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Zinc (Zn) is an essential trace element for piglets, especially during the 
challenging post-weaning period. This study investigated the effects of two 
dietary Zn sources, namely zinc sulfate (ZnSO4) and a porous zinc oxide 
(pZnO), used at the European-authorized dietary level on piglets of differing 
birth body weights (BBWs): low (LBBW <1 kg) and normal (NBBW >1 kg). At 
weaning (25 days, d0), 64 piglets were assigned to four groups based on BBW and 
Zn source and fed diets that reached a total Zn level of 150 mg/kg. Body weight 
was monitored weekly until d21. On d9 and d21, 32 piglets were slaughtered for 
gut histology, immunohistochemistry, gene expression, blood markers, pH 
measurement, microbiota, and short-chain fatty acid (SCFA) analysis. The 
NBBW group had higher BW throughout the study (P<0.01), confirming BBW 
as a key factor influencing growth and physiological maturity. The pZnO group 
tended to have a higher average daily gain in the periods d0-d9 and d9-d14 
(P<0.10). The pZnO reduced jejunum pH at d21 (P = 0.02). The interaction 
between diet and BBW influenced the nuclear factor kappa B subunit 2 (NFKB2) 
expression at d9 (P = 0.03), with LBBW piglets fed ZnSO4 showing higher 
expression. At d21, the interaction between diet and BBW affected the villus 
height (P = 0.05) and the absorptive mucosal surface (P = 0.02), which were 
higher in the NBBW group than in the LBBW group fed ZnSO4, while no difference 
was observed between the NBBW and LBBW groups fed the pZnO. Differences in 
microbiota beta diversity were associated with BBW (P = 0.07 at d9; P = 0.03 at 
d21), and taxa abundance varied with Zn source and BBW. Overall, the results 
demonstrate that the pZnO positively influenced gut health and performance in 
weaned piglets, particularly in the LBBW group. The differential response to Zn 
sources according to BBW suggests that tailored mineral strategies could help 
mitigate the effects of weaning stress in vulnerable piglets. 
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1 Introduction 

Currently, genetic selection is leading to an increased spread of 
genetic lines of high-prolific sows; as a consequence of the high-
prolific sows’ genetic selection, there has been an increase in piglets 
born with low birth body weight (LBBW) (Beaulieu et al., 2010). 
The term “LBBW” refers to piglets with a birth weight of less than 
1.1 kg (Li et al., 2018) and is often associated with high neonatal 
mortality, delayed postnatal growth and development (Quiniou 
et al., 2002; Wellington et al., 2021), lower BW at the end of the 
nursing and during the weaning period (Rodrigues et al., 2020), and 
abnormal intestinal morphology (Chen et al., 2021; Gondret et al., 
2013). Furthermore, LBBW piglets are also associated with 
increased gastrointestinal tract (GIT) impairment due to the 
severe immaturity of the intestinal gut mucosa (Michiels et al., 
2013), as indicated by the lower expression of the inhibitor of the 
apoptosis gene, which codes for intestinal development (Ayuso 
et al., 2021), compromised intestinal permeability (Tao et al., 2019), 
and low expression of tight junction proteins such as Claudin 4 and 
Occludin 1 (Ayuso et al., 2021). 

Among nutrients, zinc (Zn) is an important trace element that is 
involved in the synthesis of over 300 enzymes, including intestinal 
brush border enzymes. It functions as a structural and functional 
element in protein molecules, DNA replication, and the reverse 
transcription process (Ciesinski et al., 2018). Furthermore, it is 
involved in metabolic pathways and molecular synthesis and in 
controlling gene expression, and is linked to gut health and immune 
function in animals (Ciesinski et al., 2018). Zn has been shown to 
reinforce the gut barrier by maintaining tight junction proteins, 
thereby reducing permeability and preventing the entry of 
potentially pathogenic bacteria into the bloodstream (Ortega and 
Szabó, 2021). Additionally, Zn plays a crucial role in intestinal 
development by promoting enterocyte proliferation, supporting 
villus height, and enhancing the enzymatic activity essential for 
nutrient absorption (Wan and Zhang, 2022). Zn also exerts 
significant anti-inflammatory effects by modulating cytokine 
expression and reducing oxidative stress in the gut epithelium, 
which is especially crucial for LBBW piglets, who are more prone to 
intestinal inflammation (Oh et al., 2021). According to recent 
European Union (EU) regulations, piglets’ diets can contain up to 
150 mg/kg of Zn, which is higher than the recommendation of the 
National Research Council (NRC) (NRC, 2012) (60 to 100 mg/kg). 
Currently, in Europe, the level of Zn in the raw material used to 
formulate common post-weaning diets is approximately 35/45 mg/ 
kg (Revy et al., 2003). Therefore, it is possible to add Zn from other 
sources to the post-weaning diets to reach a total of 150 mg/kg. Zinc 
oxide (ZnO) was one of the main Zn forms used to support the gut 
health of piglets; however, the literature is mainly based on high 
doses of ZnO, which are currently forbidden in the EU, while 
research on the effects of European-authorized doses of Zn on 
restoring small intestine impairment is still lacking. 

Moreover, Zn is available in different forms, characterized by 
different solubility and/or bioavailability, subsequently impacting 
its physiological role and the coverage of piglets’ requirements. In 
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Europe, Zn sulfate (ZnSO4) has been used as the primary Zn 
nutritional source in feed for a long time due to its high water 
solubility (Diao et al., 2021; Villagómez-Estrada et al., 2020). In fact, 
binding Zn to the sulfate group leads to an increase in its 
bioavailability (Bonetti et al., 2021). 

More recently, different sources of Zn, such as ZnSO4, have been 
tested with promising results on gut health and in alleviating 
weaning disorders in piglets (Long et al., 2017). In particular, the 
use of a low dose (500 mg/kg) of porous ZnO (pZnO) has been 
demonstrated to be as effective as the pharmacological dose of ZnO 
in sustaining gut function in weaning pigs (Long et al., 2017). This 
form of porous Zn is characterized by small aggregates and 
agglomerated particles (Cardoso et al., 2021) and  has higher

solubility than other ZnO sources (Wang et al., 2019), despite 
being a non-water-soluble source. Indeed, the dissolution kinetics of 
porous Zn may follow a mixed reaction–diffusion mechanism, 
including a dissolution occurring on the internal surface of the 
pores and a diffusion of Zn²+ ions through the pores into the 
surrounding medium. As a result, the release rate of porous Zn is 
slower than that of ZnSO4. These differences between pZnO and 
ZnSO4 may also influence the expression of intestinal Zn 
transporters (Ma et al., 2021). In particular, two Zn transporter 
families have been detected: solute carrier (SLC) belonging to family 
30 (zinc transporter, ZnT) and family 39 (ZIP). ZIP and ZnT differ 
in their direction of Zn transport, position, and their mechanistic 
transport (Yin et al., 2022). ZIP family transporters promote Zn2+ 

influx into the cytosol from the subcellular compartments or the 
extracellular space (Kambe and Wagatsuma, 2023). In contrast, 
ZnT transporters decrease Zn2+ from the cytosol in two possible 
ways: by facilitating Zn uptake in subcellular compartments or by 
excreting it into the circulation (Rutter et al., 2016). Since ZnSO4 

releases Zn²+ ions rapidly, which can saturate intestinal transporters 
(from the ZIP family), leading to the risk that part of the Zn may be 
lost or precipitate in the presence of anti-nutrients (e.g., phytates, 
fibers). In contrast, pZnO, characterized by a more gradual and 
sustained release of Zn²+ ions, can enhance intestinal absorption 
along the entire small intestine and prevent the local saturation of 
transporters, making absorption more efficient over time (Ma 
et al., 2021). 

