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ABSTRACT
Weaning transition is often associated with the occurrence of the post-weaning diarrhoea syn-
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drome (PWDS). The reduction of dietary crude protein (CP) has been intensively used as a strat-
egy for controlling PWDS. The aim of the present meta-analysis was to report the effect of the
reduction of dietary CP on the intestinal parameters related to the gut health, growth and diar-
rhoea of post-weaning piglets. A literature review of the articles published from 2006 to 2019
produced 48 articles and, of these 26 were selected. Parameters (bacterial metabolites, pH,
microbiota diversity, intestinal morphology, inflammation markers, growth, faecal score) were
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extracted, expressed as a percentage of the control diet and analysed using a general linear
model which included the study, reduction in points of dietary CP, and the ratio of digestible
Lysine and dietary CP (dLys/CP) as factors. The reduction of dietary CP decreased ammonia
(p <.0001), pH (p=.039), total short-chain fatty acids (SCFAs) (p =.027), biogenic amines includ-
ing cadaverine (p=.034) and putrescine (p=.030) and the expression of TLR4 (p <.0001) in the
intestine and also reduced the faecal score (p=.002). The dLys/CP ratio increased the level of
Lactobacilli and the expression of TLR4 (p <.05), and tended to increase acetic acid (p <.1).
Crypt depth, villus height, microbiota diversity and growth remained unchanged. In conclusion,
this study confirmed that a reduction of dietary CP could reduce bacterial protein fermentation
and the production of potentially toxic metabolites. In turn, this could result in lower intestinal
inflammation and a decreased risk of diarrhoea in weaning piglets.

HIGHLIGHTS

e Reducing the dietary crude protein can decrease the fermentation of undigested dietary pro-
tein, especially in the large intestine.

e Lowering undigested dietary protein results in a reduction of the intestinal pH and poten-
tially toxic metabolites, including ammonia and amines.

e Diets with lower crude protein reduce inflammation of the intestinal mucosa and the post-
weaning diarrhoea of piglets without compromising performance.
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Introduction

Weaning has been recognised to be one of the most
critical phases of the pig rearing system owing to a
number of stressor factors, including social stress,
change of diet and environment, coupled with the
immature digestive tract and immature immune sys-
tem of the piglets. Therefore, post-weaning period is
often associated with the occurrence of post-weaning
diarrhoea syndrome (PWDS). Currently, several nutri-
tional and feeding strategies have been considered to
maintain and restore piglet intestinal health during the
weaning transition period, and to improve the robust-
ness of the piglets. Of the nutritional strategies avail-
able to counteract post-weaning diarrhoea (PWD), the
reduction of the dietary crude protein (CP) level in the
post-weaning diet has been widely adopted, mainly
thanks to commercially available feed-grade amino
acids (AAs) (Gao et al. 2019; Heo et al. 2013). In fact,
starting from weaning, piglets require a high nutritional
level of AAs in order to ensure recovery from the stres-
sors associated with weaning as well as for the correct
development of the intestine, and also to sustain
immune response and growth. Thus, the reduction of
dietary CP can represent a risk and must always be
coupled with the inclusion of a sufficient quantity of
essential and conditionally essential AAs in the feed for-
mula (Le Floc’h et al. 2018).

In the past, several studies, reviews and meta-analy-
ses suggesting the beneficial effects of reducing the
level of CP in the diet of piglets in terms of economic
cost (Wang et al. 2018), gut health (Wang et al. 2018;
Pluske et al. 2002), and environmental impact have
been carried out. In fact, high-protein (HP) diets can
lead to excesses of undigested or unabsorbed pepti-
des and AAs, lower nitrogen efficiency, and higher
excretion of ammonia and nitrogen in faeces and
urine, resulting in a higher environmental impact
(Sajeev et al. 2018; Wang et al. 2020). Focussing on
gut health, HP diets can favour protein fermentation
in the hindgut which can alter the gut mucosal homeo-
stasis. In fact, the positive effects associated with the
reduction of dietary CP have been ascribed to reduced
intestinal fermentation of undigested protein and AAs
by the bacteria in the distal part of the small intestine
and in the large intestine (Pieper et al. 2016). Protein
fermentation by bacteria can result in the production
of several metabolites including short-chain fatty acids
(SCFAs), branched-chain fatty acids (BCFAs), ammonia,
polyamines, sulfur-containing bacterial metabolites
(methanethiol, H2S) and aromatic compounds (phen-
olic, indolic) which can be considered rather beneficial
or which can disturb intestinal homeostasis (Pieper et
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al. 2016; Wang et al. 2020). On the other hand, low CP
diets can be deficient in AAs which are essential for
maintaining gut health (Yang and Liao 2019).

