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ABSTRACT  26 

 27 

Pectin is a dietary fibre composed of galacturonic acid, primarily found in the citrus fruits' 28 

cell walls. Citrus pectin (CP) has demonstrated antioxidative, anticancer, and anti-29 

inflammatory properties in humans and animals. In broilers, CP supplementation 30 

improves energy utilization and nutrient digestibility, but limited information on its 31 

effects on chicken immunity is available so far. This study aimed to assess the in vitro 32 

impact of CP on chicken monocytes' immune response. Cells were purified from whole 33 

blood of healthy chickens and incubated with increasing concentrations (0, 0.25, 0.5, 34 

0.75, 1 mg/mL) of CP to determine CP working concentration. The effects of different 35 

CP concentrations on cells' apoptosis and viability were assessed by measuring caspase-36 

3 and -7 and the cells' metabolic activity (MTT assay), respectively. CP had no dose-37 

dependent effect on monocyte apoptosis and viability.Then, the effects of CP (0.5 38 

mg/mL) on chicken monocytes' chemotaxis and phagocytosis were assessed by 39 

measuring transwell migration and fluorescein-labelled E. coli incorporation, 40 

respectively. CP inhibited both monocytes' chemotaxis and phagocytosis.These data 41 

demonstrate that CP exerts an immunomodulatory role in chicken monocytes, supporting 42 

its integration in nutrition strategies that might be beneficial for the animal's immunity 43 

and health. 44 

 45 
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CP, citrus pectin; MTT, 3-(4,5- dimethyl thiazol -2-yl)-2,5-diphenyl tetrazolium bromide; 50 

DM, methyl esterification; TLR, toll-like receptor;  HBSS, hank's balanced salt solution; 51 

ZAS, zymosan activated serum; MCP, modified citrus pectin.  52 

 53 

1. Introduction 54 

 55 

Pectin is a family of complex polysaccharides, primarily composed of repeating units of 56 

galacturonic acid, joined by 𝛼1  4 glycosidic linkages, creating a linear polymer (Ridley 57 

et al., 2001). Different degrees of methyl esterification (DM) of the pectin carboxyl 58 

groups can be observed, often associated with structural and functional differences of the 59 

pectin (Chen et al., 2006; Salman et al., 2008).  60 

Pectin is found in all plants' cell walls, but it is most abundant in citrus fruits 61 

(Sahasrabudhe et al., 2018). Citrus pectin (CP) is widely used as dietary fibre in both 62 

human and animal nutrition (Langhout and Schutte, 1996; Leclere et al., 2013). Previous 63 

in vitro and in vivo studies demonstrated CP's antioxidative (Sanders et al., 2004), anti-64 

diabetic (Liu et al., 2016), anticancer (Glinsky and Raz, 2009; Salehi et al., 2018), anti-65 

inflammatory (Sahasrabudhe et al., 2018; Salman et al., 2008) and other 66 

immunomodulatory activities (Chen et al., 2006). In vitro studies performed in human 67 

PBMC demonstrated that CP with higher esterification degrees (60 and 90%) inhibits in 68 

a dose-dependent manner the production of the proinflammatory cytokine IL-1, while 69 

increases the secretion of anti-inflammatory cytokines IL-1ra and IL-10 (Salman et al., 70 

2008). Low DM citrus pectin blocked immune receptors in human dendritic cells and 71 

murine macrophages by inhibiting the Toll-like receptor 1 (TLR1) and Toll-like receptor 72 

2 (TLR2) proinflammatory pathways. The production of IL-6 and IL-10 was also reduced 73 

in human dendritic cells, and only of  IL-6 in murine macrophages (Sahasrabudhe et al., 74 
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2018). Lemon pectin can also activate human THP-1 monocytic cell line, in a TLR and 75 

