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REVIEW ARTICLE                                           

Effect and mode of action of different doses and sources of zinc in weaning 
pigs using a meta-analytical and systematic review approach

Diana Luise , Clara Negrini , Federico Correa and Paolo Trevisi 

Dipartimento di Scienze e Tecnologie Agro Alimentari, University of Bologna, Bologna, Italy 

ABSTRACT 
In the European Union, the withdrawal of pharmaceutical zinc oxide (ZnO) poses challenges for 
post-weaning pigs management. The present work aims to elucidate, using a meta-analytical 
and a systematic review approach, the effects of different doses and forms of zinc (Zn) on 
health, performance, and gut health of weaning pigs. A total of 309 articles were identified from 
a literature research from 2001 to 2021; 85 were selected. Articles were divided in 3 datasets to 
evaluate: 1) the effects of ZnO doses (ZnO database); 2) the efficacy of ZnO on infection models 
(challenge database); 3) the effect of different Zn sources (special Zn database). The experimen-
tal groups were classified according to their Zn dose: low Zn (LZn: 0–200 ppm); medium (M1Zn: 
201–630 ppm; M2Zn: 631–1600 ppm); high (HZn:>1601 ppm). Dataset 2 and 3 were analysed by 
a systematic review approach. Results showed that M1Zn and M2Zn guarantee comparable 
average daily gain, villus height and crypt depth to HZn. The HZn group had higher Escherichia 
coli (p¼ 0.04) in the small intestine. The ZnO database confirmed that Zn doses between 600 
and 1600 ppm had comparable results for intestinal function and growth performance to 
pharmacological doses of Zn. The challenge dataset confirmed the positive effect of HZn in 
counteracting infections resulting in higher performance, lower diarrhoea and better intestinal 
morphology. The special zinc dataset suggested that coated, capsulated and nano Zn represent 
the most promising alternative sources to reduce the detrimental effects of weaning on pigs.

HIGHLIGHTS
� EU ban on pharmacological levels of ZnO raises concerns in pig production.
� Data indicates Zn’s effect is dose-dependent, but also Zn form influence the effectiveness.
� Gut functionality and growth can be guaranteed with 600–1600 ppm of ZnO.
� Coated, capsulated and nano Zn are promising sources to reduce the Zn doses.
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Introduction

Weaning is one of the most stressful events in the life 
of pigs and is characterised by changes in the gut 
morphology and gut microbial ecosystem that can 
lead to post-weaning diarrhoea (PWD) (Campbell et al. 
2013). Until June 2022, zinc oxide (ZnO) was used in 
the European Union (EU) at a pharmacological dose 
(2.5 g/kg) to prevent PWD occurrence in weaned pigs 
(Looft et al. 2012). The use of high dose of ZnO in pig 
diets began in the 1980s at doses above 2500 ppm 
(Bonetti et al. 2021). ZnO supplementation in diets can 
generally result in a lower incidence of diarrhoea, 
lower mortality, improved growth performance, diges-
tion and feed intake in postweaning pigs (Bonetti 
et al. 2021). However, the strong correlation between 

the use of pharmacological ZnO in pig diets and 
accumulation of zinc (Zn) in the environment 
(Meyer et al. 2002; Buff et al. 2005;) led the 
European Commission to ban the use of high doses 
of ZnO in feed. In addition, the evidence of the syn-
ergy between antibiotic and pharmacological ZnO in 
the co-selection of bacteria resistant to antimicrobials, 
posing a potential threat to human, animal and global 
health, supports the EU decision (Schwarz and Chaslus- 
Dancla 2001; Broom et al. 2006;). Finding new alterna-
tives to antibiotics and pharmacological ZnO levels is 
therefore essential to maintain the efficacy of current 
antimicrobials and to reduce Zn accumulation in the 
environment.

However, in order to define and develop feeding strat-
egies capable of effectively replacing pharmacological 
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levels of ZnO, an understanding of its mode of action is 
still required. Indeed, Zn is an important micronutrient 
which is involved in a large number of physiological 
processes in animals and it is involved in the synthesis of 
more than 300 enzymes which are related to gut growth 
and immune function (Bonetti et al. 2021). In fact, Zn is 
important for the maintenance of intestinal barrier func-
tion, as it aids in the regeneration of damaged epithelial 
tissue (Alam et al. 1994; McDonald 2002; Siddiqi et al. 
2018) and the rise of brush border enzymes (Sloup et al. 
2017). A deficiency in Zn leads to the villi atrophy in the 
jejunum, a reduction of the number of villi per unit area 
and, thus, a reduction in the absorptive area and secre-
tion of digestive enzymes (Castillo et al. 2007; Heo et al. 
2013).

Nowadays, in the EU, up to 150 ppm of Zn is 
allowed in the pigs’ diet, which is higher than the 
defined requirements for weaned pigs as reported by 
Revy et al. (2006), whom analysed performance param-
eters as well as liver, bone and plasma Zn concentra-
tions, and NRC (2012). However, according to a recent 
study by Hansen et al. (2022), the requirement for the 
first two weeks is 1400 ppm. Considering the 
European diets, an average amount of 30–40 ppm of 
Zn is provided with the feed ingredients (Blaabjerg 
and Poulsen 2017). Therefore, regardless the EU 
restriction, there is room to cover this gap with mul-
tiple Zn sources.

For this reason, inorganic and organic Zn sources, 
included in the diet at lower doses, were evaluated. 
Regarding the inorganic source of Zn, Zinc sulphate 
(ZnSO4) has been used as a primary nutritional source 
in the feed for a long time (Villag�omez-Estrada et al. 
2020), thanks to its good solubility in the gut and fur-
ther systemic effect. Regarding the organic sources of 
Zn, Zn methionine (Zn-Met) and Zn glycine (Zn-Gly) 
have been evaluated (Hudson et al. 2005; Huang et al. 
2007;) and have been found to positively impact the 
animal growth performance (Hudson et al. 2005; 
Huang et al. 2007; Diao et al. 2021) and immune sta-
tus (Ao et al. 2009; Feng et al. 2010) when compared 
with inorganic Zn sources. More recently, additional 
sources of Zn including coated, capsulated, microen-
capsulated, porous or high surface Zn forms were 
investigated showing some promising results (Vahjen 
et al. 2016; Long et al. 2017; Dong et al. 2019; Liu 
et al. 2020; Cui et al. 2021). However, a systematic 
approach revising the effects of these Zn sources as 
compared to pharmacological doses of ZnO is still not 
available.

A systematic literature review followed by a meta- 
analytical approach represent a valid method to 

overcome the uncertainty of the results observed in 
different studies and to help understanding the mode 
of action and the effects of pharmacological ZnO lev-
els and different Zn sources. To the authors’ know-
ledge, only one meta-analysis regarding the effect of 
ZnO in post-weaning pigs has been carried out but it 
was mainly focusing on the performance parameters 
(Sales 2013). Regarding the novel Zn forms, a recent 
review of Lei et al. (2022) is available, however, the 
objective of this review was to analyse the effect of 
Zn as a growth promoter in monogastric animals with-
out focusing the attention on the gut health in post- 
weaning pigs (Lei et al. 2022). Therefore, the aim of 
the present study was to improve the knowledge 
regarding the effect of the use of Zn at different doses 
and forms on the health, productive performance, and 
gut health of post-weaning pigs. The first approach 
adopted was to use a systematic review methodology; 
when enough studies were found, a meta-analytic 
approach was applied.

