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ABSTRACT   22 

The objective of this study was to evaluate dietary supplementation with different copper sulphate 23 

(CuSO4) forms on small intestine microanatomy and large intestine microbiota. Ninety weaned 24 

piglets were divided into three experimental groups: control diet (CTR), with no added CuSO4 and 25 

diets supplemented with 150 ppm of CuSO4 in protected (150P) and unprotected form (150UP). After 26 

18 days of dietary treatment, six piglets per treatment were randomly selected and sacrificed. 27 

Duodenum villi length and crypts depth were higher (P <0.001) in the animals fed 150UP than other 28 

groups. The glial fibrillar acidic protein (GFAP), a marker for enteric glial cells, were unaffected by 29 

dietary treatments. The total bacteria and Enterobacteriaceae bacteria counts were lower (P <0.05) 30 

in caecum of animals fed 150P in comparison with the other two groups. In the colon the Streptococci 31 

spp were lower (P <0.001) in both CuSO4 supplemented groups than controls. The obtained results 32 

revealed a modulation of intestinal structure and microbiota exerted by the studied CuSO4 dietary 33 

supplementation. The present data show that dietary supplementation with 150UP in the first period 34 

post weaning may act restoring the gut morphology, improving duodenal structure. 35 

 36 
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INTRODUCTION 47 

Reduction in antimicrobial use and prevention of pathologies is a key point to keep good productivity 48 

and animal health (Seal et al. 2013). Copper is an essential trace element that plays an important role 49 

in many physiological processes. In weaned piglets, copper dietary level of 5 to 6 mg/kg feed is 50 

adequate to meet the nutritional requirements (NRC 2012). However, it is usually used in piglet’s diet 51 

at higher concentrations (100-175 ppm) due its growth promoting effects (Shelton et al. 2011). In 52 

fact, several studies showed that dietary copper supplementation in weaned piglets can modulate gut 53 

health, reducing potential pathogens (Jensen 1998; Höjberg et al. 2005). Otherwise, Fry et al. (2012) 54 

reported that dietary copper sulphate (CuSO4) supplementation in weaned piglets increased oxidative 55 

stress status in small intestine negatively affecting villi height in duodenum and jejunum.  Moreover, 56 

Huang et al. (2015) observed that the same CuSO4 feed content increased duodenal mucosal 57 

malondialdehyde content. Copper is essential for neuron physiological function; in fact, brain 58 

astrocytes are deeply involved in copper homeostasis and an imbalance of this latter, may lead to 59 

neurodegeneration (Scheiber et al. 2014). On this basis, it is also possible that CuSO4 affects intestinal 60 

functions due to interactions with enteric nervous system (ENS), which regulates the motor and 61 

secretory activities of the gut. The enteric glial cells are analogous to the astrocytes of the central 62 

nervous system, they express glial fibrillary acidic protein (GFAP), form complex intramural 63 

networks, and are reputed to display multitasking roles in the intestinal barrier that acts between the 64 

external environment and the gut (Yu & Li 2014). Enteric glial cells protect against pathogen 65 

invasion, too, thus completing the mucosal barrier (Savidge et al. 2007). Moreover, dietary CuSO4 66 

supplementation in post weaning piglets positively modulated intestinal microflora, reducing the 67 

number of coliforms in both cecum and colon (Höjberg et al. 2005). Different sources of dietary 68 

copper have been shown to display a different effect on intestinal structure and microflora (Armstrong 69 

et al. 2004; Creech et al. 2004). On these bases, the aim of the present study was to determine the 70 



effects of dietary supplementation in post weaning piglets with different forms of copper sulphate on 71 

small intestinal micro anatomy and large intestine microbiota.  72 

 73 

MATERIALS AND METHODS 74 

Procedures involving animals were carried out in accordance with the European Communities 75 

Council Directive (2010/63/EU) and approved by the Italian Ministry of Health (DL 26, 2014 march 76 

4th). 77 

 78 

Animals, diets and management 79 

Ninety newly weaned female piglets (Landrace × Large White) of 26 days of age weighing 8.4 ± 0.2 80 

kg, were stratified by weight and randomly assigned to one of the three dietary treatments. The 81 

animals were divided in 3 pens per treatment (10 piglets/pen) and reared in an environmentally-82 

controlled room (average temperature 26° C and relative humidity 60%). The dietary treatments 83 

consisted in a basal diet (CTR) with no added CuSO4, and two other diets that contained 150 ppm of 84 