Although numerous studies have been carried out, lit-
tle is still known regarding the effect of the reduction of
dietary CP on the intestinal parameters associated with
gut health, including the intestinal barrier function, tight
junction, microbiota profile and SCFA composition
(Diether and Willing 2019; Heo et al. 2013). Thus, the pri-
mary aim of the present meta-analysis was to report the
effect of the reduction of dietary CP on the intestinal
parameters related to gut health in post-weaning piglets;
it also reported its effect on growth and diarrhoea.

Material and methods
Data collection and methods of analyses

A systematic literature review was carried out using
peer-reviewed articles published between 2006 and
2019. This framework was chosen to have studies in
which the reduction of dietary CP was balanced as
possible by the addition of common essential amino
acids and that the parameters expected to be the
object of the meta-analysis were considered. The
online database “Pubmed” was used to search for the
relevant articles by combining keywords related to
diet ["Low protein diet" OR "Low protein level "OR"
Decreased protein level "OR" Reduced protein level "]
AND to health [" Immunity "OR" Gut health "OR"
microbiota "OR" diarrhoea "OR" microflora "] AND to
the species ["Pigs" OR "piglets"].

Table 1. Parameters considered in order for inclusion of the
study in the meta-analysis.

Included parameters in the preliminary literature selection
Faecal Score

Intestinal Ammonia

Intestinal pH

Total SCFAs in the Intestine

Acetic acid in the Intestine

Propionic acid in the Intestine
Isobutyric acid in the Intestine
Butyric acid in the Intestine

Isovaleric acid in the Intestine

Valeric acid in the Intestine
Cadaverine in the Intestine

Putrescine in the Intestine
Spermidine in the Intestine

Spermine in the Intestine

Total bacteria in the gut content

N of OTUs/Chao in the gut content
Shannon Index in the gut content
Simpson index in the gut content
Lactobacilli in the gut content
Enterobacteriaceae in the gut content
Firmicutes/Bacteroides in the gut content
Crypt Depth in the intestine

Villus height in the intestine

TLR-4 in the intestine




1388 D. LUISE ET AL.

Once all the articles were collected, only those ful-
filling the following criteria were selected: a) in-vivo
swine studies including a control group and a reduced
level of protein group in post-weaning pigs, b) pub-
lished in English and c) reporting at least one of the
parameters included in Table 1.

For all the articles included, the diet composition of
the different experimental groups was recalculated
using EvaPig software, a widely used calculator of
nutritional values of ingredients and diets for piglets
and sows (Noblet et al. 2008). This step was performed
because several studies did not report the analysis of
the nutrient composition of the diet and therefore to
homogenise the error in the estimation of the nutrient
composition of the diet all the formulations of the
studies were recalculated with respect to a single
database. EvaPig includes a database of the chemical
composition and nutritive values of approximately 100
ingredients taken from the INRA-AFZ Tables (Sauvant
et al. 2002, 2004).

The experimental groups in the articles were then
defined as follows: control group (CO), namely the
group with the highest CP level within the study, and
the reduced CP group (RD), namely, the groups in
which the dietary CP was reduced within a study
(some studies had more than one type of diet). The
reduction of dietary CP (DIFF CP) was expressed as the
reduction of crude protein in percentage points (pts%)
between the CO and the RD groups within each study.
A minimum of 2 pts% between the CO and the RD
groups was considered to be the cut-off for including
the study in the analysis. The ratio between digestible
lysine (dLys) and percentage of dietary CP (dLys/CP)
was calculated for each diet as an indicator of the pro-
tein quality as Lys is considered to be the first limiting
AA in pigs.

The average daily gain (ADG) was calculated for the
studies when information regarding body weight and
duration of the experiment was available. Data regard-
ing the faecal score were standardised among the
studies according to the following 1 to 4 scale: 1, nor-
mal faeces; 2, soft faeces; 3, mild diarrhoea and 4,
severe diarrhoea (Pedersen and Strunz, 2013). All
response data regarding piglets were expressed as
relative to that observed in the CO group.