Materials and methods

Data collection and datasets creation

A systematic literature review was carried out using 
peer-reviewed articles published between 2001 and 
2021. The online databases Web of Science and 
Google Scholar were used to search for scientific peer- 
reviewed articles by combining the keywords: ‘zinc’, 
‘piglets’ and/or ‘pigs’. A total of 309 articles were 
found. Once collected, only the articles fulfilling the 
following criteria were retained: a) include in-vivo 
swine studies with a control group with at most 
200 ppm of Zn (LZn group), b) published in English 
and c) reporting at least one parameter regarding 
growth performance, gut integrity, gut microbial 
population, blood parameters related to health, and 
genes expression. The meta-analysis, reviews and 
duplicate articles were excluded. The experimental 
groups included in the studies were classified into 
four Zn level classes as follows: 1) Low Zn (LZn) when 
total Zn in the feed formula was included between 
0 ppm to 200 ppm; 2) Medium dose 1 (M1Zn) when 
Zn was included between 201 ppm to 630 ppm; 3) 
Medium dose 2 (M2Zn), when Zn was included 
between 631 ppm to 1600 ppm; 4) High Zn (HZn) with 
Zn levels from 1601 ppm to 3000 ppm. For some of 
the parameters analysed, a low number of studies 
were including the M1Zn and M2Zn groups; therefore, 
the M1Zn and M2Zn groups were merged into the 
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MZn group (201 ppm to 1600 ppm) when < 3 studies 
were available.

All the response data regarding pigs were 
expressed as relative to the LZn group within each 

study as follow: response data ¼ valueLZn−valueTRT
valueLZn

� �
�

100 (Luise et al. 2021).
ValueLZn: specific value of the LZn group
ValueTRT: specific value of the M1Zn, M2Zn or HZn 

groups.
The retained articles were then used to build three 

different databases:

1. ZnO level dataset: this dataset had the aim to 
gain a better understanding of how different 
doses of ZnO can affect the growth performance, 
health status, intestinal morphology, microbiology, 
and gene expression (tight junctions and cyto-
kine) of weaned pigs. For this dataset, studies 
including a group in which the control group had 
other external elements such as probiotics or 
amino acids were removed. The ZnO level dataset 
included 41 studies; in these studies, the average 
initial age of pigs was 25.2 ± 4.8 days, the initial 
body weight (BW) was 7.42 ± 1.58 kg, and the 
average experimental duration of the in vivo trial 
was of 20.3 ± 10 days. This dataset was used to 
carry out a meta-analysis.

2. Challenge dataset: this dataset included only the 
studies in which ZnO was studied under a chal-
lenge infection model in post-weaning pigs. 
The Challenge dataset included 8 studies and the 
most common challenge model was with the 
enterotoxigenic Escherichia coli (ETEC) F4 followed 
by Salmonella and Transmissible Gastroenteritis 
Virus (TGEV). In these studies, the average initial 
age of pigs was 25.9 ± 2.9 days, the initial BW was 
7.05 ± 0.67 kg, and the average experimental dur-
ation of the in vivo trial was of 21.6 ± 8.5 days. 
The results of this dataset were presented as a 
systematic review.

3. Special Zn dataset: this dataset had the aim to 
highlight the main output of the use of different 
Zn sources, compared to HZnO doses, on the 
intestinal health of weaned pigs. The special Zn 
dataset included 36 studies. In these studies, the 
average initial age of pigs was 25.8 ± 6.5 days, the 
initial BW was 7.7 ± 1.79 kg, and the average 
experimental duration of the in vivo trial was of 
22.4 ± 8.6 days. The results of this dataset were 
presented as a systematic review. The reason 
behind this approach is the lack of articles for 
each specific source of Zn.

Statistical analysis

Statistical analyses were carried out using the 
Minitab8 software (MINITABVR ). The analyses were per-
formed using a General Lineal Model and ANOVA 
model, considering the Zn level-doses (LZn, M1Zn, 
M2Zn, HZn) as fixed factor, the research study as ran-
dom factor and the basal Zn (Zn included in the diet 
derived from the raw materials) as covariate. Pairwise 
comparisons for the one-way ANOVA model were 
then carried out between the groups. Growth per-
formance, including average daily gain (ADG) and gain 
to feed (G:F), intestinal morphological parameters 
including villus height, villus width and crypt depth, 
Zn concertation in blood and liver, intestinal and faecal 
concertation of Escherichia coli (E. coli) and Lactobacillus, 
and intestinal expression of genes related to intestinal 
barrier and integrity and inflammation including 
Zonulin-1 (ZO-1), Occludin (OCLN), Interleukin-1 beta (IL- 
1b), Tumour necrosis factor (TNF-a), Interferon gamma 
(IFN-c) and Transforming growth factor-b (TGF-b) were 
analysed as response parameters. For the intestinal 
morphology analysis, the intestinal tract segment (duo-
denum, jejunum, and ileum) was tested as factor, but it 
was never found significant.

Results and discussion

ZnO levels dataset

Effect of different doses of zinc oxide on growth 
performance and Zn concentrations in organs
Table 1 shows the results of the different ZnO levels 
on the growth performance and Zn content in the 
blood and liver of post-weaning pigs. The Zn level 
classes significantly influenced the ADG (p< 0.001), 
G:F (p¼ 0.02), and the concentration of Zn in the 
blood (p¼ 0.003) and liver (p¼ 0.01). In particular, sig-
nificantly higher ADG values were found in M2Zn and 
HZn groups compared with the LZn group (p< 0.05), 
while no difference was observed comparing the 
M1Zn with the other groups. G:F was significantly 
higher in the HZn group compared with LZn group 
(p< 0.05).

Several studies have reported positive effects of 
pharmacological level of ZnO (3000 mg kg−1) on the 
growth performance of weaned pigs (Carlson et al. 
1999; Lei and Kim 2018; Hansen et al. 2022), but stud-
ies focused on defining an optimal dosage are scarce. 
A previous study by Hill et al. (2001), conducted in 
nine university research facilities with 1,978 weaned 
pigs, reported that the ADG linearly increase with the 
inclusion of Zn from 200 ppm until reaching a plateau 
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point around 1500–2000 ppm concentration. 
Comparable results were observed by Zhang and Guo 
(2007), in which study reported that the ADG and 
ADFI of pigs did not change when dietary Zn increase 
from 2250 to 3000 mg/kg diet. In accordance with 
these results, the present meta-analysis showed that a 
dosage between 201 and 1600 ppm can give compar-
able ADG results to dosages comprised between 1601 
and 3000 ppm. On the other hand, a study conducted 
by Mavromichalis et al. (2000) found that a linear 
increase in ADG can be found in up to 3,000 mg Zn/ 
kg diet. Differences observed in these studies can 
both be linked to different environmental and man-
agement conditions as weaning age, since Zn level 
can be more effective in pigs weaned earlier (Hill et al. 
2001).

The blood Zn concentration was higher in the HZn 
group compared to the LZn group (p< 0.05), while 
the M1Zn group had intermediate values compared to 
LZn and HZn. This result indicated that Zn values in 
the blood are proportional to the dose of Zn in the 
diet. Similarly, the concentration of Zn in the liver 
increased with the increasing concentration of Zn level 
in the diet (p< 0.05). Due to the lack of the medium 
group, it was not possible to estimate whether the 
effect is linearly increased or not. This result is in 
accordance with the literature, confirming that the Zn 
concentration in the liver is directly proportional to 
the addition of Zn in the diet (Jensen-Waern et al. 
1998).

Effect of different doses of zinc oxide on the intes-
tinal morphological parameters and gene expression
The correct and timely development of the small 
intestine is fundamental for the proper digestive and 
immune function (Adewole et al. 2016). After weaning, 
pigs are subjected to changes in the gut morphology 
as crypt hyperplasia and villous atrophy, which lead to 
a temporary diminishment of absorption and digestion 
in the small intestine (McDonald 2002). The results of 
the present meta-analysis showed that the Zn level 
classes significantly affected villus height (p¼ 0.004) 