CuSO4 in protected (150P) and unprotected form (150UP), respectively. The protected form of CuSO4 85 

was microencapsulated in a protective matrix of hydrogenated vegetable lipids manufactured with a 86 

spray cooling technology (Sintal Zootecnica, Isola Vicentina, Vicenza, Italy). None of the diets was 87 

medicated. The experimental diets were formulated to meet the nutrient requirements for piglets 88 

(NRC 2012) (Table 1). During the experimental period lasting for 18 days, pigs were allowed ad 89 

libitum access to feed and water.  Piglets’ growth performance were reported in our previous study 90 

(Pastorelli et al. 2014). After 18 days, at an average body weight (BW) of 12.3 ± 0.15 kg, six piglets 91 

per treatment were randomly selected and slaughtered following the standard procedure. Samples of 92 

duodenum (2 cm after the pylorus), jejunum (5 cm after the beginning of the jejunum), and ileum (1 93 

cm before the caecum) were immediately excised from each pig. Fresh samples of caecum and colon 94 

contents were collected from each animal for microbial counting as described by Shen et al. (2009).  95 



 96 

Histology and Histometry 97 

The duodenum, jejunum and ileum samples were transversally sectioned and used for standard 98 

paraffin hematoxylin/eosin-stained sections histology. For intestinal histometry, on HE-stained 99 

sections the height of intestinal villi (V) (10 villi measured per section), the depth of intestinal crypts 100 

(C) (10 crypts measured per section), and the ratio of villi and crypts values (V:C ratio) were measured 101 

and calculated by an image analysis software (Image pro Plus 6.3 Media Cybernetics Inc., Silver 102 

Springs, USA). 103 

 104 

Histochemistry 105 

Sections from duodenum, jejunum, and ileum were used to determine the mucin profile, which was 106 

obtained analysing the histochemical reactivity of the intestinal mucous cells. The following 107 

histochemical stains were employed: a) Alcian blue 8GX pH 2.5-periodic acid Schiff (AB-PAS) 108 

sequence, which reveals neutral (PAS-reactive, purple stained) and acid (AB-reactive, azure stained) 109 

glycoconjugates, and b) high iron diamine-Alcian blue 8GX pH 2.5 (HID-AB) sequence, which 110 

demonstrates sulphated (diamine-positive, brown-black stained) and sialylated (AB-reactive, azure 111 

stained) glycoconjugates respectively.  112 

 113 

Immunohistochemistry and cell counts 114 

Sections from duodenum, jejunum and ileum were utilized to evaluate enteric glial cells. 115 

Immunohistochemistry was performed with the biotin/avidin system using the anti glial fibrillar 116 

acidic protein (GFAP, Dakocytomation, code N1506; 1:1000) (Di Giancamillo et al. 2010). 117 

Immunoreactive enteric glial cells were counted in the enteric nervous system of duodenum, jejunum 118 

and ileum that is in this species organized as follows: i) inner submucosal plexus (Schabadasch’s 119 

plexus), ii) outer submucosal plexus (Meissner’s plexus), iii) myenteric plexus (Auerbach’s plexus). 120 



Quantifications of glial cells were referred to each intestinal section area and extrapolated to mm-2 to 121 

allow comparison of the data, thus reflecting glial cell density (Di Giancamillo et al. 2010). The 122 

specificity of the immunostaining was verified by incubating other sections with: (i) PBS instead of 123 

the specific anti-GFAP antibody; (ii) pre-immune serum instead of the primary antiserum; (iii) PBS 124 

instead of the secondary antibodies. The results of these controls were negative (i.e. staining was 125 

abolished). All the microscopic observations were made using an Olympus BX51 light microscope 126 

(Olympus, Milan, Italy), equipped with a digital camera. The observer was not aware of the origin of 127 

the sections. 128 

 129 

Microbiological analyses 130 

The microbiological counts in the large intestinal digesta were determined by the plate-count 131 

technique (Shen et al. 2009). One gram of digesta was homogenized in salt solution (0.9% NaCl) and 132 

serially diluted in sterlile saline ranging from 10−1 to 10−10. Then each sample was inoculated on the 133 

following agar plates, using standard protocols: for total bacterial count, Bile Esculine Agar (BEA, 134 

Oxoid, Milan, Italy) for Streptococci spp count, MacConkey medium (Oxoid, Milan, Italy) for 135 

Enterobacteriaceae count, and Man-Rogosa-Sharpe Agar (MRS Oxoid, Milan, Italy) for 136 

Lactobacillus spp count. The plates were incubated in an aerobic atmosphere at 20°C for 24 h (for 137 

TSA and MacConkey medium), and at 20°C for 48 - 72 h under 5% CO2 atmosphere (for BEA and 138 