DM dependent manner, and exert a protective effect on the human epithelial barrier (Vogt 76 

et al., 2016). The immunomodulatory effects observed in these studies were all dependent 77 

on the DM of the citrus pectin used, in which generally the higher the DM (> 50%), the 78 

stronger the effects observed. 79 

Although CP supplementation of broilers' diet improves the energy utilization, nutrient 80 

digestibility, increasing productive performance (Silva et al., 2013), limited information 81 

of CP effects on chicken immunity is available so far. The impact of CP on immune 82 

functions of chicken mononuclear cells have not been assessed yet either. The present 83 

investigation aims to cover this gap by evaluating the in vitro impact of CP (55-70% DM) 84 

on chicken monocytes' immune response, including its effects on spontaneous apoptosis, 85 

viability, chemotaxis and phagocytosis. 86 

 87 

2. Materials and methods   88 

 89 

2.1.  Materials 90 

 91 

2.1.1. Chemicals  92 

Methylcellulose, EDTA, NaCl (Sigma, St. Louis, USA) were used for PBMC isolation. 93 

Pectin esterified (55-70%) potassium salt from citrus fruit, cell tested, (Sigma, St. Louis, 94 

USA) was used for treating the cells. 95 

 96 

2.1.2. Reagents 97 

Ficoll-Paque PLUS (GE Healthcare, Bio-Sciences AB, Uppsala, Sweden), Percoll, red 98 

blood cell lysis buffer, sterile-filtered PBS and HBSS, endotoxin-free water (Sigma, St. 99 
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Louis, USA) were used for PBMC isolation. Cells were resuspended in complete 100 

medium, comprising RPMI 1640 Medium with 25 Mm HEPES and L-Glutamine (Sigma, 101 

St. Louis, USA), supplemented with 1% of Non-essential Amino Acid Solution 100X and 102 

1% Penicillin Streptomycin Solution 100X (Euroclone, Milano, Italy), and 10% FBS 103 

(Sigma, St. Louis, USA).  104 

Apo-ONE® Homogeneous Caspase-3/7 Assay (Promega, Milano, Italy) and Cell 105 

Proliferation Kit I (MTT) (Roche, Mannheim, Germany) were used for apoptosis and 106 

viability assays, respectively. Chemotaxis and phagocytosis were measured by using 107 

Zymosan A from Saccharomyces cerevisiae and fluorescein-labelled Escherichia coli 108 

bioparticles K-12 strain (Invitrogen, Oregon, USA), respectively. 109 

 110 

2.2. Purification of monocytes from blood 111 

 112 

Chicken monocytes were isolated from peripheral blood through double discontinuous 113 

gradient centrifugation, as previously described for chicken (He et al., 2007; Kogut et al., 114 

1995), with few modifications. Briefly, fifty mL of peripheral blood from 42 days-old 115 

hybrid broilers (ROSS 308) were collected during routine slaughtering procedures at a 116 

local slaughterhouse and pooled in sterile flasks containing 0.2% EDTA per mL of blood 117 

as anticoagulant. The blood was mixed (1.5:1 v/v) with methylcellulose 1% (25 118 

centiposes) and centrifuged at 40g without brakes for 30 min at 4°C. The supernatant was 119 

then collected, diluted (1:1) with PBS without Ca2+ and Mg2+ + 2mM EDTA and layered 120 

over a double discontinuous Ficoll-Percoll gradient (specific gravity 1.077 g/mL of Ficoll 121 

over 1.119 g/mL of Percoll) in 15 mL conical centrifuge tubes, and centrifuged at 200g 122 

without brakes for 30 min at 4°C. The PBMC ring was collected at the Ficoll/supernatant 123 

interface, washed twice with PBS without Ca2+ and Mg2+ + 2mM EDTA and centrifuged 124 
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at 200g for 10 min at 4°C to remove the contaminating thrombocytes. For red blood cells 125 

elimination, Red Blood Cell Lysis Buffer was added to the cells for 3 min at room 126 

temperature, and cells were washed with PBS without Ca2+ and Mg2+ + 2mM EDTA until 127 

the supernatant was clear. Finally, the PBMC were counted, and their viability assessed 128 

with trypan blue exclusion. The purification of monocytes was carried out by allowing 129 

the PBMC to adhere for 2 h at room temperature to the cell culture treated plates of each 130 

assay, as previously described (He et al., 2007). Non-adherent cells were removed, and 131 

monocytes were washed with complete warm medium. The monocytes' purity was 132 

determined by microscopic examination of Diff-Quick stained cytospin smears. Cell 133 

viability, measured with the Trypan Blue exclusion method, was higher than 95%. At the 134 