and villus width (p¼ 0.003), while no effect was 
observed on crypt depth (Table 2). The HZn group 
had higher villus height and villus width values com-
pared with the LZn group (p< 0.05), while no differen-
ces were observed between HZn and MZn for the 
villus height. The beneficial role of ZnO in maintaining 
the intestinal integrity and increasing the absorptive 
capacity of the intestinal mucosa is well known and it 
is one of the main mechanisms behind the beneficial 
effect of Zn on growth performance (Roselli et al. 
2003; Pearce et al. 2015). No clear or univocal explan-
ation for the results obtained can be found in the lit-
erature; it could be speculated that the beneficial 
effect of HZnO on the height of the intestinal villi 
could be related to the antibacterial activity of ZnO 
(S€oderberg et al. 1990; Roselli et al. 2003), to the pro-
moting effect that ZnO has on increasing insulin-like 
growth factor-1 levels in blood and intestinal ghrelin 
secretion in post-weaning pigs, which may result in 
stimulation of the mucosal growth (Carlson et al. 
2004; Li et al. 2006; Yin et al. 2009). An additional 
mode of action by which HZnO can improve the intes-
tinal villi is via reduction of the intestinal inflammation 
and particularly modulating the mitogen-activated 
protein kinase (MAPK) signalling pathway (especially 
the p38 and JNK signalling pathways) which, in turn, 
regulate the cytokine levels (Song et al. 2015). 
Furthermore, it has been suggested that HZnO can 
also regulate and restore intestinal permeability via 
modulation of the tight junction (TJ) proteins (Pi�e 
et al. 2004; Al-Sadi et al. 2009). The results obtained in 
the present meta-analysis for the expression of the 
genes related to intestinal inflammation and TJ pro-
teins highlight the role of ZnO in these aspects. 
Indeed, as reported in Table 2, the level of ZnO signifi-
cantly influenced the intestinal expression of IFN-c 
(p¼ 0.01), which was higher in LZn group compared 
with HZn and tended to influence the expression of 
TNF-a (p¼ 0.09). Furthermore, the level of ZnO signifi-
cantly influenced the intestinal expression of ZO-1 
(p< 0.01), which was higher in the HZn group com-
pared with the LZn group (p¼ 0.01) and tended to 

Table 1. Effect of different doses of ZnO on performance and Zn content in blood and liver of post weaning pig.

ITEM N. studies

Mean

SEM

p Value

LZn M1Zn M2Zn HZn Zn level classes Basal Zn Reference

ADG 32 101.38b 115.82a,b 131.09a 121.21a 6.47 <0.001 0.53 0.07
G:F 23 100.11b 105.25a,b – 104.97a 1.87 0.02 0.08 0.11
Blood Zn 11 103.88b 142.61a,b – 177.03a 28.88 0.003 0.12 0.17
Liver Zn 5 100b – – 589.68a 83.7 0.01 0.98 0.40

Mean: LZn (0 ppm to 200 ppm), M1Zn (201 ppm to 630 ppm); M2Zn (631 ppm to 1600 ppm); HZn (1601 ppm to 3000 ppm); Basal Zn: Zn administrated in 
the basal diet.
a,b,cValues with different superscript differs (p< 0.05).
ADG: Average daily gain; G:F: Gain to feed.
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influence the Occludin expression (p¼ 0.06). The 
Interferon Gamma is a pro-inflammatory cytokine 
mainly generated by lymphocytes and antigen-pre-
senting cells (Schroder et al. 2004), and it can work in 
tandem with the cytokine TNF-a and cause structural 
alterations of the TJ (Roselli et al. 2003). Pro-inflamma-
tory cytokines including IFN-c and IL-1b are usually 
upregulated in the intestinal mucosa of pigs immedi-
ately after weaning (Pi�e et al. 2004), and an excess in 
their upregulation can negatively impact the intestinal 
integrity, causing a pathological weakening of the TJ 
barrier and increase gut barrier vulnerability (Al-Sadi 
et al. 2009). The results of the present meta-analysis 
confirm the capacity of high levels of ZnO to reduce 
pro-inflammatory cytokines, including INF-y, while no 
clear effect was observed on anti-inflammatory cyto-
kines. With regard to TJ proteins, the results suggested 
a primary role for high levels of ZnO on ZO-1 expres-
sion. The ZO-1 is one of the major intracellular located 
adaptor proteins that, together with Claudins, play a 
key role in regulating the flux of small molecules 
(pore pathway). It also has a synergistic relationship 
with Occludin, which regulates the flux of large mole-
cules (leak pathway) and the intestinal permeability 
(Tajik et al. 2020). Furthermore, the present meta-ana-
lysis highlights a lack of information regarding the 
effect of Zn on the TJ, notable by the low number of 
studies available for these parameters, therefore add-
itional research on these aspects would be desirable.

Effect of different doses of zinc oxide on the intes-
tinal bacterial abundance of post weaning pigs
It is widely reported that ZnO can modulate the bac-
teria population and exert antibacterial activity, there-
fore, in the present meta-analysis, the effect of the 
different doses of ZnO was investigated on E. coli and 
Lactobacillus population as main markers for 

detrimental and beneficial bacteria, respectively 
(Bonetti et al. 2021). The results showed no effect of 
ZnO level of E. coli and Lactobacillus abundance in the 
faeces and large intestine, while it significantly 
affected the abundance of E. coli and Lactobacillus in 
the small intestine (Table 3). The abundance of E. coli 
was higher in the HZn group compared with the LZn 
(p¼ 0.04), and the abundance of Lactobacillus was 
highest in the LZn group compared with the HZn 
group (p¼ 0.05). The enhanced E. coli presence in HZn 
group could be explained by one of the hypothesised 
modes of action of Zn on the intestinal eubyosis. 
Indeed, it has been suggested that Zn can induce a 
decrease of the secretory capacity of the small intes-
tinal epithelium, limiting the adherence of bacteria 
(Zhang et al. 2019), which may have altered the com-
mensal bacteria favouring the colonisation of the gut 
by the E. coli. Moreover, the effect of ZnO on the gut 
microbiota could also be indirect and due to a modu-
lation of the interaction between potentially patho-
genic bacteria and the host (Carlson et al. 2004). 
However, considering the overall results of the present 
meta-analysis, the high abundance of E.coli and the 
reduced abundance of Lactobacilli due to ZnO supple-
mentation would not necessarily imply an increase in 
the inflammatory processes but could be explained by 
an improvement in the pigs’ tolerance to E. coli colon-
isation (Fairbrother et al. 2005). In fact, according to 
our results on gene expression and morphological 
parameters, an increase in abundance in E. coli does 
not seems to be related to inflammatory processes or 
to disruption of intestinal functionality. Studies with 
results in agreement with ours (Roselli et al. 2003; 
Fairbrother et al. 2005; Hu et al. 2014) and with 
opposite results (Shi et al. 2019) can be found.

Overall, the present meta-analysis has first high-
lighted that there is a lack of studies which have 

Table 2. Effect of different doses of ZnO on morphological parameters of small intestine.

Item N. studies

Mean

SEM

p Value

LZn MZn M1Zn M2Zn HZn Zn level classes Basal Zn Reference

Intestinal morphology
Villus height 18 99.89b 112.37ab – – 130.26a 11.55 0.004 0.6 0.04
Villus width 4 97.84b – – – 107.84a 1.83 0.003 0.01 0.28
Crypt depth 16 99.92 103.33 – – 96.86 2.81 0.32 0.73 0.15
Intestinal gene expression
ZO-1 3 104.14b – – – 144.75a 4.93 0.01 0.62 0.4
Occludin 2 103.89 – – – 133.73 12.2 0.06 0.64 0.3
IL-1b 5 94.68 121.95 74.8 17.54 0.33 0.7 0.37
TNF-a 6 100.68 – – 102.72 113.5 5.76 0.09 0.24 0.49
IFN-c 6 97.15a – – – 77.09b 4.99 0.01 0.29 0.37
TGF-b 4 99.46 100.59 – – 123.43 8.47 0.15 0.08 –

Zn level classes: LZn (0 ppm to 200 ppm), MZn (201 ppm to 1600 ppm); M1Zn (201 ppm to 630 ppm); M2Zn (631 ppm to 1600 ppm); HZn (1601 ppm to 
3000 ppm); Basal Zn: Zn administrated in the basal diet.
a,b,cvalues with different superscript differs (p< 0.05).
ZO-1: Zonulin-1; IL-1b: Interleukin-1 beta; TNF-a: Tumour necrosis factor; IFN-c: Interferon gamma; TGF-b: transforming growth factor-b.
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evaluated the effects of intermediate doses of Zn 
(200–600 ppm) on the main parameters related to 
intestinal health. However, it allowed to confirm that 
averagely high doses of Zn (600–1600 ppm) were able 
to lead to equally positive results for intestinal func-
tion (villus height) and growth performance compared 
to pharmacological doses of Zn. Furthermore, the pre-
sent meta-analysis highlighted the potentially negative 
effect of pharmacological doses of Zn on the abun-
dance of considered positive bacteria such as 
Lactobacilli, suggesting that there are other modes of 
action that could explain the positive effect of ZnO, 
especially administrated at higher doses, on intestinal 
health. It should also be emphasised that it is not pos-
sible to draw robust conclusions from observations 
based only on the abundance of Lactobacilli and E. 
coli, as the microbial population inhabiting the gut is 
very large and diverse, and further studies based on 
NGS technology will be helpful in the future.