MRS medium). The microbial populations were log transformed before statistical analysis and data 139 

are expressed as log10  colony-forming units (CFU) / g of digesta. 140 

 141 

Statistical analysis 142 

Statistical analyses of the quantitative data were performed using the general linear model of the SAS 143 

(version 8.1, Cary Inc., NC, USA). One-way analysis of variance (ANOVA) was used to determine 144 

the effect of dietary CuSO4 form on microbiological analyses. Histometrical analyses and cell counts 145 



were analysed by ANOVA using the PROC MIXED of the SAS package. The mixed model included 146 

the fixed effects of treatment and the random effect of the piglet. Individual piglets was considered 147 

as the experimental unit. The data were presented as least squared means ± SEM. Differences between 148 

means were considered significant at P < 0.05. 149 

 150 

RESULTS 151 

Intestinal Histology and Histometry 152 

Histological evaluation of duodenum, jejunum and ileum revealed that dietary supplementation with 153 

150 ppm of CuSO4 in both forms did not show detrimental effects upon the small intestine structure 154 

(Fig. 1). Histometrical analyses of small intestine are reported in Table 2. Histometrical evaluation of 155 

jejunum and ileum indicated no effect (P >0.05) of dietary supplementation with CuSO4 in both forms 156 

on villus height, crypt depth, and villus height to crypt depth ratio. In the duodenum, villi height and 157 

crypt depth resulted higher (P <0.001) in 150UP than in 150P and control groups.  158 

 159 

Histochemistry    160 

The histochemistry data showed that the duodenum and jejunum goblet cells contained mixtures of 161 

neutral and acidic glycoconjugates in both villi and crypts (Fig. 2 a, d, g - b, e, h) in either control or 162 

treated piglets. Limited to the ileum, villi goblet cells prevalently contained neutral glycoconjugates 163 

(Fig. 2, c, f, i, arrows) and intestinal glands mucous cells prevalently contained acid glycoconjugates 164 

(Fig. 2, c, f, i, asterisks). In addition, duodenal Brünner glands were always PAS-reactive only, 165 

irrespective of the treatments (Fig. 2, a, d, g, arrowheads). The sulphated glycoconjugates revealed to 166 

be the predominant type in the goblet cells at the top of the villi, otherwise, sialo-glycoconjugates 167 

occurred mainly at the bases of the villi and along crypts without differences among experimental 168 

groups. (Fig. 2 j-r).  169 

 170 



Immunohistochemistry and cell counts  171 

An evident GFAP-immunopositivity was present in small cell bodies and in slender cytoplasmic 172 

processes in ganglia belonging to the inner and outer submucosal plexuses, as well as in the myenteric 173 

plexus (Fig. 3). In Table 3 data on GFAP-positive cells in small intestine was reported.  No differences 174 

(P >0.05) on GFAP-positive cells were observed in duodenum, jejunum and ileum among control 175 

versus treated groups.  176 

 177 

Microbial counts in large intestine  178 

Microbiological analyses of caecum and colon contents are reported in Table 4. Total bacteria count 179 

in caecum revealed to be lower (P <0.001) in piglets fed 150P than control and 150UP ones. A 180 

decrease (P <0.001) in Enterobacteriaceae was also evident in piglets fed 150P. In the colon total 181 

bacterial count was higher (P <0.001) in group fed 150UP than 150P and control groups. The dietary 182 

treatments did not affect the Enterobacteriaceae count in the colon. In the caecum the 183 

Enterobacteriaceae were lower (P <0.05) in animals fed 150P in comparison with the other two 184 

groups. The number of Streptococci of the treated animals was significantly lower in the colon when 185 

compared to the control group (P <0.01), whereas no differences were observed in the caecum. No 186 

differences (P >0.05) were observed on the number of Lactobacilli in both caecum and colon of the 187 

three groups of animals. 188 

 189 

DISCUSSION  190 

The weaning phase is the most stressful event in pig’s life, in fact, the gastrointestinal tract is not yet 191 

adequately developed and this could lead to pathogenic bacteria proliferation. Moreover, intestinal 192 

morphological changes during weaning are reputed to cause a reduced absorptive capacity (Boudry 193 

et al. 2004). Usually, copper sulphate dietary supplementation is a common mean to improve growth 194 

performances in post weaning piglets due to its antibacterial activity (Cromwell 2002). On the other 195 



hand, a study reported that ionic copper might work as a pro-oxidant in the organism, catalysing 196 

hydroxyl radicals formation (Bremner 1998). In fact, Fry et al. (2012) recently found that in post 197 

weaned piglets, dietary copper sulphate increased oxidative stress markers in the duodenum, which 198 

negatively affect villi morphologies. In the present study, histological data of duodenum, jejunum 199 

and ileum showed a normal structure. Only in duodenum dietary treatment with the copper sulphate 200 

in unprotected form increased villi length and crypt depth. Both these structures, and in particular 201 

villi height, are important factors to evaluate the digestive capacity in piglets and are positively 202 

correlated with weight gain and feed conversion ratio (Pluske et al. 1997). In fact, piglets feed 203 

conversion was improved in the same experimental group (1.63 kg/kg 150UP vs 2.2 kg/kg 150P, 204 