Based on current knowledge, since the LBBW pigs suffer a 
greater negative impact at weaning, characterized by a lower BW at 
weaning; less intestinal development, especially of the small 
intestine; and a lower maturity of the immune system than 
NBBW piglets, we hypothesized that the administration of a 
porous form of ZnO could benefit their development, reducing 
the physiological gap between LBBW and NBBW piglets. To the 
authors’ knowledge, this is the first study aiming to compare two 
different sources of Zn in piglets differing in their birth body weight 
(BBW). Following our preliminary results (Negrini et al., 2022, 
2023), the aim of the present study was to compare the effects of 
ZnSO4 or a pZnO, which differ in their solubility, dissolution 
kinetics, and intestinal absorption, on the gut health status of 
LBBW and NBBW piglets from weaning until 3 weeks 
post-weaning. 
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2 Materials and methods 

2.1 Experimental design 

The in vivo trial was approved by the Ethics Committee for 
Experiments on Animals at the University of Bologna, Italy and by 
the Italian Ministry of Health (Authorization n. 287/2021 PR, 
issued in compliance with art. 31 of the D.lgs. 26/2014) and 
complied with the Animal Research Reporting of In Vivo 
Experiments guidelines (Percie du Sert et al., 2020). 

A total of 64 piglets (Large white × Landrace) were selected 
from multiparous sows (5 ± 1.5 parity order) reared on an Italian 
commercial farm. Healthy piglets from each litter were weighed at 
birth and were categorized as LBBW when the BBW was <1 kg (0.92 
± 0.09 kg; n=32) or NBBW when the BBW was >1 kg (1.37 ± 
0.09 kg, n=32). The piglets were then monitored and weighed 3 days 
after birth (LBBW: 1.23 ± 0.00014 kg; NBBW: 1.74 ± 0.00021 g) and 
again at weaning (25 days of age; LBBW: 6.284,52 ± 0.75 kg and 
NBBW: 7.777,50 ± 0.77 g). No creep feed was provided during the 
suckling phase. 

At weaning (d0), the piglets were transported to the 
experimental unit at the University of Bologna and arranged in a 
2 x 2 factorial design that included BBW (LBBW or NBBW) and 
diet (ZnSO4 or pZnO) (HiZox, Animine, Annecy, France) as 
factors. Therefore, the piglets were divided into four experimental 
groups (8 replicates of 2 piglets/group) balanced for litter of origin 
(both BBW classes were represented in each litter) and BW (within 
each BBW class): 1) LBBW piglets receiving a diet with ZnSO4; 2) 
LBBW piglets receiving a diet with pZnO; 3) NBBW piglets 
receiving a diet with ZnSO4; and 4) NBBW piglets receiving a diet 
with pZnO. 

To prepare the two diets, the basal diet was initially produced in 
a single batch without Zn addition. After production, Zn 
concentrations were determined in the basal diet. Then, the basal 
diet was divided into two sub-batches. Each sub-batch was 
integrated with one of the two Zn sources to reach approximately 
150 mg/kg of total Zn using a small mixer. 

Humidity, crude protein, crude fat, and crude fiber in the diet 
were analyzed following the methods approved by the European 
(2009). The zinc content of the diets was analyzed using inductively 
coupled plasma mass spectrometry ICP/MS (Wilschefski and 
Baxter, 2019). The final Zn levels of the two diets, obtained after 
supplementation with HiZnO and ZnSO4, respectively, fall within 
the EU authorized range, considering the analytical error of the 
analysis. Calcium and phosphorus concentration analyses were 
carried out using inductively coupled plasma optical emission 
spectroscopy (ICP-OES, AOAC Official Method 984.27; AOAC 
Int., 2007). Metabolizable and Net energy (ME and NE, 
respectively) were estimated using the InraPorc software (Version 
1.8.0.0) (van Milgen et al., 2008) based on the Noblet et al. (1994). 

The estimated and analyzed composition values of the basal diet 
are reported in Table 1. 

During the study, the piglets were fed ad libitum with continuous 
access to water. The piglets were kept in pens with a slatted floor 
containing enrichment material consisting of metal chain and cotton 
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rope. The room temperature was kept at 30°C at the beginning of the 
trial and then gradually decreased to 26°C by the end of the trial (day 
21). In addition, infrared lamps were used during the first 10 post-
weaning days. Temperature and humidity were recorded daily. 
TABLE 1 Ingredients and analyzed composition of the basal diet. 

Ingredients % Analyzed 
composition 

Barley 24.51 Humidity (%) 10.6 

Soybean meal 48% 16.2 Crude Protein (g/100 g) 19.2 

Corn/barley flakes 15 Crude fiber (g/100 g) 3.0 

Soft wheat 10 Ether extract (%) 6.1 

Corn 10 Calcium (mg/kg) 4375 

Milk whey dried 6.5 Total phosphorus (%) 4.4 

Wheat bran 6.5 Ash (%) 5.0 

Soybean oil 2.5 Starch (%) 36.7 

Spray-dried porcine plasma 2.5 
Metabolizable Energy 
(kcal/kg)3 3283 

Potato protein concentrate 1.0 Net energy (kcal/kg)3 2459 

Soybean protein concentrate 1.0 
Zinc in the ZnSO4 group 
(mg/kg) 

149.9 

Coconut oil 0.8 
Zinc in the pZnO group 
(mg/kg) 

138.7 

Dicalcium phosphate 0.75 

Benzoic acid 0.5 

L-lysine hcl 0.42 

Salt 0.4 

Citric acid 0.3 

Calcium formate 0.3 

Dl-methionine 0.157 

Vitamin premix1 0.155 

L-threonine 0.15 

Aroma 0.1 

Mineral premix (no zinc)2 0.0801 

L-tryptophan 0.07 

Val-Ile-Leu-His premix 0.05 

Phytase 0.0075 

Zinc sulphate (35%) in the 
ZnSO4 group 

0.0264 

HiZox (80%) in the 
pZnO group 

0.0132 
frontier
1Vitamin premix composition on 1 kg of feed: Vitamin A 16000 UI; Vitamin D3–1600 UI;
 
Vitamin E 120 mg; Biotin 0,06 mg; Choline chloride 375 mg; Folic acid 0,63 mg; Niacin 37,50
 
mg; D-Calcium-pantothenate 9,73 mg; Vitamin B1 6,25 mg; Vitamin B12 0,04 mg; Vitamin
 
B2 6,25 mg; Vitamin B6 6,25 mg; Vitamin K3 3,13 mg.
 
2Mineral premix (%): Iron sulphate 0.04, copper sulphate 0.02, manganese oxide 0.01,
 
potassium iodide 0.0001.
 
3Metabolizable and net energy were estimated using the Noblet equation.
 
pZnO, a porous source of zinc oxide.
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2.2 Measurements and sample collection 

Piglets were weighed individually on d0 and then every week 
until d21 post-weaning (end of the trial). Feed intake (FI), general 
health status, and fecal consistency (5-point scale: 1 hard feces – 5 
watery feces) were recorded daily. The piglets were considered to have 
diarrhea when the fecal score was > 3 (Correa et al., 2022). The piglets 
(one piglet/replicate) were slaughtered at two time points: d9 (total of 
32 piglets; acute post-weaning phase) and d21 (total of 32 piglets; 
post-weaning recovery phase). At slaughter, the piglets were sedated 
and euthanized as previously described by Trevisi et al. (2023). 

At d9 and d21, the piglets were fasted for 12 hours in order to 
reach the basal physiological level of Zn in the blood circulation and 
to avoid confounding factors regarding the determination of Zn in 
the target tissues. Blood samples were collected at d9 (from all the 
piglets) and d21 (from the remaining piglets) in 10 mL tubes with a 
clot activator (Vacutest Kima Padova, Italy). After 2 hours of 
clotting, the blood samples were centrifuged at 2,000 x g at room 
temperature for 10 minutes to obtain the serum. The serum was 
then stored at –80°C until the analyses for reactive oxygen 
metabolite (ROM), haptoglobin (Hp), and Zn concentrations. 