Challenge database

The challenge models (infecting the pigs with specific 
pathogens, rearing them under stressful conditions), 
are considered a valid strategy to stress the tested 
dietary solutions, resulting in observations which 
would be more close to field situations (Luise et al. 
2019). Therefore, different challenge models have 
been used; and one of the most used is based on 
ETEC F4 and F18 infection in weaning pigs (Luise et al. 
2019). Indeed, among the studies identified with the 
systemic review, six out of eight studies were using 
the infection with ETEC F4 as main pathogen, one 
study infected the pigs with the Salmonella enterica 
Serovar Typhimurium DT104 and one study infected 
the pigs with TGEV.

The results of the systematic review regarding the 
effect of the ZnO levels on the performance, health 
and intestinal health under challenge situations are 

reported in Table 4. The results of LZn and MZn were 
reported in comparison with the HZn levels (2500– 
3000 ppm).

Overall, it can be observed that the LZn dose did 
not achieve similar results compared to HZn, indeed, 
except in two studies performed by Mazzoni et al. 
(2010) and Han et al. (2018) in which the BW, ADG 
and ADFI were similar to the ones of the HZn groups 
(2500 ppm of ZnO in both studies), the other studies 
suggested that the LZn doses, under challenge condi-
tion, reduced the performance parameters of pigs. 
Less studies investigated the effect of MZn compared 
with HZn. According to the study of Stensland et al. 
(2015) lower BW, ADG and ADFI were observed in pigs 
receiving 220 ppm of Zn compared with pigs receiving 
HZn dose (3000 ppm ZnO), while the study of Lei and 
Kim (2020) suggested that results similar to the pigs 
fed with HZn (2500 ppm ZnO) can be obtained using 
Zn doses between 500 and 1000 ppm.

Considering the health parameters, and especially 
the diarrhoea and faecal score data, the systematic 
review suggested that both LZn and MZn were not 
able to archive similar results of the HZn dose. Those 
results confirmed the positive effect of the addition of 
pharmacological level of ZnO in reducing the inci-
dence of diarrhoea, even in challenged animals.

However, it is interesting to note that in the study 
of Janczyk et al. (2013), in which pigs were challenged 
with Salmonella enterica Serovar Typhimurium DT104, 
the pigs receiving the LZn (80 and 150 ppm) dose had 
a lower Salmonella shedding and higher cytotoxic T- 
cells in blood and a higher number of different T cells 
in the mesenteric lymph nodes six weeks after the 
feeding the two different diets. The authors suggested 
that the HZn dose (2500 ppm ZnO) was beneficial 
immediately after the infection while after two weeks 
of feeding all positive beneficial effects of HZn disap-
peared and rather negative drawback, including a 

Table 3. Effect of different doses of ZnO on pig’s microbial abundance.

ITEM N. studies

Means

SEM

p Value

LZn MZn M1Zn M2Zn HZn Zn level classes Basal Zn Reference

E. coli, feces 4 100.25 – 96.68 – 97.01 1.39 0.18 0.2 �

Lactobacillus, feces 4 95.57 – 103.71 – 94.81 22.76 0.91 0.74 0.23
E. coli, 5 100.05 103.2 – – 92.42 4.11 0.12 0.89 0.25
large intestine
Lactobacillus, 4 100.01 99.78 – – 99.85 2.25 0.98 0.38 0.46
large intestine
E. coli, 6 73.72b – – – 231.88a 62.39 0.04 0.55 0.2
small intestine
Lactobacillus, 6 104.04a 98.74a,b – – 81.23b 10.31 0.05 0.63 0.18
small intestine

Zn level classes: LZn (0 ppm to 200 ppm), M1Zn (201 ppm to 630 ppm); M2Zn (631 ppm to 1600 ppm); HZn (1601 ppm to 3000 ppm); Basal Zn: Zn admin-
istrated in the basal diet.
a,b,cvalues with different superscript differs (p< 0.05).
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suppressive effect on the pig’s immunity, occurred 
(Janczyk et al. 2013).

The results regarding the morphometric parameters 
agree with the results observed for the gut heath 
parameters. In fact, the LZn doses provided in the 
studies were not able to allow pigs to have similar 
morphological parameters and faecal pathogen 
expression as the HZn doses. In particular, the study 
of Kwon et al. (2014) showed that pigs receiving the 
LZn dose had higher faecal shedding, higher pH in 
the stomach, jejunum, ileum, caecum and colon, lower 
goblet cells in the jejunum and colon and lower VH, 
CD and VH:CD ratio in the jejunum and ileum. 
Reduced duodenum VH were observed also by 
Mazzoni et al. (2010) and Lei and Kim (2020), reduced 
VH in jejunum and reduced VH:CD in duodenum and 
ileum were observed by Chai et al. (2014) and Lei and 
Kim (2020), respectively. In addition, higher jejunal 
expression of Interferon alfa (IFN- a) and 20-50- 
Oligoadenylate Synthetase 1 (OAS) and a higher 
jejunal permeability was observed in LZn pigs chal-
lenged with Transmissible gastroenteritis virus by Chai 
et al. (2014). These results confirm that in challenged 
pigs the LZn doses were not able to maintain the 
same gut heath than HZn. According to the results of 
Lei and Kim (2020), doses between 500 and 750 ppm 
were able to maintain a VH in the duodenum, jejunum 
and ileum and similar VH:CD ratio in the duodenum 
and jejunum as compared with HZn dose, suggesting 
that MZn doses could alleviate the gut impairment, 
while according to the study of Stensland et al. (2015), 
the MZn were not able to maintain similar gut condi-
tion of HZn dose. In this latter study, the pigs with the 
MZn had higher ETEC F4, ETEC F4/Lactobacillus ratio 
and faecal valeric acid than pig receiving the HZn. 
Although the two studies analysed some parameters 
related to the gut health, they cannot be compared, 
therefore no clear conclusion can be drawn.

Intestinal morphology showed decreased VH and 
enhanced CD in low Zn group by Kwon et al. (2014), 
similarly to what happen naturally in weaned pigs. On 
the contrary, it was shown an increased VH and low-
ered CD in animals with the addition of 100 ppm of 
coated Zn as well as them who received 2500 ppm of 
ZnO. This could suggest a beneficial effect of the gut 
structure induced by ZnO. Improved intestinal health 
results linked to the supplementation of coated Zn 
were also found in Han et al. (2018), where higher 
VH:CD values in jejunum resulted in pigs receiving 
M1Zn dose compared to whom was supplemented 
with pharmacological level of ZnO. Moreover, the 
increased presence of the tight junction protein ZO-1 

in pigs receiving 2500 ppm of ZnO could indicate and 
increased level of barrier against E. coli.

Overall, the administration of HZnO doses con-
firmed its positive effect in enhancing both productive 
and gut health parameters, even in animals chal-
lenged with ETEC F4, Salmonella and TGEV.

Special zinc database

One of the most promising strategies to reduce the 
quantity of ZnO in post-weaning diets is to identify 
different Zn forms which allow improving Zn bioavail-
ability. According to the study performed by Schell 
and Kornegay (1996), it was already known that the 
bioavailability of Zn from standard ZnO is usually 
lower than that from other Zn sources, including 
ZnSO4, Zn-methionine and Zn-lysine. More recently 
the technology allowed the production of ZnO nano-
particles (Siddiqi et al. 2018) or porous source of Zn 
(Peng et al. 2019; Wang et al. 2019) which allowed to 
increase in Zn availability and therefore reduced the 
doses needed in the diet. In this dataset, the effects of 
the different Zn sources including Zn chelate, coated, 
capsulated and microencapsulated Zn, nano Zn, and 
porous Zn were compared to the one of HZnO.