P=0.07) (Pastorelli et al. 2014). In literature, the data on the relationship between dietary copper 205 

sulphate and intestinal histometry are quite controversial. Shurson et al. (1990) observed an increase 206 

in villus height and crypt depth in weanling piglets fed high level of copper sulphate. No changes in 207 

intestinal morphology of weaned piglets with dietary supplementation of 250 ppm of copper sulphate 208 

were observed (Radecki et al. 1992). In disagreement, Zhao et al. (2007) observed decreased crypts 209 

depth in the small intestine of weaning piglets treated with dietary supplement of 200 ppm of CuSO4 210 

for 35 days.  Also Fry et al. (2012) reported a reduced duodenal villus height in relation to CuSO4 211 

supplementation. This difference should be related to the high dosage of CuSO4 supplementation used 212 

by the authors (225 mg/kg feed) and the different length of dietary supplementation (35 days). We 213 

speculate that CuSO4 supplementation in the first period post weaning may act by restoring the gut 214 

morphology while with a longer supplementation period it may act as pro-oxidant, negatively 215 

affecting intestinal mucosa. The histochemical evaluation of mucous cells glycoconjugate content did 216 

not show qualitative differences of the cell reactivity among the experimental groups, thus evidencing 217 

that the studied dietary interventions did not modify the small intestinal mucin profile. Similar results 218 

were obtained by Hedemann et al. (2003) who observed that the staining area of neutral, acidic or 219 

sulphated mucins of the intestinal mucous cells was not affected by treatments. Moreover, considering 220 



that an excess of Cu is associated with oxidative stress (Cerpa et al. 2005) we decided to study enteric 221 

glial cells (EGC), which are crucial for gut neuronal maintenance (Rühl 2005). In the present study, 222 

copper supplementation did not affect the enteric glial cells number in the small intestine, suggesting 223 

the absence of toxic effect upon the gut. The EGC form a fundamental component of the enteric 224 

nervous system, and their connections with intramural neurons are able to regulate the intestinal 225 

barrier function. Actually, it has been observed that EGC are necessary in the maintenance of 226 

intestinal homeostasis (Yu et al. 2014), considering their essential, even if indirect, role in 227 

maintaining the mucosal barrier integrity, which inhibits pathogens and toxins translocation. To our 228 

knowledge, it is the first time that the interaction between dietary copper sulphate and EGC has been 229 

studied. The data reveal that at the present dosage the dietary supplementation did not affect GFAP-230 

positive cells, whose expression in mature EGC is modulated by cell differentiation, inflammation, 231 

and injury (Rühl 2005). The Enterobacteriaceae and Streoptococci counts in the distal part of 232 

gastrointestinal tract are in line with the data reported by Pieper et al. (2009) in healthy piglets. The 233 

present data showed that dietary supplementation with 150P affects caecum total bacterial counts, as 234 

well as Enterobacteriaceae counts. In the colon, copper sulphate in both forms decrease 235 

Enterobacteriaceae and Streptococci counts. The Enterobacteriaceae including E. coli and 236 

Salmonella, are the main contributors to post weaning diarrhoea, and their reduction is consistent 237 

with the health piglets status (Stensland et al. 2015).  Our data are in agreement with Varel et al. 238 

(1987) that observed a decreased number of intestinal populations of Streoptococci in the colon of 239 

piglets treated with 125 ppm of copper sulphate. In addition, Jensen (1998), and Höjberg et al. (2005) 240 

observed that colifoms counts decreased in the colon of animals treated with 175 ppm of copper 241 

sulphate. In conclusion, the present study shows that dietary supplementation with 150UP in the first 242 

post weaning period may act by restoring the gut morphology, improving duodenal structure and 243 

positively modulating large intestinal microbiota. As a last consideration, the dietary treatment with 244 

copper in both forms did not stimulate EGC activation.  Further studies are required to evaluate the 245 



influence of dosage and length of copper sulphate dietary supplementation on gut oxidative stress 246 

markers. 247 

 248 

Acknowledgements  249 

The authors are grateful to the Manica S.p.a. (Rovereto, TN, Italy) for funding the study and providing 250 

the dietary interventions; authors wish to thank also Sintal Zootecnica (Isola Vicentina, Vicenza, 251 

