOs was positively effective on broilers’ carcass yield at a dose lower than 48 mg/Kg.

Reports on the effect of carvacrol on internal organ growth are very scarce. Our results corroborate those of Rahimi et al. (2011) and Hashemipour et al. (2013), who reported that the relative weights of the spleen and other lymphoid organs were not affected by thymol and carvacrol supplementation. An elevated weight of these lymphoid organs may be a sign of infections and increased mortality in birds. A balanced metabolism suggests an equilibrium between the rate of catabolic and anabolic reactions. Blood biochemistry is an indicator of the bird’s metabolism and is affected by the feed composition, as dietary nutrients can influence cell homeostasis. In the present study, carvacrol tended to increase blood glucose levels, which may be an indicator of a stimulation of glucose metabolism and a better availability of this carbohydrate for cells. The other blood biochemical parameters (total proteins, cholesterol, creatinine, albumin, globulins) were not affected by carvacrol, except the A/G ratio. Our values were in harmony with the normal range for broilers. This result was in agreement with those of Li et al. (2023), who showed that thymol + carvacrol supplementation did not have a significant effect on serum biochemical indexes (total proteins, albumin, globulin, uric acid, IgE, IgG, and IgM) of broilers at 21 and 42 days of age. Our results were also in line with Lee et al. (2003), who indicated no hypocholesterolaemic effect of dietary carvacrol in female broilers at 28 d of age. However, Cho et al. (2014) described reduced blood total cholesterol in broilers fed a mixture of EOs with thyme and star anise as active components (17.0% and 17.0%). These inconsistencies could be assigned to the applied dose, the composition of the EO mix, the stability of the product, or the rearing conditions of the birds.

In healthy animals, albumin corresponds to the largest peak in the protein electrophoretogram. The liver synthesizes albumin, like the other plasma proteins. It is involved in the regulation of colloid oncotic pressure in both intravascular and extravascular spaces, as well as the transport of a large number of compounds (Kaneko et al., 1997). Globulins are implicated in various processes, including the transport of ions, hormones, and lipids, acute phase response, and immune response (Kaneko et al., 1997). The α fraction is the fastest migrating globulin fraction. It includes α-lipoproteins, α1 acid glycoproteins, α1 antitrypsin, α2 macroglobulin, haptoglobin, etc. The β fraction consists of heterogeneous proteins such as β-lipoprotein LDL, transferrin, ferritin, complement (C3, C4), C-Reactive protein (CRP), etc (Kaneko et al., 1997). The γ fraction comprises immunoglobulins synthesized by β cells, such as IgM, IgA, IgE, and IgY (Kaneko et al., 1997). In birds, the A/G ratio is calculated by dividing the albumin fraction by the sum of globulins. It is used to assess the global status of birds’ health since it reflects the global evolution of all globulin fractions. Although carvacrol didn’t significantly affect albumin and globulin levels, the A/G ratio was significantly decreased in the experimental birds. This effect can be explained by the enhancement of the immune response, taking into consideration the observed decrease of mortality rate, as well as Enterobacteriaceae and Salmonella spp. counts in the experimental group. This effect may be owed to the anti-inflammatory and antimicrobial activities of carvacrol, which was reported to lower the expression of COX2 mRNA and proteins triggered by lipopolysaccharides present in the outer leaflet of the outer membrane of Gram-negative bacteria and recognized as endotoxins. It was also reported as an inhibitor of PPAR-α and a γ-regulator (Hotta et al., 2010). These effects are at the origin of its biological activities, including its anti-inflammatory response (Hotta et al., 2010).

Our findings confirmed the antibacterial activity of carvacrol. We experienced a significant decrease in lactic bacteria, Enterobacteriaceae, and Salmonella counts in the intestinal gut of experimental broilers. Dahiya et al. (2006) described an antimicrobial activity of carvacrol against S. aureus, Clostridia spp., E. coli, and S. pullorum. Broiler chicken productivity is optimal with a healthy gastrointestinal tract (GIT) (Sugiharto, 2016). A balanced population of pathogenic and beneficial microflora in the GIT plays a crucial role in the digestion and absorption of nutrients (Patterson and Burkholder, 2003; Kročko et al., 2012). Escherichia coli, Salmonella typhimurium, and Clostridium perfringens are the 3 major pathogens found in the poultry gut (La Ragione et al., 2004). Therefore, antibiotics are usually used to reduce the risk of bacterial diseases. However, the selection and spread of antibiotic-resistant bacteria caused by heavy use of antibiotics, especially as growth promoters, is a cause for concern. Therefore, exploring biological alternatives such as food additives to reduce antibiotics as growth promoters has been reported (Hajati and Rezaei, 2010). Indeed, essential oils and plant extracts (e.g. thyme, garlic, cinnamaldehyde, oleoresin, pennywort, and lavender) have been reported to increase the number of beneficial bacteria by altering the intestinal microflora (mainly Gram-negative bacteria) due to their antimicrobial properties (Sariçoban and Yilmaz, 2014). In addition, they have been reported to suppress pathogenic microorganisms and reduce their numbers in all intestinal segments of broiler chickens and pigs (Adaszýnska-Skwirzýnska and Szczerbínska, 2019; Zhu et al., 2019).