microscope examination, monocyte purity was of 70% approximately.  135 

 136 

2.3.Citrus pectin preparation  137 

 138 

Citrus pectin esterified (55-70%) potassium salt was reconstituted in endotoxin-free water 139 

at a concentration of 10 mg/mL. Briefly, 2 mL of endotoxin-free water were added to 20 140 

mg of CP, and the solution was then vortexed thoroughly until it was dissolved. The CP 141 

solution was filtered with 0.22 𝜇𝑚 filters. Aliquots from the stock solution were prepared 142 

and stored at 4°C until use. Working dilutions with complete medium were freshly 143 

prepared. The amounts of CP used for determining its working concentration were 0, 144 

0.25, 0.5, 0.75, 1 mg/mL. Once selected the CP working solution, a concentration of 0.5 145 

mg/mL was used to measure chemotaxis and phagocytosis.  146 

 147 

2.4.Viability assay (MTT) 148 

 149 
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To assess the potential toxicity of CP on chicken monocytes, the cells' viability was 150 

evaluated by using the Cell Proliferation Kit I (MTT), as previously reported (Catozzi et 151 

al., 2020). The experiment was carried out on cells purified from 3 different pools, 152 

consisting of 9 animals each. A total of 1 × 105 PBMC (100 μl) were seeded in duplicate 153 

in 96-well sterile plates MICROTEST (Becton Dickinson and Company, Franklin Lake, 154 

USA) to let the monocytes adhere to the plates. After removing the non-adherent cells, 155 

monocytes were incubated 20 h with increasing CP concentrations (0.25, 0.5, 0.75 and 1 156 

mg/mL) or with medium (control) at 41°C in humified atmosphere 5% CO2. After the 157 

incubation period, 10 μl of MTT labelling reagent was added to each well and incubated 158 

at 41°C for 4 h. The formazan crystals were solubilized by adding 100 μl of the 159 

solubilization buffer and incubating at 41°C overnight, following the manufacturer’s 160 

instructions. Finally, the absorbance was read at 550 nm with LabSystems Multiskan 161 

plate reader Spectrophotometer.  162 

 163 

2.5.Apoptosis assay  164 

 165 

Apoptosis assay was performed in duplicates; 5 ×104 PBMC were seeded in 384-well 166 

black plates (Costar, Corning, USA). The experiment was carried out on the adhered 167 

monocytes purified from 4 different pools of 9 animals each. To determine CP working 168 

concentration, the cells were incubated for 20 h at 41°C in a humified atmosphere of 5% 169 

CO2 with increasing CP concentrations (0.25, 0.5, 0.75 and 1 mg/mL) medium as control 170 

and the spontaneous apoptosis was measured. The apoptosis was measured after 20 h of 171 

incubation by using the Apo-ONE® Homogeneous Caspase-3/7 kit. The caspase-3/7 172 

reagent was added to each well, and the fluorescence intensity was measured using a 173 

fluorescence plate reader Fluoroscan Ascent at 485/538 nm (absorbance/emission), every 174 
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30 minutes up to 2 hours and after overnight incubation, as previously described in bovine 175 

monocytes with minor modifications (Ceciliani et al., 2007).  176 

 177 

2.6.Chemotaxis assay  178 

 179 

Monocytes chemotaxis towards zymosan activated serum (ZAS) was measured as 180 

previously reported (Ávila et al., 2020; Lecchi et al., 2008), with minor changes. The 181 

experiment was performed on cells purified from 5 different pools, consisting of 9 182 

animals each. Monocytes were first pretreated overnight, in the absence of 183 

chemoattractant, with 0.5 mg/mL of CP or migration medium only (RMPI-1640 with 1% 184 

of FBS) as a control (vehicle) in 24-well Transwell migration plates (Costar, Corning, 185 

USA), equipped with an 8 μm pore size membrane. First, a total number of 1x105 PBMC 186 

(100 μl) were added in duplicates in the upper chamber, and monocytes were allowed to 187 

adhere for 2 h at room temperature to the upper insert membrane of the transwell plate. 188 