Italy) for providing microencapsulation of the CuSO4. 252 

 253 

 254 

 255 

 256 

 257 

 258 

 259 

 260 

 261 

 262 

 263 

 264 

 265 

 266 

 267 

 268 

 269 

 270 



References 271 

Armstrong TA, Cook DR, Ward MM, Williams CM, Spears JW. 2004. Effect of dietary copper source 272 

(cupric citrate and cupric sulfate) and concentration on growth performance and fecal copper 273 

excretion in weanling pigs. Journal of Animal Science 82, 1234–1240. 274 

Boudry G, Péron V, Le Huërou-Luron I, Lallès JP, Sève B. 2004. Weaning induces both transient 275 

and long-lasting modifications of absorptive, secretory, and barrier properties of piglet intestine. 276 

Journal of Nutrition 134, 2256–2262. 277 

Bremner I. 1998. Manifestations of copper excess. American Journal of Clinical Nutrition 67, 5 278 

1069S-1073S. 279 

Cerpa W, Varela-Nallar L, Reyes AE, Minniti AN, Inestrosa NC. 2005. Is there a role for copper in 280 

neurodegenerative diseases? Molecular Aspects of Medicine 26, 405–420. 281 

Creech BL, Spears JW, Flowers WL, Hill GM, Lloyd KE, Armstrong TA, Engle TE. 2004. Effect of 282 

dietary trace mineral concentration and source (inorganic vs. chelated) on performance, mineral 283 

status, and fecal mineral excretion in pigs from weaning through finishing. Journal of Animal Science 284 

82, 2140–2147. 285 

Cromwell GL. 2002. Why and how antibiotics are used in swine production. Animal Biotechnology 286 

13, 7–27. 287 

Di Giancamillo A, Vitari F, Bosi G, Savoini G, Domeneghini C. 2010. The chemical code of the 288 

swine enteric neurons and the number of enteric glial cells may be affected by dietary probiotics. 289 

Neurogastroenterology and Motility 22, e271-e278.  290 

Fry RS, Ashwell MS, Lloyd KE, O’Nan AT, Flowers WL, Stewart KR, Spears JW. 2012. Amount 291 

and source of dietary copper affects small intestine morphology, duodenal lipid peroxidation, hepatic 292 

oxidative stress, and mRNA expression of hepatic copper regulatory proteins in weanling pigs. 293 

Journal of Animal Science 90, 3112–3119 294 



Hedemann MS, Højsgaard S, Jensen BB. 2003. Small intestinal morphology and activity of intestinal 295 

peptidases in piglets around weaning. Journal of Animal Physiology and Animal Nutrition 7, 32–41. 296 

Höjberg O, Canibe N, Poulsen HD, Hedemann MS, Jensen BB. 2005. Influence of dietary zinc oxide 297 

and copper sulphate on the gastrointestinal ecosystem in newly weaned piglets. Applied 298 

Environmental Microbiology 71, 2267–2277. 299 

Huang YL, Ashwell MS, Fry RS, Lloyd KE, FlowerS WL, Spears JW. 2015. Effect of dietary copper 300 

amount and source on copper metabolism and oxidative stress of weanling pigs in short-term feeding. 301 

Journal of Animal Science 93, 2948–2955. 302 

Jensen BB. 1998. The impact of feed additives on the microbial ecology of the gut in young pigs. 303 

Journal of Animal Feed Science 7, 45–64. 304 

National Research Council (NRC). 2012. Nutrient requirements of swine, 11th revised edition. 305 

National Academy Press, Washington, DC, USA. 306 

Pastorelli G, Rossi R, Zanardi E, Ghidini S, Corino C. 2014. Two different forms and levels of CuSO4 307 

in piglet feeding: liver, plasma and faeces copper status. Journal of Animal Feed Science 23, 52–57. 308 

Pieper R, Janczyk P, Schumann R, Souffrant WB. 2009. The intestinal microflora of piglets around 309 

weaning – with emphasis on lactobacilli. Archivia Zootechnica 9, 28–39. 310 

Pluske JR, Hampson DJ, Williams IH. 1997. Factors influencing the structure and function of the 311 

small intestine in the weaned pig: a review. Livestock Production Science 51, 215–236. 312 

Radecki SV, Ku PK, Bennink MR, Yokoyama MT, Miller ER. 1992. Effect of dietary copper on 313 

intestinal mucosa enzyme activity, morphology and turnover rates in weanling pigs. Journal of 314 