At slaughter, the intestinal content from the distal jejunum, cecum, 
and colon was immediately sampled and processed for pH 
determination (Vio, Giorgio Bormac S.r.l., Carpi, MO, Italy). For 
microbiota profile characterization and short-chain fatty acid (SCFA) 
analyses, a sample of the colon content was collected in a sterile tube, 
immediately frozen in liquid nitrogen, and then stored at -80°C. Two 
samples of the distal jejunal mucosa were collected from each piglet. One 
was gently scraped, promptly frozen in liquid nitrogen, and then stored 
at -80°C for gene expression analyses, and the second one was fixed in 
formalin for immunohistochemical and morphological analyses. Finally, 
a liver sample (from the same lobe) was collected, frozen in liquid 
nitrogen, and then stored at -80°C for Zn concentration analyses. 
2.3 Blood and liver analysis 

ROM concentration was determined colorimetrically from the 
serum samples using the d-ROMs test kit (Diacron International Sr1, 
Grosseto, Italy). Regarding the automatic analysis of the ROMs 
(Brambilla et al., 2002), the analyses were carried out as described by 
Correa et al. (2022). The concentrations of Hp were determined in the 
serum samples using the Tridelta Phase Hp Kit (Tridelta Development 
Ltd., Maynooth, Co. Kildare, Ireland) as previously described by Trevisi 
et al. (2017). Zn concentrations in the  serum and liver were analyzed 
using inductively coupled plasma optical emission spectrometry (ICP­
OES, Method 985.01 A, B, and C; 135 AOAC Int., 2007) after wet ash 
sample preparation (Method 975.03 B(b); AOAC Int., 2007). 
2.4 Gene expression analysis in the 
jejunum 

Total RNA was isolated from the jejunal mucosal samples of the 
piglets and transformed into complementary DNA (cDNA) using 
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the method described by Luise et al. (2023). Duplex real-time PCR 
was carried out for the following specific genes: IAP (intestinal 
alkaline phosphatase) as an intestinal development marker; 
CLAUD4 (Claudin-4) for its role in the regulation of the tight 
junction pathway; NFKB2 (Nuclear Factor Kappa B Subunit 2), to 
assess the activation of inflammatory pathways; GPX2 (Glutathione 
Peroxidase 2), as a marker of oxidation status; SLC39A4 (Solute 
Carrier Family 39 Member 4), and SLC30A7 (Solute Carrier Family 
30 Member 7) as Zn transporters. Each reaction consisted of 2 μL of 
cDNA and an 8 μL mix containing probe assays (Supplementary 
Table S1), along with 2X TaqMan Mastermix. The assays were 
carried out in triplicate as previously described by Trevisi et al. 
(2023). Target gene expression was presented as a fold change, 
calculated using the formula 2-DDCt. 
2.5 Morphological and 
immunohistochemical analysis of the 
jejunum mucosa 

Samples from the jejunum were preserved in 10% buffered 
formalin for 48 hours and subsequently embedded in paraffin for  the  
morphological assessments. Sections of the paraffin were then stained  
with hematoxylin and eosin. Measurements of the height and width of 
30 villi and the width and depth of 30 crypts were taken from each 
sample. Only villi and crypts aligned perpendicularly to the muscularis 
mucosae were selected for the morphometric study. Using a 
conventional microscope linked to a digital camera and computer 
with cytometry software (Byk Gulden, Milan, Italy), the sections were 
examined at a lower magnification. Villus height was defined as the 
distance from the base of the crypt to its top, while crypt depth was 
measured from its base to the level of the crypt opening. The mucosal­

to-serosal amplification ratio (M), indicating the absorptive mucosal 
area in the jejunum, was computed as described by Correa et al. (2022). 

The samples were observed using a Nikon Eclipse Ni 
microscope, and the images were captured with a Nikon DS-Fi2 
digital camera using NIS Elements software BR 4.20.01 (Nikon 
Instruments Europe BV, Amsterdam, The Netherlands). A 20X 
objective lens was utilized for morphometric assessments. 

Regarding the immunohistochemical procedure, the avidin­
biotin peroxidase complex (ABC) technique was utilized. The 
paraffin sections initially underwent deparaffinization and 
rehydration. Antigenic sites were exposed by heating the slides in 
sodium citrate buffer (pH 6.0) using a microwave. To inhibit 
endogenous peroxidase, the sections were treated with a 1% 
methanol  peroxidase  solution  for  30  minutes  at  room  
temperature. Subsequently, a 30-minute incubation in 0.01 M 
phosphate-buffered saline containing 10% goat or horse serum 
was carried out to block non-specific antibody binding. The slides 
were then left overnight at 4°C with the following antibodies: 
polyclonal goat anti-porcine immunoglobulin A (IgA) (1:2000; 
Novus Biologicals, NB724), polyclonal rabbit anti-CD3 serum 
(1:1500; Sigma Aldrich, C7930) and monoclonal mouse anti­
Claudin-4 (1:300; ThermoFisher -Invitrogen, 32-9400, clone 
3E2C1). After rinsing, the slides were incubated at RT for 1 hour 
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with biotin-conjugated secondary antibodies [(goat anti-rabbit IgG, 
horse anti-goat IgG, and goat anti-mouse IgG, each diluted 1:200) 
(Vector)], followed by treatment with the ABC complex (Vector 
Elite Kit, Vector Laboratories). Visualization of the immune 
reactions was achieved using a 3,3’-diaminobenzidine chromogen 
solution (Vector DAB Kit, Vector Laboratories), and Toluidine blue 
was used to counterstain the sections. Figure 1 shows a 
representative image of porcine jejunal mucosa stained with anti-
IgA, CD3, and Claudin-4 antibodies. 

Quantitative assessment of the IgA cells followed the protocol 
described by Bianco et al. (2014). The IgA-positive cell counts were 
carried out in two functional regions of the intestinal lamina 
propria: 1) along the villus axis and 2) interspersed within the 
crypts. The IgA-positive cell density was quantified and expressed 
as the number of immunoreactive IgA cells per 4,000 mm2. The 
lamina propria region was manually outlined to exclude significant 
blood vessels and epithelial cells. 

The distribution and count of jejunal intra-epithelial 
lymphocytes, T lymphocytes along the villi, and the lamina 
propria between the crypts were assessed in three distinct areas: 
the first within the enterocytes above the epithelial basal lamina, the 
second within the lamina propria along the villus axis, and the third 
Frontiers in Animal Science 05 
within the lamina propria interspersed with the crypts, as previously 
defined by Vega-López et al. (2001). 

For Claudin-4 immunoreactivity assessment, 10 villi from each 
sample were examined. The sections were graded based on the 
presence, distribution, and intensity of Claudin-4, using the 
following scores: 1: light/limited staining, 2: moderate staining, 
and 3: intense staining, as detailed by Correa et al. (2022). The 
analyses involved 10 villi and 10 crypts per piglet. 
2.6 Bacterial DNA extraction and 
bioinformatic analysis 

The DNA extraction was carried out on 62 samples in total. The 
bacterial DNA present in the colon content was isolated using the 
FastDNA SPIN Kit for Soil (MP Biomedicals, Santa Ana, CA, USA), 
following the instructions provided. To assess DNA concentration 
and purity, a spectrophotometric analysis was carried out using the 
NanoDrop instrument (Thermo Fisher Scientific Inc., Waltham, 
Massachusetts, United States). 

The V3-V4  regions of the  16S rRNA  gene (~460  bp) were targeted  
for amplification. The amplification process utilized universal primers 
FIGURE 1 

Representative images of porcine jejunal mucosa stained with anti-IgA, CD3, and Claudin antibodies. In image (A) the immunoreactive (IR) 
gAproducing cells are mainly located in the connective tissue (lamina propria) surrounding the intestinal glands, rather than in the connective tissue 
of the villus. T lymphocytes [(CD3-IR cells, image (B)] are located in both the epithelial layer (above the basement membrane) and the lamina 
propria. Intraepithelial T lymphocytes are mixed with enterocytes along the villus axis. Claudin 4 immunoreactivity involves the enterocyte profile, 
especially in the villi (less so in the intestinal glands) (C). The images in (A, C) were counterstained with toluidine blue. 
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Pro341F and Pro805R as detailed by Takahashi et al. (2014). 
Platinum™ Taq DNA Polymerase High Fidelity (Thermo Fisher 
Scientific Inc., Waltham, Massachusetts, United States) was used. 
The Illumina MiSeq platform was utilized for sequencing with a 
300x2bp configuration. Library preparation adhered to the standard 
MiSeq Reagent Kit V3 protocol, and sequencing took place on the 
MiSeq instrument (Illumina Inc., San Diego, CA, USA). 