After incubation, non-adherent cells were removed and monocytes washed with the warm 189 

medium. Adhered monocytes were pretreated with 0.5 mg/ mL of CP or with migration 190 

medium by adding 100 μl of CP or medium to the upper chamber and 650 μl to the lower 191 

chamber, for 20 h at 41°C in a humified atmosphere of 5% CO2. After pretreating the 192 

cells, chemotaxis was measured by adding 3 mg/mL of the chemoattractant ZAS to the 193 

lower chamber, in the presence of newly added CP (0.5 mg/mL) or migration medium 194 

(vehicle) in both chambers, and again incubated for 2 h at 41°C in a humified atmosphere 195 

of 5% CO2. Cells incubated with migration medium but without ZAS were considered as 196 

the negative control. Upper chambers were removed, and non-migrated cells on the upper 197 

part of the membrane were eliminated using a cotton swab moistured with PBS. Finally, 198 

migrated cells were stained with Diff-Quick (Sigma, St Louis, USA) and counted in ten 199 
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different fields, using light microscopy (inverted microscope). The chemoattractant ZAS 200 

was prepared as previously described in bovine monocytes (Lecchi et al., 2008), using 201 

chicken serum. 202 

 203 

2.7.Phagocytosis assay  204 

 205 

Monocytes’ phagocytosis was determined as previously described (Lecchi et al., 2011). 206 

The experiment was carried out on cells purified from 6 different pools, consisting of 9 207 

animals each. In a first step, 6x108 fluorescein-labelled Escherichia coli bioparticles (K-208 

12 strain) were opsonized with 20% of chicken serum for 30 min at 37°C. Opsonized 209 

bacteria were centrifuged at 800 g for 15 min, suspended in HBSS and stored at -20°C 210 

until use.  A total of 3x105 PBMC (100 μl) were seeded in duplicates in 96-well sterile 211 

plates for monocyte isolation for 2 h at room temperature. After removing non-adherent 212 

cells and washing the monocytes with warm HBSS, 100 μl of 0.5 mg/mL CP or only 213 

medium (vehicle) as the control was added to each well. The medium was added to reach 214 

a final volume of 200 μl, and cells were incubated for 20 h at 41°C in a humidified 215 

atmosphere of 5% CO2. Cells were then washed with sterile HBSS, and a total of 45 216 

opsonized fluorescein-labelled E. coli bioparticles (100 μl) per well were added. 217 

Monocytes were incubated again for 2 h at 41°C in a humidified atmosphere of 5% CO2. 218 

Cells were washed twice with HBSS and 0.4% of trypan blue was added to quench the 219 

fluorescence from non-internalized bacteria. Cells were finally washed with HBSS and 220 

the fluorescence intensity of fluorescein-labelled E. coli bioparticles was measured using 221 

a Fluoroscan Ascent at 485/538 nm (absorbance/emission). 222 

 223 

2.8.Statistical analyses  224 
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 225 

Statistical analyses were performed in GraphPad Prism 8.0.2. Data normality of 226 

apoptosis, viability and chemotaxis was assessed by applying the Shapiro Wilk test and 227 

the Kolmogorov Smirnov test for phagocytosis. For the assessment of CP's effect on the 228 

apoptosis, viability and chemotaxis, repeated measures one-way ANOVA and Tukey’s 229 

multiple comparison tests were used for normally distributed samples and a one-tailed 230 

paired t-test for phagocytosis. Statistical differences were accepted at P ≤ 0.05. 231 

 232 

3. Results and discussion 233 

 234 

In the present study, we reported the effects of CP on chicken monocytes’ immune 235 

functions, including chemotaxis and phagocytosis. To test the impact of CP on 236 

monocytes, viability and apoptosis were also measured. 237 

The purity of the isolated monocytes was approximately 70%, the contaminant cells being 238 

mostly thrombocytes, which is consistent with what was reported in previous studies (Ma 239 

et al., 2019; Reddy et al., 2016). Since avian thrombocytes are nucleated cells with sizes 240 

and densities similar to lymphocytes and monocytes, they are often purified together with 241 

them. Moreover, their capacity to adhere to the plastic makes their complete depletion 242 

from monocytes cultures challenging (Mudroňová et al., 2014). 243 

Pectin has shown immunomodulatory roles by preventing immunological diseases like 244 

asthma (Zhang et al., 2016), allergies, colitis and inflammatory bowel diseases through 245 

directly regulating inflammation in several animal models (Ishisono et al., 2019; 246 