Animal Science 70, 1424–1431. 315 

Rühl A. 2005. Glial cells in the gut. Neurogastroenterology and Motility 17, 777–790.   316 

Savidge TC, Sofroniew MV, Neunlist M. 2007. Starring roles for astroglia in barrier pathologies of 317 

gut and brain. Lab Investigation 87, 731-736. 318 



Scheiber IF, Mercer JFB, Dringen R. 2014. Metabolism and functions of copper in brain. Progress 319 

in Neurobiology 116, 33–57. 320 

Seal BS, Lillehoj HS, Donovan DM, Gay CG. 2013. Alternatives to antibiotics: a symposium on the 321 

challenges and solutions for animal production. Animal Health Research Reviews 14, 78–87. 322 

Shelton NW, Tokach MD, Nelssen JL, Goodband RD, Dritz SS, JM DeRouchey, Hill GM. 2011. 323 

Effects of copper sulfate, tri-basic copper chloride, and zinc oxide on weanling pig performance. 324 

Journal of Animal Science 89, 2440–2451. 325 

Shen YB, Piao XS, W. Kim SW, Wang L, Liu P, Yoon I, Zhen YG. 2009. Effects of yeast culture 326 

supplementation on growth performance, intestinal health, and immune response of nursery pigs. 327 

Journal of Animal Science 87, 2614–2624  328 

Shurson GC, Ku PK, Waxler GL, Yokoyama MT, Miller ER. 1990. Physiological relationships 329 

between microbiological status and dietary copper levels in the pig. Journal of Animal Science 68, 330 

1061–1071. 331 

Stensland I,  Kim JC,  Bowring B,  Collins AM,  Mansfield JP, Pluske, JR. 2015. A Comparison of 332 

Diets Supplemented with a Feed Additive Containing Organic Acids, Cinnamaldehyde and a 333 

Permeabilizing Complex, or Zinc Oxide, on Post-Weaning Diarrhoea, Selected Bacterial Populations, 334 

Blood Measures and Performance in Weaned Pigs Experimentally Infected with Enterotoxigenic E. 335 

coli. Animals 5, 1147–1168.  336 

Varel VH, Robinson IM, Pond WG. 1987. Effect of dietary copper sulphate, aureo SP250, or 337 

clinoptilolite on ureolytic bacteria found in the pig large intestine. Applied Environmental 338 

Microbiology 53, 2009–2012. 339 

Yu YB, Li YQ. 2014. Enteric glial cells and their role in the intestinal epithelial barrier.  World 340 

Journal of Gastroenterology 20, 11273–11280. 341 

Zhao J, Harper AF, Estienne MJ, Webb KE, McElroy AP, Denbow DM. 2007. Growth performance 342 

and intestinal morphology responses in early weaned pigs to supplementation of antibiotic-free diets 343 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Stensland%20I%5BAuthor%5D&cauthor=true&cauthor_uid=26610577
https://www.ncbi.nlm.nih.gov/pubmed/?term=Kim%20JC%5BAuthor%5D&cauthor=true&cauthor_uid=26610577
https://www.ncbi.nlm.nih.gov/pubmed/?term=Bowring%20B%5BAuthor%5D&cauthor=true&cauthor_uid=26610577
https://www.ncbi.nlm.nih.gov/pubmed/?term=Collins%20AM%5BAuthor%5D&cauthor=true&cauthor_uid=26610577
https://www.ncbi.nlm.nih.gov/pubmed/?term=Mansfield%20JP%5BAuthor%5D&cauthor=true&cauthor_uid=26610577
https://www.ncbi.nlm.nih.gov/pubmed/?term=Pluske%20JR%5BAuthor%5D&cauthor=true&cauthor_uid=26610577


with an organic copper complex and spray-dried plasma protein in sanitary and non sanitary 344 

environments. Journal of Animal Science 85, 1302–1310. 345 

 346 

 347 

 348 

 349 

 350 

 351 

 352 

 353 

 354 

 355 

 356 

 357 

 358 

 359 

 360 

 361 

 362 

 363 

 364 

 365 

 366 

 367 

 368 



Table 1. Composition of experimental diet as-fed basis. 369 

 

Ingredient 

 

g/kg 

  

Steam-rolled corn 280 

Corn, yellow 150 

Barley  150 

Wheat middlings  80 

Dried whey 50 

Soy protein concentrate 40 

Soybean meal 48 60 

Fish meal, 70 28 

Rice protein meal, 65 24 

Dextrose 25 

Wheat bran 30 

Soy oil 30 

Vitamin-mineral premix1 35 

Dicalcium phosphate 10 

L-Lysine·HCl 5 

Preservative2 3 

 370 

1 Provided per kilogram of complete diet: Ca, 2.8 g; P, 0.14 g; Na, 1.33 g; vitamin A, 16,000 IU; 371 

vitamin D3, 2,000 IU; vitamin E, 175 IU; vitamin K (menadione sodium bisulphite), 3.8 mg; vitamin 372 