For bioinformatic analyses, the DADA2 pipeline (Callahan 
et al., 2016) was used, and the Silva database (Quast et al., 2013) 
(version 138.1) was used for the taxonomic assignments. After 
primer removal, both forward and reverse reads were trimmed at 
positions 290 and 250, respectively, based on the average quality 
scores. Default settings for the other parameters within the DADA2 
analysis were retained. 
2.7 Short-chain fatty acids and lactic acid 
concentrations in colon content 

Examination of SCFAs (including acetate, propionate, 
isobutyrate, butyrate, valerate, and isovalerate) and lactic acid in 
the colon content samples was conducted using HPLC, as 
previously reported by Trevisi et al. (2023). Quantitative analysis 
was carried out based on an external calibration curve using 
standard solutions (Sandri et al., 2017). 
2.8 Statistical analyses 

R version 3.6 was used to carry out the statistical analyses, with 
the “car” 3.1-1 (Fox and Weisberg, 2019), “lm4” 1.1-31 (Bates et al., 
2015), and “lsmeans” 2.30–0 packages (Lenth, 2021). 

The four groups were arranged based on a 2 x 2 factorial design, 
taking into consideration the BBW class and diet. Prior to initiating 
the statistical assessments, the data distributions were examined. 
Parameters including BW, average daily gain (ADG), fecal score, 
intestinal content pH, ROMs, Hp, gene expression, morphological 
metrics, SCFAs, and lactic acid underwent analysis using a linear 
mixed model. This model included BBW class, diet, and their 
interaction as fixed factors, with the litter as a random factor. For 
the FI and the gain to feed (G:F) ratio, the pen was considered the 
experimental unit. These parameters were analyzed using a linear 
model with diet and BBW class as fixed factors. The difference 
between the groups was tested using Tukey’s post hoc test. 

For the microbiota analysis, the vegan 2.6 (Dixon, 2003), 
phyloseq  1.38.0  (McMurdie  and  Holmes,  2011) ,  and  
microbiomeMarker 1.0.2 (Cao et al., 2022) R packages were used 
for statistical analyses on alpha diversity, beta diversity, and 
taxonomic composition. For alpha diversity, the Chao1, Shannon, 
and Simpson indices were calculated, and differences among the 
groups were analyzed using a linear model. Diet, BBW class, their 
interaction, and sequencing depth were included in the model. The 
beta diversity was calculated utilizing the Bray–Curtis distance 
matrix, visualized via a non-metric multidimensional scaling 
(NMDS) plot. The effects of BBW class and diet were tested using 
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a non-parametric PERMANOVA model (Adonis test) with 
999 permutations. Differential abundance analysis concerning 
various taxa was carried out using Linear discriminant analysis 
Effect Size (LefSe) (Segata et al., 2011), integrated within the 
microbiomeMarker package (v 1.0.2). Data were aggregated at the 
genus level, with a cutoff value set at 3, and a P.adj < 0.05 was 
considered significant for the LefSe analysis (Correa et al., 2022). 

The results were considered significant at P < 0.05, while P ≥ 
0.05 and P < 0.10 were considered tendencies (Correa et al., 2022). 
3 Results 

3.1 Health and performance 

Two piglets out of 64 were excluded from the study due to 
reduced FI during the first week post-weaning and the consequent 
loss in BW (one in the ZnSO4 group and one in the pZnO group 
from the LBBW class). No effect of diet and BBW class was observed 
on the fecal score. Overall, the piglets were healthy since the average 
fecal score was below 3 (cutoff for diarrhea). 

Table 2 reports the effects of the diet and the BBW class on 
growth performance. The interaction between diet and BBW class 
was never significant. The BW was not affected by diet at d7, d9, and 
d21, while at d14, the piglets in the pZnO group tended to be heavier 
than the piglets in the ZnSO4 group (P = 0.09). The BBW class 
significantly influenced the BW of the piglets; the NBBW piglets were 
heavier than the LBBW piglets at all the time points (P < 0.001). 

The ADG was not affected by diet in the periods from d0 to d7, 
from d9 to d21, and from d0 to d21, while it tended to be higher in 
the pZnO group compared with the ZnSO4 group when considering 
the periods from d0 to d9 (P = 0.07) and from d9 to d14 (P = 0.08). 
No differences were observed in the ADG in the periods from d0 to 
d7, from d0 to d9, and from d0 to d21 for the BBW, while it affected 
the ADG in the periods from d9 to d14 (P < 0.01) and from d9 to 
d21 (P = 0.01); the NBBW piglets had a higher ADG compared with 
the LBBW piglets (P < 0.01). 

The FI was never affected by diet or by the interaction between 
diet and BBW in any of the periods analyzed, while the BBW class 
influenced piglet FI from d9 to d14, from d9 to d21, and from d0 to 
d21, resulting in a higher FI in the NBBW group (P < 0.01). 

The G:F ratio was affected by diet considering the periods from d0 
to d7 (P = 0.05), from d0 to d9 (P = 0.04), and from d0 to d21 (P = 
0.04), resulting in a higher G:F ratio for the pZnO group as compared 
with the ZnSO4 group. The BBW class never affected the G:F ratio 
except for a tendency from d0 to d9 (P = 0.09) when the LBBW piglets 
had a higher G:F ratio as compared to the NBBW piglets. 
3.2 Blood and liver parameters 

The effects of diet, BBW class, and their interaction on Zn 
concentrations in serum and liver, and on Hp and ROM 
concentrations are reported in Table 3. The effects of interaction 
between diet and BBW class, diet, and BBW class were never significant. 
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3.3 Gene expression in the jejunum 
mucosa 

Table 4 reports the effects of diet, BBW class, and their 
interaction on the gene expression in the jejunal mucosa at d9 
and d21. The expression of NFKB-2 was significantly affected by the 
interaction between diet and BBW class (P = 0.03) at d9. The 
expression of NFKB-2 was also affected by diet (P = 0.02) and BBW 
class (P = 0.005); the pairwise contrasts showed that the LBBW 
group tended to have a higher NFKB-2 than the NBBW group but 
only in the ZnSO4 group (P = 0.09). The other genes were not 
affected by diet, BBW class, or their interaction at d9. At d21, the 
interaction between diet and BBW class did not affect the 
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expression of any gene. Diet tended to affect the SLC39A4 
expression, resulting in higher expression in the ZnSO4 group 
than in the pZnO group (P = 0.09). The other genes were not 
affected by diet at d21. 
3.4 Intestinal morphology and 
immunological parameters regarding the 
jejunum mucosa 

Table 5 reports the effects of diet, BBW class, and their interaction 
on the distal jejunum morphology and immunohistochemical 
parameters at d9 and d21. At d9, the interaction between diet and 
TABLE 2 The effects of zinc administration, body weight class, and their interaction on the performance outcomes of post-weaning piglets. 

Item 

BBW class1 

SEM 

P-value2 

LBBW NBBW 

ZnSO4 

(n=15) 
pZnO 
(n=15) 

ZnSO4 

(n=16) 
pZnO 
(n=16) Diet BBW class Diet × 

BBW class 

BW, g 

d0 6347 6350 7844 7813 205.0 0.93 <0.001 0.92 

d7 6678 6811 8078 8164 218.0 0.55 <0.001 0.90 

d9 6821 7041 8271 8346 216.0 0.43 <0.001 0.70 

d14 8179 8797 9977 10590 312.0 0.09 <0.001 0.99 

d21 11069 11769 13192 13653 553.0 0.20 <0.001 0.79 

ADG, g/day 

d0-d7 49.8 68.4 33.8 52.9 12.50 0.13 0.20 0.99 

d0 -d9 55.6 79.9 49.0 62.6 10.40 0.07 0.25 0.61 

d9-d14 246 331 370 432 53.40 0.08 <0.01 0.78 

d9-d21 337 378 422 436 31.10 0.31 <0.01 0.59 

d0-d21 228 256 264 274 20.20 0.32 0.10 0.60 

Feed intake, g 

d0-d7 95.7 89.7 94.0 86.3 7.70 0.35 0.72 0.91 

d0-d9 111 111 119 117 7.50 0.86 0.32 0.91 

d9-d14 334 366 426 469 42.20 0.26 0.003 0.87 

d9-d21 475 509 567 580 37.80 0.48 0.005 0.73 

d0-d21 325 337 377 380 23.30 0.72 0.008 0.82 

Gain to feed 

d0-d7 0.45 0.75 0.32 0.52 0.130 0.05 0.16 0.71 

d0-d9 0.46 0.71 0.40 0.49 0.080 0.04 0.09 0.32 

d9-d14 0.72 0.88 0.84 0.92 0.080 0.10 0.23 0.58 

d9-d21 0.70 0.75 0.74 0.75 0.020 0.24 0.25 0.41 

d0-d21 0.69 0.76 0.69 0.72 0.020 0.04 0.26 0.31 
BW, body weight; ADG, average daily gain; LBBW, low birth body weight; NBBW, normal birth body weight; pZnO, porous source of zinc oxide.
 