Zn chelates
Historically, a highly investigated strategy to improve 
the zinc absorption in the intestine is represented by 
the use of chelated Zn (Richards et al. 2010). The che-
lation refers to a bond formed between the metal/ 
mineral and a ligand. The ligand can bond the mineral 
in several points resulting in a structure in which the 
metal atom becomes part of a ring. For their structure 
and chemical proprieties (amino and hydroxyl func-
tional groups), amino acids (AAs) are the most suitable 
molecules to chelate minerals. Studies carried out in 
the 90s on rats and chickens showed how the use of 
zinc chelated with different AAs was able to have 
greater bioavailability than the form of zinc sulphate 
(Wapnir and Stiel 1986; Hortin et al. 1991; Wedekind 
et al. 1992). Thereafter, some studies were carried out 
in pigs; according to the study of Swinkels et al. 
(1996) the Zn-chelate with AAs was able to enhance 
Zn concentration in serum and tissue compared to Zn 
sulphate in Zn depleted pigs. The authors hypothes-
ised that the beneficial effects of the chelated Zn sour-
ces were related to the AAs since they were able to 
prevent the Zn binding to non-absorbable dietary 
compounds leading to increasing Zn absorption and 
(or) enhancing Zn retention. A positive effect on per-
formance parameters was observed in the study by 
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Pieper et al. (2020), where they observed similar feed 
intake (FI) and ADG in both 2500 ppm ZnO and 110 
Zn-Lysinate groups, suggesting the possibility of using 
a nutritional dose of Zn-Lysinate to improve growth 
parameters at weaning. Similarly, in the study by Case 
and Carlson (2002), the administration of 500 mg/kg as 
chelated ZnO with AAs complex was able to achieve 
similar G:F, ADG and average daily feed intake (ADFI) 
compared to HZnO (3000 ppm as ZnO). In addition to 
AAs, Zn can also be chelated by various types of poly-
saccharides. In the same study by Case and Carlson 
(2002) showed that 500 ppm of SQM-Zn (Zn chelated 
with polysaccharides) was able to achieve the same 
ADG, G:F and ADFI as the administration of 3000 ppm 
of ZnO during the first three weeks post-weaning. On 
the contrary, in the study by Bosi et al. (2003), the 
200 ppm of Zn-glutamate resulted in similar duodenal 
villus height as in pigs fed 2500 ppm ZnO, and specific 
ETEC F4 IgA concertation in the serum 4 days post 
infection, but it was not able to improve ADG and to 
reduce the ETEC and E. coli abundance in the faeces. 
Similarly, the study conducted by Bouwhuis et al. 
(2017) showed that 500 ppm of Zn chelate with 
methionine was not able to reach the same ADG and 
faecal score as the HZnO group (2300 ppm as ZnO, 
pigs were not challenged). On the contrary, Oh et al. 
(2021) found that pigs supplemented with 200 ppm of 
Zn chelate with glycine were able to control the inci-
dence of diarrhoea as well as HZnO (2500 ppm, pigs 
were not challenged) throughout the trial and to 
improve the apparent total tract digestibility of dry 
matter and gross energy compared in the first week 
after weaning compared to the groups without Zn, 
reaching the same levels as with 2500 ppm HZnO; 
these latter results may indicate that a low level of Zn 
glycinate may also increase the activation of digestive 
enzymes in the small intestine and pancreatic tissue 
as previously suggested for HZnO (Hu et al. 2012). 
However, according to the study performed by Pieper 
et al. (2020), ileal nutrient digestibility was not 
improved in the group of pigs fed with 110 ppm of 
Zn-Lysinate. Therefore, there are no consistent results 
regarding the effect of Zn-chelate on nutrient digest-
ibility. Furthermore, in both studies by Oh et al. (2021) 
and Pieper et al. (2020), an effect of the Zn-chelate on 
the gut microbiota was observed, showing the ability 
of a low dose of Zn to interact with the commensal 
bacteria. Chitosan, which is a natural product obtained 
from partial N-deacetylation of chitin, has also been 
widely used to chelate Zn. According to the results 
obtained by Han et al. (2014), the use of chitosan-Zn 
at a dose of 100 mg Zn/kg diet was able to reduce 

intestinal permeability, improve the integrity of the 
intestinal mucosa and alleviate the stress caused by 
weaning similarly to 3000 ppm of ZnO, and was more 
effective than ZnSO4 in inhibiting the inflammatory 
response. Furthermore, Oh et al. (2021) showed that 
Zn-glycinate was able to increase the number of 
FoxP3þ and T-betþ T cells compared to the HZnO 
and had similar IL-6 values of HZnO. These results may 
suggest that the low dose of Zn-glycinate can limit 
the inflammatory response and promote the activity 
against viral and bacterial pathogens. Furthermore, in 
the study by Hu et al. (2018), a decrease in the expres-
sions of proteins associated with cell death was 
observed in pigs fed 150 ppm of chitosan-Zn com-
pared to the effect of ZnSO4.

Although the majority of Zn absorption is mediated 
by the ZIP4 transporter, which is the major uptake 
pathway for dietary Zn into the organism (Brugger 
et al. 2021); chelated Zn with AAs appears to be 
absorbed more rapidly via peptide or AAs transporters 
(Nitrayova et al. 2012). Nevertheless, the data reported 
so far have shown that in the majority of the studies 
comparable results were obtained with ZnO, and AAs 
chelated Zn, suggesting that the zinc-positive effect 
may not be directly dependent on its transport 
pathway.

Overall, the lack of similarity in pig response 
between the different forms of chelated Zn is prob-
ably related to the different molecules to which the 
Zn is bound, and further investigations are needed to 
draw a conclusion.

Coated ZnO
Coating is a common means of drug delivery where 
the Zn supplements have a protective coating or film 
on the outer surface, and it is used to improve the 
chemical stability and absorption of ZnO (Luo et al. 
2020). According to the present systematic search, 7 
studies testing coated ZnO were found. Coated ZnO, 
with the protection of the covering layer, allows a 
higher percentage of ZnO to reach the gut, where 
ZnO can perform its primary function. Some studies 
had shown that ZnO coated with smectite or with lip-
ids at a dose of 380 mg Zn/kg, can achieve the same 
effect as HZnO (Hu et al. 2013; Shen et al. 2014), while 
when used at lower doses (100 or 200 mg Zn/kg), 
coated ZnO did not affect growth performance (Byun 
et al. 2018).

In the studies by Lei and Kim (2018) and Dong 
et al. (2019), the diarrhoeal index was reduced in the 
HZnO group (2500 and 2250 ppm of ZnO, respectively; 
pigs were not challenged), as well as in the lipid 
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Table 4. Effect of different doses of zinc oxide on the performance, health, and gut health parameters in weaned pigs under 
challenge conditions.
Item Challenge LZn MZn HZn Reference

Performance ETEC F4 # ADG – 2500 ppm (Kwon et al. 2014)
# final BW

ETEC F4 # ADG and " FCR – 2500 ppm (Heo et al. 2010)
ETEC F4 # ADG, ADFI and G:F ¼ ADG, ADFI and G:F 

(500–750 and 
1000 ppm)

2500 ppm (Lei and Kim 2020)

ETEC F4 ¼ BW, ADG and ADFI ¼ BW, ADG and ADFI 2500 ppm (Han et al. 2018)
ETEC F4 – # BW, ADG and ADFI 

(220 ppm)
3000 ppm (Stensland et al. 2015)

ETEC F4 ¼ BW, ADG and ADFI – 2500 ppm (Mazzoni et al. 2010)
Salmonella 

entericaSerovar 
Typhimurium DT104

# ADG untill d21 (50– 
80 ppm); ¼ ADG from d7- 

d14 and d14-d21 
(150 ppm)

– 2500 ppm (Janczyk et al. 2013)

Transmissible 
gastroenteritis virus

# BW (50 and 150 ppm) – 2500 ppm (Chai et al. 2014)

Health ETEC F4 " diarrhea – 2500 ppm (Heo et al. 2010)
ETEC F4 " diarrhea (challenged 

group) 
# Zn plasma and liver 

concentration;