B1, 4.9 mg; vitamin B2, 9.8 mg; calcium D-pantothenate, 40 mg; niacin, 57.8 mg; vitamin B12, 0.09 373 

mg; vitamin B6, 7.7 mg; folic acid, 3.4 mg; biotin, 0.33 mg; choline chloride, 1000.0 mg; Zn (ZnO), 374 

100.0 mg; Cu (CuSO4), 0, 150 mg for control and treated groups; Mn (MnO), 108.0 mg; Fe (FeCO3), 375 

270.0 mg; I (KI), 3.85 mg; Co (CoSO4), 1.40 mg; Se (Na2SeO3), 0.49 mg. Premix containing Calcium 376 

formiate, sodium chloride, barley, butyric acid, dl-tryptophan, dl-methionine, l-threonine. 377 

2Composition per kg of complete feed: formic acid, 0.3 g; lactic acid, 1.1 g; colloidal silica carrier 378 

1.6 g. 379 

380 



Table 2. Effect of dietary copper sulphate, in protected and unprotected form, on histometrical 381 

analyses of piglet small intestine. 382 

                                      Dietary treatment2 

Item1 CTR 150P 150UP 

Duodenum  

    Villi height (µm) 

    Crypts depth (µm) 

    V:C ratio 

 

357.35A ± 6.84 

436.54A ± 9.19 

0.82 ± 0.011 

 

351.55A ± 11.06 

439.80A ±7.92 

0.79 ± 0.02 

 

392.04B ± 7.98 

473.37B ± 9.25 

0.83 ± 0.02 

Jejunum 

    Villi height (µm) 

    Crypts depth (µm) 

    V:C ratio 

 

317.04 ± 14.87 

394.67 ± 8.06 

0.81 ± 0.04 

 

345.83 ± 9.19 

380.19 ± 8.41 

0.91 ± 0.03 

 

346.02 ± 10.05 

374.34 ± 6.66 

0.92 ± 0.02 

Ileum 

    Villi height (µm) 

    Crypts depth (µm) 

    V:C ratio 

 

364.93 ± 12.02 

367.90 ± 9.79 

1.00 ± 0.04 

 

350.48 ± 7.39 

332.54 ± 8.39 

1.06 ± 0.03 

 

343.65 ± 6.72 

327.27 ± 6.14 

1.05 ± 0.02 

1Values are means  SEM, n =6. 383 

2CTR, no added copper sulphate; 150P, 150 ppm of copper sulphate in protected form; 150UP, 150 384 

ppm of copper sulphate in unprotected form. 385 

A,B,C Means with different superscripts differ significantly (P < 0.001). 386 

387 



Table 3. Effect of dietary copper sulphate, in protected and unprotected form,  on glial fibrillar 388 

acidic protein (GFAP) in piglets small intestine. 389 

                                      Dietary treatment2 

Item1 CTR 150P 150UP 

 

Duodenum  

    Auerbach’s plexus 

    Meissner’s plexus sup 

    Meissner’s plexus prof 

 

 

51.89 ± 12.48 

58.00 ± 12.01 

54.78 ± 6.70 

 

 

75.42 ± 10.81 

60.75 ± 10.40 

62.25 ± 5.80 

 

 

66.44 ± 12.48 

61.00 ± 12.01 

67.44 ± 6.70 

Jejunum 

    Auerbach’s plexus 

    Meissner’s plexus sup 

    Meissner’s plexus prof 

 

45.44 ± 11.03 

56.78 ± 9.97 

46.55 ± 5.61 

 

54.83 ± 9.55 

53.16 ± 8.63  

58.50 ± 4.85 

 

46.44 ± 11.03 

50.44 ± 9.97 

48.00 ± 5.61 

Ileum 

    Auerbach’s plexus 

    Meissner’s plexus sup 

    Meissner’s plexus prof 

 

43.67 ± 7.39 

75.78 ± 15.52 

65.89 ±11.64 

 

74.17 ± 6.40 

74.00 ± 13.44 

74.91 ± 10.08 

 