1Piglets were divided into low birth body weight (LBBW: 30 piglets, 0.92 ± 0.09 kg) and normal birth body weight (NBBW: 32 piglets, 1.37 ± 0.09kg).
 
2Data were analyzed as follows: linear mixed model, including diet, BBW class, and their interaction as fixed factors, with the litter as a random factor. Piglets were used as the experimental unit.
 
For feed intake and gain-to-feed ratio, the pen was considered the experimental unit.
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BBW class tended to affect the crypt depth (P = 0.08) and the number 
of T lymphocytes in the villi (P = 0.050). The T lymphocytes in the 
villi were lower in the LBBW piglets fed pZnO than in all the other 
groups. At d9, the diet almost entirely did not affect the 
morphological and immunological parameters, with the only 
exception of the number of T lymphocytes in the crypts (P = 
0.0005), which was higher in the ZnSo4 group than in the pZNO 
group. The BBW class tended to affect the villus width (P = 0.08) at 
d9, resulting in wider villi in the NBBW than in the LBBW piglets. 
The BBW class tended to affect the IgA cell count in the villi at d9 (P 
= 0.059) and significantly affected the IgA in the crypts (P = 0.003); 
the NBBW piglets had higher values in both the villi and the crypts as 
compared to the LBBW piglets. The BBW class also affected the 
number of T lymphocytes in the crypts (P = 0.016), which was higher 
in the LBBW piglets. 

At d21, the interaction between diet and BBW class tended to 
influence the villus height (P = 0.05) and the height-to-crypt-depth 
ratio (VH: CD) (P = 0.068), which were also affected by the BBW class 
(P = 0.005 and P = 0.008, respectively); the LBBW piglets had lower 
villus heights and a lower VH: CD compared to the NBBW piglets, 
and the LBBW piglets in the ZnSO4 group tended to have  lower  villus  
height and lower VH: CD than the NBBW piglets in the ZnSO4 group 
(P = 0.06). The absorptive mucosal surface was affected by the 
interaction between diet and BBW class (P = 0.02) and by the BBW 
class (P = 0.008); it was higher in NBBW piglets than the LBBW 
piglets, and when examining the differences among the groups, it 
tended to be higher in the NBBW piglets than in the LNNB piglets fed 
ZnSO4 (P = 0.08), while no differences were observed between the 
NBBW and LBBW piglets fed pZnO. The interaction between diet 
and BBW class tended to influence the IgA in the villi (P = 0.06), 
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which were also affected by BBW class (P = 0.04); the NBBW piglets 
had higher IgA than the LBBW piglets. The interaction between diet 
and BBW class affected the number of T lymphocytes in the 
epithelium (P = 0.049), which was also affected by the BBW class 
(P <0.001); the LBBW piglets had a higher number of epithelial T 
lymphocytes. However, the LBBW piglets fed pZnO had a comparable 
number of epithelial T lymphocytes as the NBBW piglets fed pZnO. 
Finally, diet (P = 0.04) and BBW class (P = 0.002) influenced the 
number of T lymphocytes in the crypt, which was higher in the ZnSo4 

groups than the pZnO groups and in the LBBW piglets compared to 
the NBBW piglets. BBW tended to influence the Claudin-4 score, 
which was higher in the NBBW group (P = 0.09). 
3.5 pH values of the gut content 

The effects of diet, BBW class, and their interaction on the pH 
values of the jejunum, cecum, and colon contents are reported in 
Table 6. The interaction between diet and BBW class was never 
significant. Diet and BBW class did not influence the pH values at d9. 
At d21, the pH of the jejunum contents was lower in the piglets in the 
pZnO group compared with those in the ZnSO4 group (P = 0.02). 
The BBW class did not influence the pH of the gut contents at d21. 
3.6 Concentrations of short-chain fatty 
acids and lactic acid in the colon content 

Table 7 reports the effects of diet, BBW class, and their 
interaction on the SCFA and lactic acid concentrations in the 
TABLE 3 The effects of zinc administration, body weight category, and their interaction on zinc concentrations in the serum and liver and the 
reactive oxygen metabolite and haptoglobin concentrations of post-weaning piglets at d9 and d21. 

Item 

BBW class1 

SEM 

P-value2 

LBBW NBBW 

ZnSO4 

(n=15) 
pZnO 
(n=15) 

ZnSO4 

(n=16) 
pZnO 
(n=16) 

Diet BBW 
class 

Diet × 
BBW class 

d9 

Zn serum, mg/kg 0.57 0.50 0.62 0.63 0.150 0.82 0.53 0.79 

Zn liver, mg/kg 52.5 51.3 44.6 50.2 5.360 0.67 0.39 0.52 

ROM, mmol H2O2/L 28.7 28.1 29.4 31.1 1.850 0.74 0.30 0.52 

Haptoglobin, mg/mL 1.80 2.01 2.28 1.98 0.200 0.77 0.24 0.19 

d21 

Zn serum, mg/kg 1.21 1.14 2.38 1.60 0.590 0.36 0.11 0.49 

Zn liver, mg/kg 49.1 50.4 47.0 45.0 4.240 0.95 0.34 0.68 

ROM, mmol H2O2/L 27.1 26.1 21.7 27.2 2.510 0.27 0.37 0.17 

Haptoglobin, mg/mL 0.99 0.62 0.42 0.75 0.250 0.99 0.39 0.16 
 

LBBW, low birth body weight; NBBW, normal birth body weight; pZnO, porous source of zinc oxide; ROM, reactive oxygen metabolites.
 
1Piglets were divided into low birth body weight (LBBW: 30 piglets, 0.92 ± 0.09 kg) and normal birth body weight (NBBW: 32 piglets, 1.37 ± 0.09kg).
 
2Data were analyzed as follows: linear mixed model, including diet, BBW class, and their interaction as fixed factors, with the litter as a random factor. Piglets were used as the experimental unit.
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colon content at d9 and d21. At d9, the interaction between diet and 
BBW class was never significant. The isovalerate tended to be 
influenced by diet, resulting in a higher value in the ZnSO4 group 
(P = 0.06). The BBW class significantly affected the acetate (P = 
0.03) and isobutyrate (P = 0.01) concentrations, and tended to 
influence valerate concentration (P = 0.09); acetate and valerate 
concentrations were higher in the LBBW piglets, while isobutyrate 
concentration was higher in the NBBW piglets. 

At d21, the interaction between diet and BBW class tended to 
affect the lactic acid and acetate concentrations (P = 0.09). Lactic acid 
also tended to be affected by BBW class (P = 0.06) and it was affected 
by diet (P = 0.04). The LBBW piglets fed ZnSO4 had higher lactic acid 
values than the NBBW piglets fed ZnSO4. Acetate concentrations 
were also affected by the BBW class and were higher in the LBBW 
piglets (P = 0.03). The interaction between diet and BBW class also 
affected the level of valerate (P = 0.005), which was also affected by 
BBW class (P = 0.004) and tended to be affected by the diet (P = 0.06). 
Valerate concentration was higher in the LBBW piglets compared to 
the NBBW piglets only in the ZnSO4 group (P = 0.02). Diet also 
affected the isovalerate concentration (P = 0.02), with higher values in 
the piglets that received pZnO. BBW class also affected the butyrate 
concentration (P = 0.02) and the total SCFA value (P = 0.01), and 
tended to affect the isobutyrate concentration (P = 0.06), which were 
all higher in the LBBW group than in the NBBW group. 
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3.7 Colon microbial profile 

A total of 2,728,354 raw reads were obtained, which were 
attributed to a total of 6803 amplicon sequence variants (ASVs). 
The ASVs were associated with 21 phyla, 89 families, and 225 
genera. The predominant phyla comprised Firmicutes at 57 ± 
0.11%, Bacteroidota at 31 ± 0.10%, Spirochaetota at 6 ± 0.05%, 
and Proteobacteria at 2 ± 0.02%. Among the most prevalent families 
were Prevotellaceae at 20 ± 0.09%, Lachnospiraceae at 17 ± 0.06%, 
Spirochaetaceae at 6 ± 0.05%, and Oscillospiraceae at 6 ± 0.03%. 
Notably, the most abundant genera included Prevotella at 12 ± 
0.08%, Lactobacillus at 8 ± 0.12%, and Treponema at 5 ± 0.05%. 