# Zn plasma and liver 
concentration

2500 ppm (Han et al. 2018)

ETEC F4 " diarrhea; "TNF-a and 
IL-6 in blood

" diarrhea at 72 h 
(500–750 and 

1000 ppm) ; ¼ "TNF-a 

and IL-6 in blood 
(500–750 and 

1000 ppm)

2500 ppm (Lei and Kim 2020)

Salmonella enterica 
Serovar Typhimurium 

DT104

# Salmonella shedding (80 
and 150 ppm); 

" cytotoxic T cells in 
blood (80 and 150 ppm) 

but after six weeks of 
feeding

– 2500 ppm (Janczyk et al. 2013)

Transmissible 
gastroenteritis virus

" fecal score (both 50 
and 150 ppm)

– 2500 ppm (Chai et al. 2014)

Intestinal health ETEC F4 " faecal shedding 
"stomach, jejunum, ileum, 

cecum, and colon pH 
# jejunum and colon 

goblet cells

– 2500 ppm (Kwon et al. 2014)

# jejunum and ileum VH, 
CD VH:CD

ETEC F4 # duodenum VH # duodenum VH and 
VH:CD 

#jejunum CD,  
" jejunum VH:CD 
# jejunum Zonulin-1 

expression

2500 ppm (Han et al. 2018)

ETEC F4 ¼ VH duodenum, 
jejunum, and ileum;  
# ileum VH:CD for 500 

and 750 ppm; ¼
duodenum and 
jejunum VH:CD

2500 ppm (Lei and Kim 2020)
# duodenum villus height; 
¼ villus height in 

jejunum
# duodenum and ileum 

VH:CD
ETEC F4 – " ETEC F4; " ETEC F4/ 

Lactobacillus ratio;  
" faecal valeric acid

3000 ppm (Stensland et al. 2015)

ETEC F4 # duodenum VH; ¼
mitosis and apoptosis in 

duodenum; 
" faecal ETEC F4 excretion

2500 ppm (Mazzoni et al. 2010)

Trasmissibile 
gastroenteritis virus

¼ sIgA (50 and 150 pm); 
" IFN- a and OAS 

(50 ppm)

– 2500 ppm (Chai et al. 2014)

" villus atrophy and # VH 
in jejunum; " jejunum 

permeability

ETEC: entorotoxigenic Escherichia coli; ADG: average daily gain; BW: body weight; FCR: feed conversion ratio;ADF: average daily feed intake; G:F: gain to 
feed ratio; TNF-a: Tumour necrosis factor alpha; IL-6: interleukin 6; VH: villus height; CD: cript depth; VH:CD: villus height to crypt depth ratio; sIgA: secre-
tory immunoglobulin A; IFN- a: Interferon alfa; OAS: 2’-5’-Oligoadenylate Synthetase 1.
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coated group, suggesting the importance of ZnO in 
the gut ecosystem and in reducing the incidence of 
diarrhoea and that the administration of lower levels 
of coated ZnO could be used as an alternative to 
pharmacological level of ZnO. On the other hand, 
Byun et al. (2018) found an increase in the faecal 
score in pigs fed with lipid-coated Zn. In addition, 
Jang et al. (2014) and Upadhaya et al. (2018) 
observed a significantly lower serum Zn concentra-
tion in pigs fed with coated Zn compared to 
2500 ppm of ZnO. Furthermore, in the studies by Lei 
and Kim (2018), Song et al. (2018) and Dong et al. 
(2019) the results of villus height in the duodenum of 
pigs fed with lipid coated Zn were not different from 
the results of 2250 ppm ZnO, showing that lower 
doses of coated ZnO could be a substitute for HZnO 
in improving gut morphology. Furthermore, Dong 
et al. (2019) also observed an increase in ZO-1 and 
Occludin expression in HZnO and 380 ppm lipid 
coated zinc groups. This result suggests that dietary 
administration of coated ZnO, especially the lipid 
coating, could also prevent or even improve intestine 
integrity in weaned pigs.

Capsulated and microencapsulated ZnO
As mentioned above, the capsulation of ZnO could 
be an additional strategy to reduce the doses 
required in the post-weaning diet. Capsulated zinc 
refers to Zn supplements that are encapsulated in a 
shell or capsule. Increased local concentration of the 
substrates is one of the properties induced by 
molecular encapsulation (Kleij and Reek 2006). In 

general, different sources of lipids are used to encap-
sulate ZnO. The term microencapsulation refers to 
micron-sized particles an inert (which is related to 
the reactivity of the shell with the core material) shell 
(Swapan 2006). The comparison between the effects 
of capsulated and microencapsulated Zn to HZnO 
doses on performance, health, and gut health of 
post-weaning pigs is reported in Table 5.

As shown by the studies by Wang et al. (2012), 
Jang et al. (2014) and Park et al. (2015), the adminis-
tration of 1500 ppm, 139 ppm and 100 ppm of lipid 
capsulated ZnO allowed to obtain final BW and G:F 
values analogous to HZnO (3000 ppm, 2500 ppm and 
2500 ppm as ZnO, respectively). Considering diarrhoea 
as a response parameter, the study by Wang et al. 
(2012) and Jang et al. (2014) showed comparable diar-
rhoea ratios between lipid capsulated and HZnO. 
However, the lower dose tested by Park et al. (2015) did 
not allow to achieve similar diarrheal score of HZnO 
(none of the studies included challenged animals). 
Nevertheless, the study by Park et al. (2015) showed a 
Zn concentration in the liver and blood similar to the 
control diet (100 ppm as ZnO) and lower than HZnO 
groups (2500 ppm as ZnO), suggesting that the Zn con-
centrations are directly correlated with dietary Zn con-
centrations, despite the Zn source. An increase in jejunal 
villus height and VH:CD ratio in the capsulated Zn group 
was also observed by Wang et al. (2012). Furthermore, 
ZO-1 and Occludin expression were found at the same 
level between HZnO and capsulated groups, suggesting 
a positive connection with the decreased diarrhoea ratio 
in animals receiving both sources of ZnO.

Table 5. Effect of capsulated Zn on productive and health parameters in weaned pigs.
Item Effects vs pharmacological level of ZnO Protection DOSE Reference

Performance ¼ BW, ADG, ADFI and G:F Capsulated 1500 ppm (Wang et al. 2012)
¼ BW, ADG; ADFI and G:F Microencapsulated; lipid matrix 300 and 800 ppm (Grilli et al. 2015)

¼ BW and G:F 
# ADG and ADFI

Lipid-encapsulated Shield Zn 139 ppm (Park et al. 2015)

¼ BW, ADG, ADFI and G:F Lipid-encapsulated Shield Zn 100 and 250 ppm (Jang et al. 2014)
Health ¼ diarrhea ratio; 

¼ IgG, IgM, IgA and Zn serum 
# Zn feces

Capsulated 1500 ppm (Wang et al. 2012)

"faecal score 
# Zn serum and liver

Lipid-encapsulated Shield Zn 139 ppm (Park et al. 2015)

¼ faecal score 
# Zn serum and liver

Lipid-encapsulated Shield Zn 100 and 250 ppm (Jang et al. 2014)

Intestinal health " jejunum VH, CD and VH:CD 
¼ ZO-1, Occludin and IGF-I jejunum expression

Capsulated 1500 ppm (Wang et al. 2012)

" ileum villus height and VH:CD 
¼ ileum crypt dept 

¼OCL, ZO-1, TNF, IL-6, IFN-c

Microencapsulated; lipid matrix 300 and 800 ppm (Grilli et al. 2015)

¼ duodenum, jejunum, and ileum VH, CD and VH:CD Lipid-encapsulated Shield Zn 139 ppm (Park et al. 2015)
¼ ileum VH, CD and VH:CD 
" duodenum VH and CD 
¼ jejunum VH and CD 

" jejunum VH:CD (250 ppm)

Lipid-encapsulated Shield Zn 100 and 250 ppm (Jang et al. 2014)

ADG: average daily gain; BW: body weight; ADFI: average daily feed intake; G:F: gain to feed ratio; Ig: immunoglobulin; ZO-1: Zonulin-1; IGF-I: insuline- 
like growth factor; TNF-a: Tumour necrosis factor alpha; IL-6: interleukin 6; IFN-c: Interferon-gamma; VH: villus height; CD: crypt depth; VH:CD: villus 
height to crypt depth ratio.
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On the contrary, in the study by Grilli et al. (2015), 
when lipid microencapsulated ZnO was included in 
the diet at a dose of 300 or 800 mg/kg, the pigs 
showed an increase in growth performance and an 
increase in ileum villus height at the same level of 
HZnO (3000 ppm as ZnO). Regarding the level of 
inflammatory cytokines, similar levels of IFN-c and 
TNF-a expression were found by Grilli et al. (2015) in 
pigs fed with 300 and 800 ppm of microencapsulated 
ZnO or with 3000 ppm ZnO. The explanation for these 
results may be the mechanism behind the action of 
ZnO in decreasing intestinal permeability and improv-
ing the overall health status of the pig gut.