Sahasrabudhe et al., 2018). In broilers, including CP in the diet has improved the animals’ 247 

growth’s performance (Silva et al., 2013), but information about its immunomodulatory 248 

activity in chickens is still absent.  249 
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As the first step of this study, we measured chicken monocytes’ viability and apoptosis 250 

to determine the optimal working concentration of CP and to evaluate potential CP 251 

cytotoxic effects. Cells’ viability (Fig. 1A) and spontaneous apoptosis (Fig. 1B) were not 252 

affected by increasing CP concentrations. Apoptosis plays a critical role in regulating and 253 

shaping the immune system, as it maintains cellular homeostasis by eliminating the 254 

excess of immune cells (Feig and Peter, 2007). Therefore, apoptosis can be regarded as a 255 

way of controlling immune cells' activity in the inflammatory focus. Modified citrus 256 

pectin (MCP) can induce apoptosis of breast (Salehi et al., 2018), prostate (Jackson et al., 257 

2007) and colon (Olano-Martin et al., 2003) cancer cells, without damaging normal cells 258 

even at high concentrations (600 𝜇g/mL) (Chauhan et al., 2005). The same increasing 259 

concentrations of CP (0.25, 0.5, 0.75 and 1 mg/mL) herein tested, had also no cytotoxic 260 

effects on a macrophage murine cell line (RAW264.7) (Chen et al., 2006), suggesting that 261 

the impact of CP might be cell-specific. 262 

In the second step of this investigation, CP's effect (0.5 mg/mL) on the chemotaxis of 263 

chicken monocytes was assessed. This concentration was used throughout the next 264 

experiments, as monocytes’ viability and apoptosis remained unchanged at this 265 

concentration, and no other cytotoxic effects in immune cells, including macrophages, 266 

have been described (Fan et al., 2018). On the contrary, several immunomodulatory 267 

effects, specifically anti-inflammatory ones, have been observed (Chen et al., 2006; 268 

Salman et al., 2008). 269 

The activation of medium treated (vehicle) cells with ZAS enhanced the chemotaxis of 270 

monocytes compared to the negative control (cells without ZAS) (P< 0.01). Co-271 

incubation with CP decreased (P = 0.03) chemotaxis rate of cells compared to ZAS 272 

activated cells treated with medium (vehicle), while no differences were observed 273 

compared to cells without ZAS (negative control) (Fig. 2). The present findings 274 
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demonstrated that CP reduces the in vitro monocytes’ chemotaxis in chicken. These 275 

results are consistent with those reported in cancer cells, which revealed that smaller sizes 276 

of MCP fractions inhibit their migration (do Prado et al., 2019). A similar inhibitory effect 277 

on the migration of a murine fibroblasts treated with 0.5 mg/mL of ginseng pectin was 278 

observed by changing the cells’ morphology and organization of actin filaments, and by 279 

reducing cell adhesion and spreading to the substratum (Fan et al., 2018). Specifically, 280 

MCP inhibited cancer and endothelial cells’ migration through the direct inhibition of 281 

Galectin-3, a carbohydrate-binding protein expressed by numerous cell types, including 282 

monocytes, which is involved in cell migration and phagocytosis (Nangia-Makker et al., 283 

2002; Simon and Green, 2005).  Indeed, pectins can modulate directly innate immune 284 

responses by interacting with monocytes and macrophages’ pattern recognition receptors 285 

(PPR) like Galectin-3 and Toll-like receptors (TLR) (Beukema et al., 2020). The direct 286 

inhibition of Galectin-3 and TLR2, TLR1 and TLR4 by CP (Ishisono et al., 2017; 287 