The bactericidal activity of carvacrol is obviously explained by its ability to change the bacterial cell membrane structure and conformation. It induces depolarization, increased permeability, and leakage of the cytoplasmic contents, causing bacterial cell death. Carvacrol is an oxygenated lipophilic monoterpenoid phenol that holds a hydroxyl group on its aromatic ring. This hydroxyl group is at the origin of the bactericidal activity of carvacrol since it acts as a proton exchanger and drops the pH gradient across the bacterial membrane. The subsequent collapse of the proton motive force and depletion of the ATP pool lead to cell death (Ultee et al., 2002). Moreover, carvacrol preferentially binds to phosphatidylglycerol and phosphatidylethanolamine and partially to cardiolipins in the bacterial membrane (Wijesundara et al., 2022). By integrating the phospholipid monolayer, carvacrol forms aggregates of antibacterial-lipid complexes. The packing effectiveness of the acyl chains (tails) of these phospholipids is then lowered. As a result, the bacterial cell membrane fluidity increases, and its related total dipole moment is altered (Nowotarska et al., 2014). Fluidization of the membrane lipids is a consequence of the disturbance of the non-covalent van der Waals bonds that connect the phospholipid acyl chains in the membrane lipids (Sohlenkamp and Geiger, 2015). Such a fluidization mechanism was reported for thymol, which is an isomer to carvacrol. Based on these reports, we suggest that carvacrol exerts a similar fluidization effect on the bacterial lipid membrane.

In our study, treatment of chickens with carvacrol as a dietary supplement significantly reduced the growth of enterobacteria, including Salmonella spp. and lactic acid bacteria; however, a non-significant increase in anaerobic bacteria was observed. Inhibition of enterobacteria in general minimizes the risk of avian pathologies caused by this bacterial family, mainly colibacillosis caused by Escherichia coli. This result (decrease in coliforms and Salmonella) has been often reported by other studies (Alagawany et al., 2021; Yilmaz and Gul, 2023).

However, the decrease in the total count of lactic acid bacteria (on SB medium) is in contradiction with other studies where the number of lactic acid bacteria is significantly improved by the treatment of essential oils (Chen et al., 2020). Lactic acid bacteria, such as Lactobacillus, are largely used as probiotics in poultry production because they are able to thrive under harsh gastrointestinal conditions, confer beneficial effects on growth performance, and act as antagonism against enteric pathogens (El-Sawah et al., 2020). The decrease in lactic acid bacteria in our study could be linked to an anti-LAB effect exerted by carvacrol. Despite all these desired beneficial effects of lactic bacteria, it seems that the growth promoter and antimicrobial properties have made it possible to remedy these intended effects.

Carvacrol promoted the growth performance of broiler chickens. It allowed for the reduction of FI and improved ADG and FCR, leading to an enhanced BWG. Moreover, we found that carvacrol tended to increase blood glucose levels without affecting total proteins and cholesterol. Besides, carvacrol improved gut health by decreasing the Enterobacteriaceae and Salmonella spp. counts, which resulted in a reduced mortality rate and A/G ratio. In addition, this bactericidal activity of carvacrol targeted lactic acid bacteria but had no drastic effect on the global health status and the growth performance of the birds. Therefore, as an antibacterial and growth promoter agent, having a plant origin, and being regarded as safe, carvacrol is a potent natural molecule that can be used as a substitute for AGPs.

The findings of this study support the need for more investigation in this field. It is crucial to recognize that this study only employed a small number of duplicates, which might have an impact on the findings’ statistical power and generalizability. The results should thus be regarded as preliminary evidence and interpreted cautiously. Housing circumstances, the nutritional and health state of the birds, and the product’s stability are some of the intrinsic and extrinsic elements that affect the effectiveness of phytobiotics like carvacrol.

Consequently, more research with more duplicates and more expansive experimental setups is required to confirm these results. The effects of carvacrol, in particular, on broilers raised in less-than-ideal housing circumstances need careful examination, and figuring out the ideal lowest active dosage is still a crucial topic for further study.




5 Conclusion

Overall, this study highlights the potential of carvacrol as a promising growth promotor and antibacterial agent for the poultry industry. Carvacrol enhanced body weight gain and feed conversion in broiler chickens while reducing feed intake. Furthermore, carvacrol promoted gut health by reducing Enterobacteriaceae and Salmonella spp. counts, which resulted in an enhanced global health status despite the decrease of lactic acid bacteria population. These findings suggest that carvacrol is a possible candidate for substituting AGPs. Further studies are warranted to determine its full potential as a prebiotic for enhancing poultry health, improving growth performance, and reducing breeding costs.
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