59.89 ± 7.39 

72.55 ± 15.52 

57.00 ± 11.64 

1Values are means  SEM, n =6. 390 

2CTR, no added copper sulphate; 150P, 150 ppm copper sulphate in protected form; 150UP, 150 ppm 391 

copper sulphate in unprotected form. 392 

393 



Table 4. Effect of dietary copper sulphate, in protected and unprotected form, on microbiological 394 

analyses in piglets caecum and colon.1 
395 

                                      Dietary treatment2 

Item1 CTR 150P 150UP 

 

Caecum 

    Total bacterial count 

    Enterobacteriaceae spp 

    Streptococcus spp 

    Lactobacillus spp 

 

 

6.71A ± 0.40 

6.56a ± 0.39 

6.37± 0.25 

6.54 ± 0.65 

 

 

4.70B ± 0.22 

4.43b ± 0.23 

5.72 ± 0.24 

6.22 ± 0.60 

 

 

7.00A ± 0.01 

6.30a ± 0.60 

5.77 ± 0.73 

6.34 ± 1.11 

Colon 

    Total bacterial count 

    Enterobacteriaceae spp 

    Streptococcus spp 

    Lactobacillus spp 

 

6.84A ± 0.21 

6.58 ± 0.30 

6.92A ± 0.50 

6.54 ± 0.66 

 

5.60B ± 0.26 

6.22 ± 0.47 

5.79B ± 0.23 

5.70 ± 0.71 

 

7.00A ± 0.01 

6.90 ± 0.72 

5.77B ± 0.73 

6.34 ± 0.87 

1Values are means  SEM, n =6; data are expressed as log10  colony-forming units / g of digesta) 396 

2CTR, no added copper sulphate; 150P, 150 ppm copper sulphate in protected form; 150UP, 150 ppm 397 

copper sulphate in unprotected form. 398 

A,B,C Means with different superscripts differ significantly (P < 0.001). 399 

a,b,c Means with different superscripts differ significantly (P < 0.05). 400 

401 



Figure 1. Histological analyses of duodenum, jejunum and ileum, HE.1 
402 

 
403 

 404 

1Histology of duodenum (a, d, g), jejunum (b, e, h) and ileum (c, f, i). All figures have the same scale 405 

bar located in Fig 1A: scale bar: 200 m. a,d,g) Normal aspect of the small intestine mucosa:  note 406 

the numerous villi (arrows) which appear to be regularly arranged and shaped in all animal groups 407 

(a=CTR; d=150P, g=150UP); b,e,h) Normal aspect of the small intestine mucosa:  intestinal crypts 408 

(arrows) are evident in all the piglets groups (b=CTR; e=150P, h=150UP);  c, f, i) Gut-associated 409 

lymphoid tissue is evident in all the piglet groups (c=CTR; f=150P, i=150UP). 410 

 411 

 412 

 413 

 414 



Figure 2. Histochemistry of duodenum, jejunum and ileum, Alcian blue (AB) pH 2.5/periodic acid-415 

Schiff (PAS) or high iron diamine (HID)/AB pH 2.5 sequence.  416 

 417 

Histochemistry of duodenum (a, d, g), jejunum (b, e, h) and ileum (c, f, i). All figures have the same 418 

scale bar located in (a): scale bar 200 lm. AB pH 2.5/PAS (a,d,g – b,e,h): there is a high prevalence 419 



of mixed (violet color) glycoconjugates in the mucous cells of duodenum and jejunum (arrows); in 420 

the duodenum the Brunner glands contain neutral glycoconjugates only (a = CTR, d = 150P, g = 421 

150UP, arrowheads). In ileum (c = CTR; f = 150P, i = 150UP), intestinal gland mucous cells contain 422 

prevalently acid (blue) glycoconjugates (asterisks). AB pH 2.5/PAS (j–r): the intestinal mucous cells 423 

contained prevalently sulphate (brown-black) glycoconjugates in the villi (arrows) and sialo-424 

glycoconjugates (azure) in the crypts (asterisks) CTR, control; 150P, 150 ppm of CuSO4 in protected 425 

form; 150UP, 150 ppm of CuSO4 in unprotected form. 426 

 427 

 428 

 429 

 430 

 431 

 432 

 433 

 434 

 435 

 436 

 437 

 438 

 439 

 440 

Figure 3. GFAP-immunohistochemical analyses of duodenum, jejunum and ileum sequence.1 
441 



 442 

1 GFAP-immunohistochemical analyses of duodenum (a, d, g), jejunum (b, e, h) and ileum (c, f, i). 443 

Scale bar: 200 m. A GFAP-positivity was present in small cell bodies and in their cytoplasmic 444 

processes in ganglia belonging to the inner (asterisks) and outer (arrowheads), as well as in the 445 

myenteric plexuses (arrows).  446 

 447 