Zn oxide nanoparticles
The term nanoparticles refers to ZnO particles smaller 
than 100 nanometres. A summary of the comparison 
between the effects of Zn nanoparticles and HZnO doses 
on performance, health and gut health of post-weaning 
pigs is reported in Table 6. The use of ZnO nanoparticles 
resulted in a similar ADG to the HZnO groups 
(2000 ppm; 3000 ppm; 3000 ppm; 3000 ppm; 2000 ppm; 
2000 ppm; 1650 ppm; 3000 ppm as ZnO, respectively) in 
the studies performed by Xia et al. (2017; 600 mg Zn/ 
kg), Milani et al. (2017; 15 to 60 mg Zn/kg), Wang et al. 
(2018; 800 mg/kg), Pei et al. (2019; 150–450 mg Zn/kg), 
Sun et al. (2019; 400, 500 and 600 mg Zn/Kg), Kociova 

Table 6. Effect of Zn oxide nanoparticles on productive and health parameters in weaned pigs.
Item Effects vs pharmacological level of ZnO Dose Reference

Performance ¼ BW, ADG, ADFI and F:G 600 ppm (Xia et al. 2017)
¼ ADG, ADFI and G:F 15, 30 and 60 ppm (Milani et al. 2017)
¼ BW, ADG, ADFI and F:G 400 and 800 ppm (Wang et al. 2018)
¼ BW, ADFI and G:F 
#ADG (300 ppm)

300,400,500 and 600 ppm (Sun et al. 2019)

¼ BW, ADG, ADFI and G:F 150, 300 and 450 ppm (Pei et al. 2019)
¼BW, ADG, ADFI and F:G 200,300 400 and 500 ppm (Cui et al. 2021)
¼ BW, ADG and ADFI 

# F:G
150 ppm (Szuba-Trznadel et al. 2021)

" BW 
" ADG

500, 1000 and 2000 ppm (Kociova et al. 2020)

# ADG and G:F 500, 1000 and 2500 ppm (Oh et al. 2020)
Health " diarrhea (%) 600 ppm (Xia et al. 2017)

" diarrhea (%) 
# fecal Zn

15, 30 and 60 ppm (Milani et al. 2017)

¼ diarrhea (%) 
# Zn plasma (400 ppm) 

# Zn kidney and liver (400 and 800 ppm)

400 and 800 ppm (Wang et al. 2018)

¼ diarrhea (%) (600 ppm) 
¼ IgG, IgM and IgA (400, 500 and 600 ppm)

300,400,500 and 600 ppm (Sun et al. 2019)

¼ diarrhea (%) 
# Zn serum, fecal and liver concentration (450 ppm)

150, 300 and 450 ppm (Pei et al. 2019)

# liver Zn concentration 
¼ ileum IgA and jejunum IgG 
" jejunum IgA (200 and 400 ppm) 

# ileum IgG and jejunum IgM (500 ppm)

200,300 400 and 500 ppm (Cui et al. 2021)

¼ diarrhea rate (%) 
# Zn serum concentration

150 ppm (Szuba-Trznadel et al. 2021)

" fecal score 
¼ serum IgG, IgA and IgM 
# Zn feces concentration

500, 1000 and 2500 ppm (Oh et al. 2020)

Intestinal health ¼ IFN-c, TNF-a and NFKB expression 
¼ jejunum VH, CD and VH:CD ratio

600 ppm (Xia et al. 2017)

¼ jejunum and cecum E. coli and Lactobacillus 15, 30 and 60 ppm (Milani et al. 2017)
¼ Occludin and TNF-a expression (400 ppm) 
¼ Claudin-2 and ZO-1 (400 and 800 ppm) 
¼ ileum VH, CD, VH:CD and surface area

400 and 800 ppm (Wang et al. 2018)

# feces coliform 
" Zn blood concentration (2000 ppm)

500, 1000 and 2000 ppm (Kociova et al. 2020)

" cecum E. coli (300 ppm nano-Zn) 300,400,500 and 600 ppm (Sun et al. 2019)
¼ duodenum and ileum VH and CD 

" jejunum villus height 
" duodenum and jejunum VH:CD 

¼ ileum VH:CD 
¼ cecum, rectum, and colon E. coli abundance

150, 300 and 450 ppm (Pei et al. 2019)

¼ jejunum IL-6 (300, 400 and 500 ppm) 
" ileum IL-6 (200, 300 and 400 ppm) 

¼ duodenum, jejunum, and ileum VH, CD and VH:CD

200,300 400 and 500 ppm (Cui et al. 2021)

¼ duodenum, jejunum and ileum VH, CD and VH:CD ratio 500, 1000 and 2500 ppm (Oh et al. 2020)

ADG: average daily gain; BW: body weight; ADFI: average daily feed intake; G:F: gain to feed ratio; Ig: immunoglobulin; IFN-c: Interferon-gamma; TNF-a: 
Tumour necrosis factor alpha; NFKB: Nuclear Factor Kappa B; VH: villus height; CD: crypt depth; VH:CD: villus height to crypt depth ratio; IL-6: interleu-
kin 6.
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et al. (2020; 500 and 1000 mg/kg phosphate nano Zn: 
prepared by dissolving Zn(NO3)2�6H2O in water and 
heating to 60 �C and followed by a second step of dis-
solving (NH4)2HPO4 in water, Cui et al. (2021; 200 to 
500 mg Zn/kg), and Szuba-Trznadel et al. (2021; 150 mg 
Zn/kg). The clear consistency showed by these studies 
confirms that that doses ranging from 15 to 800 mg of 
nanoparticles Zn could play a role similar to that of 
HZnO. The authors hypothesise that these positive 
results of low doses of nanoparticles ZnO can be 
achieved thanks to the higher solubility that nano Zn 
can have compared to normal ZnO.

The occurrence of diarrhoea was not different from 
the high dose of HZnO with the use of nanoparticles, 
according to Pei et al. (2019), in whose study the add-
ition of doses from 150 to 450 ppm of nano Zn gave 
the same beneficial results as 3000 ppm of ZnO, and 
Sun et al. (2019), whom found comparable results in 
both groups receiving either 600 ppm of nano Zn and 
2000 ppm of ZnO. However, opposite results were 
obtained by Milani et al. (2017; 15 to 60 mg Zn/kg) 
and Xia et al. (2017; 600 mg Zn/kg), where the HZnO 
significantly reduced the incidence of diarrhoea com-
pared with the use of nano Zn (none of these studies 
included challenged animals). However, diarrhoea can 
be due to different reasons, resulting to different out-
comes among the studies.

It is reported that nano Zn can have a high antibac-
terial effect (Sun et al. 2019;Kociova et al. 2020). 