Sahasrabudhe et al., 2018) could explain the suppression of some monocytes’ immune 288 

responses and consequently of its anti-inflammatory effects. On the other hand, after their 289 

binding, pectins can also present TLR2/4 activating properties, and as reported 290 

previously, TLR2/4 signalling can also cause a rapid arrest of human monocytes’ 291 

chemotaxis (Yi et al., 2012).  292 

The last set of experiments was performed to explore CP's capacity in modulating chicken 293 

monocytes’ phagocytosis. Monocytes were treated with CP (0.5 mg/mL) or complete 294 

medium (vehicle) as control for 20 h at 41°C, and their phagocytic capability was 295 

measured. Fig. 3 shows a reduction (P = 0.03) in the phagocytosis of CP treated 296 

monocytes when compared to the control. These results evidence that CP inhibited 297 

another important monocyte defensive function, phagocytosis. This result differs from 298 

those previously reported, showing that a high DM pectin (around 85% DM) isolated 299 
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from berries increased peritoneal macrophages’ phagocytosis (Wang et al., 2015). 300 

However, contrasting results of pectin's immunomodulatory effects on leukocytes are 301 

often reported, as the content of galacturonic acid and the degree of DM determine 302 

pectin’s ability to decrease immune reactivity. Pectins with higher than 80% of 303 

galacturonic acid decreased the in vivo accumulation of murine macrophages, while 304 

increasing or no effects were seen with pectins with less than 75% of galacturonic acid 305 

(Popov and Ovodov, 2013). On the contrary, CP with lower DM showed anti-306 

inflammatory properties in mice in vivo, a feature lost as their DM increases (Popov et 307 

al., 2013).  308 

Finally, the suppression of chicken monocytes’ phagocytosis could also be explained by 309 

the inhibition of Galectin-3, which plays a significant role in macrophage phagocytosis, 310 

as a major component of phagosomes and phagocytic cups (Sano et al., 2003). 311 

In conclusion, this is the first study to indicate that CP inhibits two main inflammatory  312 

functions of chicken monocytes’, namely chemotaxis and phagocytosis, suggesting 313 

potential anti-inflammatory roles. Moreover, our results evidence that the effects of CP 314 

on apoptosis and viability are cell-specific, as the pro-apoptotic effects often observed in 315 

cancer cells were not seen on chicken monocytes. Altogether, these results reinforce the 316 

concept that CP may play an essential role in immunity, specifically in dampening 317 

inflammation. Such potential anti-inflammatory functions make CP an attractive dietary 318 

fibre for novel nutrition strategies to enhance the animals' health. Besides, these results 319 

highlight the importance to formulate balanced diets in chicken, specially considering 320 

that an excessive CP content may induce an immunosuppressive status, increasing the 321 

risk of developing opportunistic diseases. Further analyses on other inflammatory 322 

immune functions (e.g., oxidative burst, killing capability and cytokine production) and 323 
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integration of system biology approaches might be highly valuable to elucidate CP 324 

biological significance. 325 
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Figures  495 

 496 

Fig. 1. In vitro effect of increasing concentrations (0.25, 0.5, 0.75 and 1 mg/mL) of citrus 497 

pectin (CP) on chicken monocytes’ (A) viability and (B) apoptosis. 3-(4,5- dimethyl 498 

thiazol -2-yl)-2,5-diphenyl tetrazolium bromide (MTT) reduction by metabolic active 499 

cells and caspase-3/7 enzymatic activity of chicken monocytes treated with citrus pectin 500 

or medium as control (0 mg/mL) were measured for viability and apoptosis, respectively. 501 

Data are means ± SEM of three and four animals, for viability and apoptosis, respectively. 502 

All experiments were carried out using duplicates for each condition. 503 
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 527 

Fig. 2. Effects of citrus pectin (CP) on chicken monocytes chemotaxis. Citrus pectin (0.5 528 

mg/mL) and vehicle control (only medium) treated cells were activated with Zymosan 529 

Activated Serum (ZAS), while negative control cells were not. Data are means ± SEM of 530 

five independent experiments. All experiments were carried out using duplicates for each 531 

treatment. Significance was declared for P < 0.05 (*). 532 
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 552 

Fig. 3. Phagocytosis of fluorescein-labelled Escherichia coli bioparticles by chicken 553 

monocytes after 20 h incubation with citrus pectin (0.5 mg/mL). Cells treated with only 554 

medium (vehicle) were considered as control. Data are means ± SEM of six independent 555 

experiments. All experiments were carried out using duplicates for each 556 

treatment.Significance was declared for P < 0.05 (*). 557 
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