The alpha and beta diversity results are shown in Figures 2A, B 
and 3A, B, respectively. Alpha diversity was not affected by diet, 
BBW class, or their interaction. Regarding the beta diversity, the 
Adonis test showed that the BBW class tended to affect the 
microbial composition at d9 (R2 = 0.04, P = 0.07) and 
significantly affected the bacterial composition at d21 (R2 = 0.05, 
P = 0.03). Figures 4A and B show the results of the LefSe analyses. 
At d9, the LBBW piglets fed ZnSO4 were characterized by a greater 
abundance  of  the  Lachnosp i raceae  XPB1014  group  
(LDA_score=3.51, P.adj=0.03), Monoglobus (LDA_score=3.35, 
P.adj=0.01), and Shuttleworthia (LDA_score=3.20, P.adj=0.03); 
the NBBW piglets fed ZnSO4 were characterized by a greater 
TABLE 4 The effects of zinc administration, body weight class, and their interaction on gene expression in the jejunum mucosa of post-weaning 
piglets at d9 and d21. 

Item 

BBW class1 

SEM 

P-value2 

LBBW NBBW 

ZnSO4 

(n=15) 
pZnO 
(n=15) 

ZnSO4 

(n=16) 
pZnO 
(n=16) 

Diet BBW class Diet × 
BBW class 

d9 

NFKB2 0.13a -0.03 ab -0.05b 0.02 ab 0.050 0.02 0.005 0.03 

IAP -0.21 -0.11 -0.12 -0.07 0.120 0.53 0.57 0.84 

CLAUD-4 0.005 0.09 0.05 0.08 0.060 0.29 0.79 0.66 

SLC39A4 -0.19 -0.15 -0.12 -0.07 0.100 0.59 0.43 0.94 

SLC30A7 -0.08 -0.08 -0.08 0.04 0.060 0.34 0.39 0.27 

GPX2 0.06 0.001 0.09 -0.04 0.100 0.18 0.98 0.66 

d21 

NFKB2 0.04 0.002 0.03 -0.08 0.050 0.18 0.35 0.48 

IAP 0.19 0.02 0.13 0.11 0.090 0.30 0.86 0.35 

CLAUD-4 0.15 0.09 0.02 0.07 0.060 0.95 0.22 0.37 

SLC39A4 0.04 -0.07 0.14 -0.06 0.090 0.09 0.57 0.62 

SLC30A7 0.03 0.03 0.06 -0.03 0.070 0.49 0.75 0.51 

GPX2 -0.05 0.16 -0.07 -0.02 0.130 0.34 0.44 0.54 
 

NFKB2, Nuclear Factor Kappa B Subunit 2; IAP, inhibitor of apoptosis; CLAUD-4, Claudin-4; SLC39A4, Solute Carrier Family 39 Member 4; SLC30A7, Solute Carrier Family 30 Member 7; GPX2,
 
Glutathione Peroxidase 2; pZnO, porous source of zinc oxide.
 
1Piglets were divided into low birth body weight (LBBW: 30 piglets, 0.92 ± 0.09 kg) and normal birth body weight (NBBW: 32 piglets, 1.37 ± 0.09kg).
 
2Data were analyzed as follows: linear mixed model, including diet, BBW class, and their interaction as fixed factors, with the litter as a random factor. Piglets were used as the experimental unit.
 
a,b indicate differences between groups with a P-value between 0.05 and 0.10.
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TABLE 5 The effects of zinc administration, body weight category, and their interaction on the distal jejunum morphology, IgA positive cells, T 
lymphocytes, and Claudin-4 evaluation in post-weaning piglets at d9 and d21. 

Item 

BBW class1 

SEM 

P-value2 

LBBW NBBW 

ZnSO4 

(n=15) 
pZnO 
(n=15) 

ZnSO4 

(n=16) 
pZnO 
(n=16) 

Diet BBW 
class 

Diet × 
BBW class 

d9 

Villus height, μm 177 180 193 183 14.80 0.820 0.520 0.640 

Villus width, μm 80.9 90.1 94.5 91.1 4.04 0.470 0.080 0.120 

Crypt depth, μm 177 189 188 179 6.14 0.170 0.200 0.080 

Crypt width, μm 39.2 37.7 38.8 37.7 1.76 0.450 0.890 0.920 

Mu: Se ratio 4.37 4.6 4.8 4.59 0.34 0.980 0.540 0.520 

VH: CD ratio 1.01 0.97 1.03 1.02 0.08 0.780 0.650 0.860 

IgA4 

Villus 1.24 1.23 1.3 1.74 0.15 0.110 0.059 0.120 

Crypt 2.83 2.75 4.01 3.29 0.31 0.150 0.003 0.290 

T-lymphocytes3 

Epithelium 9.90 9.01 7.73 9.28 0.89 0.720 0.290 0.180 

Villus 10.97A 8.63A 10.77 A 4.46 B 1.04 0.097 0.890 0.049 

Crypt 8.98 6.43 7.11 5.07 0.67 0.001 0.016 0.700 

Claudin-44 2.00 2.25 2.00 2.25 0.26 0.330 1.000 1.000 

d21 

Villus height, μm 204a 222ab 264b 224ab 14.90 0.410 0.005 0.050 

Villus width, μm 106 107 111 111 4.07 0.790 0.190 0.950 

Crypt depth, μm 208 218 204 217 8.70 0.180 0.760 0.900 

Crypt width, μm 38.0 38.1 38.3 38.9 1.10 0.740 0.580 0.790 

Mu: Se ratio 4.64a 5.14ab 5.78b 4.84ab 0.32 0.290 0.008 0.020 

VH: CD ratio 0.99a 1.03ab 1.31b 1.04ab 0.08 0.740 0.008 0.060 

IgA4 

Villus 1.17 1.5 1.76 1.35 0.19 0.240 0.040 0.060 

Crypt 4.42 4.36 4.44 4.67 0.27 0.620 0.500 0.540 

T-lymphocytes3 

Epithelium 10.46A 10.12AC 6.70B 9.21ABC 0.72 0.750 <0.0001 0.049 

Villus 9.94 7.58 9.35 9.03 0.94 0.180 0.650 0.280 

Crypt 7.40 5.30 5.03 4.30 0.78 0.040 0.002 0.230 

Claudin-44 1.43 1.14 1.75 1.50 0.20 0.180 0.090 0.930 
F
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LBBW, low body weight; NBBW, normal body weight; pZnO, porous source of zinc oxide; VH, CD ratio, villus height to crypt depth ratio; Mu, Se ratio, mucosal to serosal amplification ratio.
 
1Piglets were divided into low birth body weight (LBBW: 30 piglets, 0.92 ± 0.09 kg) and normal birth body weight (NBBW: 32 piglets, 1.37 ± 0.09kg).
 
2Data were analyzed as follows: linear mixed model, including diet, BBW class, and their interaction as fixed factors, with the litter as a random factor. Piglets were used as the experimental unit.
 
3Expressed on a 4000 mm2 of jejunum tissue area.
 
4Claudin score: 1 = light/scarce staining; 2= moderate staining; 3= intense staining.
 
a,b indicate differences between groups with a P-value between 0.05 and 0.10.
 
A,B indicate differences between groups with a P-value < 0.05.
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abundance  of  Phascolarctobacterium  (LDA_score=3.85,  
P.adj=0.04); and the LBBW piglets fed pZnO were characterized 
by a greater abundance of Intestinimonas (LDA_score=3.13, 
P.adj=0.03). At d21, the piglets in the NBBW group fed ZnSO4 

were characterized by a greater abundance of Succinivibrio 
(LDA_score=3.95, P.adj=0.02), the LBBW piglets fed ZnSO4 were 
characterized  by  a  greater  abundance  of  Streptococcus 
(LDA_score=3.97, P.adj=0.03) and Peptococcus (LDA_score=3.15, 
P.adj=0.01), and the piglets in the NBBW group fed pZnO were 
characterized by a greater abundance of Ruminococcus gauvreauii 
(LDA_score=4.09, P.adj=0.01). 
4 Discussion 

This study highlighted the effects of a porous source of ZnO in 
maintaining gut integrity and sustaining the feed efficiency in post-
weaning piglets born with a low or a normal birth BW. 