Indeed, Sun et al. (2019) showed a similar E. coli abun-
dance in caecum between HZnO and 400–600 ppm of 
nano Zn showing that nano Zn can be more effective 
in preventing the growth of E. coli in pigs’ gut ecosys-
tem. Likewise, Kociova et al. (2020) showed reducing 
coliforms abundance in the nano Zn groups when 
compared to the same doses of the normal ZnO. 
According to a recent review by Gudkov et al. (2021), 
the mechanisms of action of ZnO nanoparticles on 
bacteria can be 1) disruption of the cell membrane; 2) 
binding to proteins and DNA, generation of reactive 
oxygen species (ROS); 3) disruption of the processes of 
bacterial DNA replication, alteration (more often, 
down-regulation) of expression in a wide range of 
genes. These modes of action can vary according to 
the size (increasing with smaller nano-zinc size) and 
production methods, which can affect the physical 
and morphological characteristics of nano-zinc. For 
more information on the antibacterial effect of nano- 
Zn produced by different methods, we recommend 
the review by Gudkov et al. (2021).

Xia et al. (2017) and Cui et al. (2021) showed also 
interesting beneficial effects of nano Zn on the intes-
tinal morphology and integrity parameters. The use of 
HZnO and nano ZnO resulted in higher jejunal villus 
height and VH:CD ratio of pigs, and the decreased in 
the expression of pro-inflammatory cytokines such as 
IFN-c and TNF-a in both nano Zn and HZnO fed ani-
mals compared to the control group. Cui et al. (2021) 

Table 7. Effect of porous form of Zn on productive and health parameters in weaned pigs.
Item Effects vs pharmacological level of ZnO Dose Reference

Performance ¼ ADG, ADFI and G:F 200 ppm (Cho et al. 2015)
" ADG and G:F 110 ppm (Morales et al. 2012)
# ADG and ADFI 

¼ F:G
400 ppm (Long et al. 2017)

¼ ADG (220 ppm porous form) 
¼ ADFI and F:G (110 and 220 ppm)

110 and 220ppm (Wang et al. 2019)

¼ ADG, BW, ADFI and G:F 200 or 500 ppm (Peng et al. 2019)
Health ¼ faecal score 

# faecal Zn
150 and 300 ppm (Vahjen et al. 2016)

¼ plasma Zn 
¼ faecal score

200 and 300 ppm (Cho et al. 2015)

¼ diarrhea incidence 
# kidney Zn content

400 ppm (Long et al. 2017)

¼ faecal score 110 and 220 ppm (Wang et al. 2019)
" diarrhea incidence 200 or 500 ppm (Peng et al. 2019)
¼ diarrhea 110 ppm (Morales et al. 2012)

Intestinal health ¼ fecal Lactobacillus and E. coli 200 and 300 ppm (Cho et al. 2015)
# duodenum villus height 

¼ ileum and jejunum crypt depth 
" IFN-c duodenum and ileum expression

400 ppm (Long et al. 2017)

¼ duodenum VH, CD and VH:CD 
¼ ileum and jejunum VH and CD 

# ileum and jejunum VH:CD (200 ppm) 
# Ileum and caecum E. coli 

" Ileum and cecum Lactobacillus

200 or 500 ppm (Peng et al. 2019)

¼ZO-1, TNF-a, IFN-c and Occludin distal small intestine expression 
¼ E. coli in small intestine (110 ppm and 220 ppm)

110 and 220 ppm (Wang et al. 2019)

ADG: average daily gain; BW: body weight; ADFI: average daily feed intake; G:F: gain to feed ratio; F:G: feed to gain ratio; IFN-c: Interferon-gamma; ZO-1: 
Zonulin-1; TNF-a: Tumour necrosis factor alpha.
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showed that the 200–500 ppm of nano zinc was as 
functional as 1600 ppm of ZnO in the increasing villus 
height and crypt depth in jejunum, ileum, and duode-
num, leading to a potential beneficial effect in order 
to maintain the membrane functions, and the addition 
of 200 ppm of nano Zn enhanced ileal and jejunal IL-6 
content, suggesting a protective immune effect given 
by this Zn source. These two studies indicate that low 
doses of nano zinc can alleviate the inflammation and 
promote the functionality of the gut health in the 
digestion and absorption. However, the expression of 
Occludin in jejunum in the nano Zn group was not 
comparable with the one obtained in the HZnO, sug-
gesting that the addition of nano Zn could not be as 
effective as ZnO in maintaining gut integrity (Xia et al. 
2017).

Furthermore, according to the study by Kociova 
et al. (2020), nano Zn can showed a higher absorption 
compared to normal ZnO, as shown by the higher Zn 
concentration observed in the blood when comparing 
the same feeding doses of nano Zn and normal Zn; in 
fact, this higher absorption could partially explain the 
beneficial effect of nano Zn in gut health and growth 
parameters.

Indeed, as supported by the majority of these 
results, it can be hypothesised that the administration 
of ZnO in the form of nano Zn, can maintain or even 
increase the positive effects of this form of Zn. Indeed, 
the smaller molecules have the potential to increase 
the absorption area in the gut, especially in the small 
intestine, therefore exploiting the same beneficial 
effects of pharmacological doses of ZnO.

Porous and high surface forms of zinc oxide
Among the alternatives to HZnO, porous and high sur-
face area of ZnO have also been investigated. In this 
category, one of the most investigated and available 
forms is a porous source of Zn source (HiZoxVR , 
Animine, France), which is a porous high surface area 
of ZnO with a patented manufacturing technology. 
The results of the effects of this form of Zn on per-
formance, health and intestinal health parameters 
compared to the effects of HZnO are shown in Table 
7. None of the studies involved challenged animals. 
According to Cho et al. (2015; 110 ppm and 220 ppm,), 
Peng et al. (2019; 200 ppm), and Wang et al. (2019; 
200 ppm and 500 ppm) the use of porous ZnO allowed 
to obtain ADG, ADFI and G:F ratios with similar values 
to those archived with HZnO (3000 ppm; 3000 ppm; 
2400 ppm as ZnO, respectively). Furthermore, in the 
study by Morales et al. (2012), higher ADG results 
were observed in groups receiving 110 ppm of porous 

ZnO when administrated to pigs in the starter phase 
(42 to 63 d of age). Comparable results regarding the 
diarrhoea parameters (diarrhoea incidence and faecal 
score) were observed between the porous form of Zn 
and HZnO doses in the studies performed by Morales 
et al. (2012), Cho et al. (2015), Vahjen et al. (2016), 
Long et al. (2017), and Wang et al. (2019).

Regarding the effect of porous ZnO on the intes-
tinal health parameters, it can be noted that according 
to Long et al. (2017), similar results can be obtained in 
jejunum and ileum crypt depth values and VH with 
400 ppm. Furthermore, in the study by Peng et al. 
(2019), lower levels of ileum and caecum E. coli ileum 
and caecum were found in the porous ZnO group, 
compared to pharmacological levels of ZnO.

More recently, a new technology combining the 
advantages of nano and porous Zn was tested by Su 
et al. (2023). This new form of Zn, characterised by 
small particles with high porosity and a specific sur-
face area (48.916 m2/g), was able to reduce the ETEC 
F4 activity at a dose of 200 ppm, and at a dose of 
300 ppm had better diarrhoea-preventive effects, nutri-
ent digestibility and integrity and functionality 
(increase in villus height) of the gastrointestinal tract, 
especially when combined with the use of probiotics.

Overall, the results collected for porous and porous 
Zn sources are promising and highlight these sources 
of Zn as a valid strategy to reduce the necessary dose 
to be included in the post-weaning diet.

Conclusion

The EU ban on the use of pharmacological level of 
ZnO is an issue of increasing interest and concern in 
the field of pig production. Based on the data pre-
sented, there is evidence that the effect of the Zn is 
dose dependent. However, the data highlighted that 
the form of Zn also plays a role in the efficacy of this 
micronutrient in promoting pig health. The solubility 
seems to be a key point, in fact, the higher efficacy of 
ZnO, characterised by a lower solubility than ZnSO4, 
can be explained by its role to cover the demand by a 
systemic effect, as well as to exert a local effect reduc-
ing the oxidative stress of the gut mucosa and 
strengthening the recovery of the gut integrity. The 
present data confirm that with the dose of Zn allowed 
in the EU (150 ppm) is almost impossible to observe 
the same effect obtained with a high ZnO dose, 
regardless the source used. Therefore, a possible strat-
egy to replace the high ZnO dose should be the use 
of a form of Zn that is able to cover the requirements, 
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to sustain the physiology of the pigs as well as to 
have a local effect on the gut mucosa.
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