BBW was confirmed to be a key factor in intestinal maturation 
(Collins et al., 2017), as evidenced by the enhanced ADG and FI 
outcomes in the NBBW piglets compared to the LBBW piglets. The 
BW of the LBBW and NBBW piglets remained well differentiated 
on the day of weaning and during the entire experimental period. 

Regardless of the effects of BBW, the Zn source did not affect the 
FI of the animals; however, the piglets receiving the pZnO had a 
better G:F ratio in the early post-weaning period, which is a positive 
indicator of the intestinal health status (Chalvon-Demersay et al., 
2021). This result could have been linked to the physical 
characteristics of the pZn source tested (Peng et al., 2019). In fact, 
the pZnO tested has a high porosity and small aggregated and 
agglomerated particles (Long et al., 2017) compared to ZnSO4, 
which is characterized by high solubility. Therefore, the pZnO, 
characterized by a higher surface area, could have a more local effect 
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on the gut mucosa, supporting gut health in both NBBW and 
LBBW pigs. 

As defined by Chalvon-Demersay et al. (2021), gut health is 
composed of four interconnected pillars, namely, immune fitness, 
gut morphology, oxidative balance, and microbiota profile and 
functions. Focusing first on immune fitness, mucosal immunity is 
characterized by inductive sites, represented mainly by the mucosal­

associated lymphoid tissue (MALT) and the effector sites, such as 
lymphocytes, plasma cells, macrophages, dendritic cells, and mast 
cells located in the lamina propria, where the cell-mediated and 
humoral immunity take place (Bianco et al., 2014). Furthermore, 
the primary intestinal line of defense based on the adaptive mucosal 
immune system consists of the polymeric immunoglobulins, the 
most abundant of which are the secretory IgA (IgAs) cells produced 
by the plasma cells located in the lamina propria along the gut 
(Trevisi et al., 2013). Our results showed a higher IgA cell count in 
the crypts of the lamina propria than in the villi of the lamina 
propria, as previously described by Allen and Porter (1973). The 
results highlight how BBW was the most significant factor affecting 
the immune maturation of the animals, as the higher values of IgA 
cells in the LBBW piglets at d21 compared to the NBBW piglets 
were an important indicator. Additionally, pZnO was able to reduce 
the T lymphocyte counts observed in the crypts at day 9, which may 
indicate lower mucosal immune activation. As immune responses 
are energetically demanding, decreased immune stimulation allows 
more metabolic resources to be diverted toward growth processes 
(Serrano-Jara et al., 2022). This immunological downregulation in 
both LBBW and NBBW piglets may thus explain the improved feed 
efficiency associated with the pZnO source. Moreover, at d9, a 
higher T lymphocyte count was also coupled with a higher gene 
expression of NFKB2 in the LBBW piglets fed ZnSO4. The NFKB2 
gene encodes for a protein involved in the activation of 
inflammatory pathways (Liu et al., 2017) and is associated with 
TABLE 6 The effects of zinc administration, body weight category, and their interaction on the pH of the jejunum, cecum, and colon content in post-
weaning piglets at d9 and d21. 

Item 

BBW class1 

SEM 

P-value2 

LBBW NBBW 

ZnSO4 

(n=15) 
pZnO 
(n=15) 

ZnSO4 

(n=16) 
pZnO 
(n=16) 

Diet BBW class Diet × 
BBW class 

pH d9 

Jejunum 7.52 7.25 7.40 7.32 0.130 0.17 0.82 0.45 

Caecum 6.46 6.65 6.39 6.52 0.160 0.30 0.51 0.84 

Colon 6.67 6.76 6.64 6.77 0.130 0.34 0.94 0.89 

pH d21 

Jejunum 7.58 7.32 7.57 7.29 0.120 0.02 0.88 0.89 

Caecum 6.82 6.85 6.99 6.90 0.130 0.76 0.34 0.61 

Colon 6.90 6.70 6.66 6.52 0.180 0.33 0.24 0.87 
LBBW, low birth body weight; NBBW, normal birth body weight; pZnO, porous source of zinc oxide.
 
1Piglets were divided into low birth body weight (LBBW: 30 piglets, 0.92 ± 0.09 kg) and normal birth body weight (NBBW: 32 piglets, 1.37 ± 0.09kg).
 
2Data were analyzed as follows: linear mixed model, including diet, BBW class, and their interaction as fixed factors, with the litter as a random factor. Piglets were used as the experimental unit.
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the activation of T lymphocytes (Beinke and Ley, 2004). The 
elevated T lymphocyte levels in the LBBW pigs fed ZnSO4 

persisted until day 21 in the villi, indicating that this soluble Zn 
source may not be able to support gut discomfort post-weaning in 
LBBW pigs, which experience a higher discomfort compared to 
NBBW pigs, confirming the observation by Muns et al. (2016) and 
reinforcing the model’s validity in the present study. 

At 21 days post-weaning, the NBBW piglets fed ZnSO4 showed 
greater villus height, a higher VH: CD ratio, and a larger absorptive 
mucosal surface compared to the LBBW piglets fed the same diet. 
However, these differences were not observed between the NBBW 
and LBBW piglets fed pZnO. This suggests that pZnO may help in 
supporting mucosal recovery in LBBW pigs from weaning-induced 
inflammation, an effect not seen with ZnSO4. These results further 
support the hypothesis that pZnO can support gut integrity in 
LBBW piglets. 

Regarding the blood parameters, circulating concentrations of 
Hp and ROMs were analyzed to provide a direct measurement of 
the health and oxidative status of the piglets. The lack of effect on 
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the Hp concentration, even though a higher immune system 
activation was observed in the LBBW piglets fed ZnSO4, could be 
explained by the timing of the sampling. In fact, Hp is an early 
marker of inflammation compared to the mucosal parameters 
measured (Saco and Bassols, 2023). 

In the present study, microbial composition was mainly 
influenced by the BBW of the piglets. This relationship between 
BBW and gut microbiota has also been reported in previous studies 
(Kiros et al., 2019; Luise et al., 2021; Pluske et al., 2018), suggesting 
that the interplay between the bacteria composition and the host 
could be affected by the physiological and intestinal development of 
the piglets. For an in-depth discussion of the effects of BBW on gut 
microbiota, we refer to our previous work (Trevisi et al., 2023). 
Regarding the effects of the pZnO source on the gut ecosystem, it 
was able to reduce jejunal pH, which has been associated with an 
increase in the production of SCFAs derived from the bacterial 
fermentation of the carbohydrate. However, due to the 12 hours of 
fasting prior to the sacrifice, it was not possible to analyze SCFA 
concentrations in the jejunal content since there was not enough. 
TABLE 7 The effects of zinc administration, body weight category, and their interaction on SCFA and lactate concentrations in the colon content of 
post-weaning piglets at d9 and d21. 

Item 

BBW class1 

SEM 

P-value2 

LBBW NBBW 

ZnSO4 

(n=15) 
pZnO 
(n=15) 

ZnSO4 

(n=16) 
pZnO 
(n=16) 

Diet BBW 
class 

Diet * 
BBW class 

d9 

Lactic acid, mg/g 0.27 0.49 0.68 1.18 0.49 0.45 0.25 0.78 

Acetate, mg/g 8.99 8.95 7.38 4.81 1.32 0.34 0.03 0.34 

Propionate, mg/g 6.26 6.07 5.09 5.23 1.49 0.98 0.48 0.91 

Isobutyrate, mg/g 2.14 2.43 4.09 3.95 0.75 0.91 0.01 0.77 

Butyrate, mg/g 7.07 7.18 8.21 6.66 1.45 0.63 0.81 0.56 

Isovalerate, mg/g 3.33 3.05 5.95 3.1 0.82 0.06 0.11 0.12 

Valerate, mg/g 2.18 2.24 2.02 2.07 0.11 0.6 0.09 0.97 

Total, mg/g 29.1 29.5 31.5 25.1 3.84 0.41 0.79 0.34 

d21 

Lactic acid, mg/g 1.85A 0.4 AB 0.49B 0.64 AB 0.59 0.04 0.06 0.09 

Acetate, mg/g 8.66 7.52 3.95 7.94 1.64 0.6 0.03 0.09 

Propionate, mg/g 4.47 6.77 3.68 5.3 1.47 0.15 0.44 0.80 

Isobutyrate, mg/g 2.76 2.5 1.86 2.13 0.35 0.95 0.06 0.37 

Butyrate, mg/g 12.59 7.65 3.96 4.69 2.51 0.41 0.02 0.22 

Isovalerate, mg/g 2.46 2.9 2.17 2.34 0.14 0.02 0.002 0.31 

Valerate, mg/g 2.15A 1.98AB 1.85B 2.02AB 0.06 0.06 0.0004 0.005 

Total, mg/g 32.9 28.3 17.1 24.2 4.29 0.67 0.01 0.11 
LBBW, low birth body weight; NBBW, normal birth body weight; pZnO, porous source of zinc oxide.
 
1Piglets were divided into low birth body weight (LBBW: 30 piglets, 0.92 ± 0.09 kg) and normal birth body weight (NBBW: 32 piglets, 1.37 ± 0.09kg).
 
2Data were analyzed as follows: linear mixed model, including diet, BBW class, and their interaction as fixed factors, with the litter as a random factor. Piglets were used as the experimental units.
 
A,B indicate differences between groups with a P-value of < 0.05.
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However, the present study showed a significant effect of the pZnO 
source on the cecum SCFA profile, especially at d21 post-weaning. 
In contrast to the result reported by Michiels et al. (2013), in the 
present study, the Zn source did not affect the acetate concentration 
in the cecum. However, the pZnO group had a higher concentration 
of isovalerate, which is a primary metabolite of the protein 
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fermentation (Bekebrede et al., 2022), and a lower concentration 
of lactate compared to the piglets fed ZnSO4. Although the results 
regarding the SCFAs may indicate a reduction in digestive capacity 
in favor of proteolytic fermentation for the pZnO group, the present 
outcomes regarding the G:F ratio and the morphological 
parameters did not show a detrimental effect on the gut 
FIGURE 2 

(A, B) The effects of birth body weight category and Zn source on the alpha diversity indices in the colon content samples from post-weaning 
piglets at d9 and d21. LBBW, low birth body weight; NBBW, normal birth body weight; pZnO, porous source of zinc oxide. The Chao1, Shannon, and 
Simpson indices were calculated, and differences among the groups were analyzed using a linear model. Diet, BBW class, their interaction, and 
sequencing depth were included in the model. Piglets were used as the experimental unit. 
FIGURE 3 

(A, B) The effects of birth body weight category and Zn source on beta diversity in the colon content samples from post-weaning piglets at d9 and 
d21. LBBW, low birth body weight; NBBW, normal birth body weight; pZnO, porous source of zinc oxide. Beta diversity was calculated utilizing the 
Bray–Curtis distance matrix, visualized via a non-metric multidimensional scaling (NMDS) plot. The effects of BBW class and diet were tested using a 
non-parametric PERMANOVA model (Adonis test) with 999 permutations. Piglets were used as the experimental unit. 
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functionality of the piglets in the pZnO group, which were more 
efficient. The difference in lactate concentration is of interest. 
Indeed, the ability of ZnO to reduce the abundance of 
Lactobacillus spp. is well known (Starke et al., 2014; Wei et al., 
2020), although this effect has only been studied in pigs 
supplemented with high dietary ZnO concentrations. A possible 
explanation for these results could be the modulatory effect of the 
ZnO source tested on the gut microbial profile, even when 
administered at lower doses. Although the present findings 
showed that the Zn source did not profoundly affect the alpha 
and beta diversity indices, some differences in the taxa abundance 
were observed. Currently, the knowledge available regarding the pig 
gut microbiota is not sufficient to strongly support a conclusion 
regarding the effects of a few taxa on a complex ecosystem, such as 
that of the GIT. However, generating data to provide knowledge 
regarding this complex topic is important. In the present study, the 
taxa abundance was influenced by the Zn source, BBW class, and 
time. At d9, the LBBW group fed pZnO had a greater abundance of 
Intestinimonas, which has the potential of producing SCFAs from 
both amino acids and sugars (Bui et al., 2016). The LBBW 
piglets fed ZnSO4 were characterized by a higher relative 
abundance of Lachnospiraceae, known for their ability to degrade 
starch and plant-derived matrices (Sun et al., 2021), and 
Shuttleworthia, obligate anaerobes that are capable of producing 
butyrate as a major product (Helm et al., 2021). The NBBW piglets 
fed ZnSO4 were characterized by a higher relative abundance of 
Phascolarctobacterium, which is known to produce propionate 
(Watanabe et al., 2012). At d21, the piglets in the NBBW group 
fed ZnSO4 had a greater relative abundance of the Succinivibrio 
genus, which is capable of degrading complex carbohydrates (Zhao 
et al., 2020). Meanwhile, the LBBW piglets fed pZnO were 
characterized by a higher relative abundance of Streptococcus, 
which can produce branched-chain fatty acids (isobutyrate and 
isovalerate) as a final product; this result supported the higher 
isovalerate concentration observed at d21 in the pZnO group. 
Finally, the NBBW group fed pZnO had a higher relative 
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abundance of Ruminococcus gauvreauii, which  is  positively
related to the production of SCFAs, mainly to the production of 
acetate as an end fermentation product (Toya et al., 2020). 

The discrepancies observed between the results of quantified 
SCFAs and the expected SCFA production based on discriminated 
taxa may have been due to the limitation of the method used to 
characterize the microbiota, which was based on DNA and lacked 
the ability to identify the real active microbes in the gut (Ramos 
Meyers et al., 2022). 

In the present study, a slight effect of the Zn source was also 
observed in the expression of the SLC39A4 gene at d21. This gene 
encodes zinc transporter protein 4 (ZIP4), which is needed for the 
uptake of Zn in the intestine (Martin et al., 2013). In particular, the 
piglets fed ZnSO4 showed a modest increase in the expression of this 
gene. This could have been related to the fasting period in association 
with the higher solubility of ZnSO4. In addition, due to the involvement 
of Zn in several physiological processes, fasting could have exacerbated 
the expression of the molecular mechanisms that increase Zn intestinal 
uptake. A recent study by Yin et al. (2022) suggested that the SLC39A4 
protein could also be able to self-regulate when the physiological Zn 
level is satisfied. This mechanism could explain the decreased 
expression of the SLC39A4 in the intestinal mucosa of the pZnO 
piglets. This source of ZnO could, indeed, have led to a faster fulfilment 
of the physiological Zn requirements compared to ZnSO4. 

Moreover, no difference in Zn concentrations was observed in the 
liver and serum of the piglets after 12 hours of fasting. This result 
suggests that the physiological Zn level was maintained with both Zn 
sources. This is further supported by the study of Brugger et al. 
(2014), in which an average of 28 mg/kg in total was quantified in the 
liver of piglets receiving a Zn-deficient diet. These values were lower 
compared to those observed in our study (50 mg/kg on a total basis). 

In conclusion, the results of the study supported the long-term 
impact of BBW on piglet physiological maturity, as evidenced by its 
influence on weaning weight, performance outcomes, and gut 
development. Building on this evidence, the inclusion of 120 mg/ 
kg of a porous form of ZnO in weaned pigs could be considered a 
FIGURE 4 

(A, B) Linear discriminant analysis effect size (LEfSe) plots of the biomarker taxa for each experimental group at the genus level in the colon content 
at d9 and d21. LBBW, low birth body weight; NBBW, normal birth body weight; pZnO, porous source of zinc oxide. Differential abundance analysis 
concerning various taxa was carried out using LefSe, integrated within the microbiomeMarker package (v 1.0.2). Data were aggregated at the genus 
level, with a cut-off value set at 3 and a P.adj < 0.05 considered significant for the LefSe analysis. Piglets were used as the experimental unit. 
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valid strategy to help mitigate weaning stress, especially in LBBW 
piglets. This Zn source and dosage were able to both meet the 
nutritional requirements and exert a beneficial effect on the gut 
microbial ecosystem, thereby supporting gut immune system 
activation. Thus, the development of nutritional strategies that 
fulfill mineral requirements while promoting post-weaning 
recovery through local effects on the intestinal mucosa in LBBW 
piglets appears to be achievable. 
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