Statistical analysis

As a first step, a statistical analysis aimed at evaluating
the effect of the reduction of dietary CP on the diet
nutrient components was carried out. The variability in
the nutrient composition of the CO and the RD diets

was analysed carrying out Pearson correlation among
the nutrient components. Subsequently, a general lin-
ear model (GLM) including the study (general encod-
ing) and the DIFF CP as factors was carried out.

As a second step, a statistical analysis aimed at
evaluating the effect of the reduction of dietary CP on
health parameters, growth performance and faecal
score was carried out. GLM model including the study
(general encoding), the DIFF CP, the level of the dLys/
CP ratio, the intestinal tract (only for ammonia and
pH) and age of the animals (only for the ADG and
diarrhoea) was carried out. All the statistical analyses
were carried out using R (version 3.6.0; 2019) and
Minitab 18 Statistical Software (2018) software.

Results and discussion

Forty-eight searches on Pubmed using the defined
keywords were carried out. One thousand nine hun-
dred and eighteen references were obtained. These
references were screened as described in the flow
chart (Figure 1). Thirty-four studies coming from
twenty-six peer-reviewed articles were included. In
fact, several articles included more than one RD group
(Supplementary Table 1). The articles collected were
published between 2006 and 2019. In the studies
included, the average initial age of the piglets
was 25.83+8.43days and the average initial body
weight was 8.11+3.92kg (Supplementary Table 1).
Supplementary Figure 1 reports the percentage of
dietary CP in the CO and the RD groups in the studies
included. The overall average percentage of dietary CP
was 18.76% + 2.81% while the average dietary CP was
21.40% = 1.51% in the CO groups and 16.84% =
1.81%in the RD groups. The average DIFF CP between
the CO and the RD groups was 4.60 pts% + 2.04 pts%.

The effect of the reduction of dietary crude
protein on the nutrient composition of diets

The results of the correlation analysis among the com-
ponents of the diets are reported in Supplementary
Table 2. According to the correlation analysis (r =
—0.49; p <.0001), the linear regression model showed
a significant (p <.001; coefficient = —1.49) and nega-
tive association between the protein and starch per-
centages, which was consistent among the studies
investigated (Supplementary Figure 2). These results
suggested that the level of protein was reduced by its
substitution with starch products, mainly represented
by cereals. On the other hand, no significant correl-
ation or effect in the regression model was observed
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48 searches on Pubmed

References found on Pubmed

References excluded
(n =1890)
Duplicates (1880)

(n=1918)

Review (5)
Not the good model (5)

References studied

(n=28)

T References excluded
[ (n=5)

References found via manual search in AANE
database
(n=3)

References included via systemic search

Studies not found (3)
Full article not in English (2)

(n=23)

(n=26)

Articles included in the meta-analysis

Figure 1. Flow chart for the selection of the articles included in the meta-analysis.

between the dietary CP percentage and the level of
fibre, neutral detergent fibre (NDF) and acid detergent
fiore (ADF), suggesting that the formulas of the diets
of the CO and the RD groups were well calculated.
Furthermore, no significant correlation or effect in the
regression model was observed between dietary CP
percentage and the level of Ca, P and their ratio while
the dLys/CP ratio was significantly and negatively cor-
related (r = —0.451, p<.0001), and was associated
with the dietary CP percentage (p =.001). These latest
results indicated that, overall, the dLys levels in the
reduced CP groups were balanced as compared with
the CO groups in the studies included.

Moreover, some AAs were particularly low as com-
pared to the AA recommendation. The reduction of
dietary CP in experimental diets was often obtained
without fully considering the ideal protein profile; in
fact, in some studies, some AAs (dThr, dTrp and dVal)
in the diets of the RD groups were particularly low as
compared with the AA recommendation reported by
Gloaguen et al. (2013).

The effect of the dietary protein level on
intestinal microbiota

The intestinal microbiota is known to play a pivotal
role in preventing infections while all the implications
derived from the host-microbiota interplay have still
not been sufficiently clarified, especially for the gut-
brain axis as well as for pig welfare and behaviour
(Kraimi et al. 2019). Several factors have been known
to contribute to modifying the intestinal microbial

profile and, of them, diet has been proven to exert a
rapid and time lasting effect (David et al. 2014;
Carmody et al. 2015). In the present meta-analysis,
some parameters were selected as indicators of intes-
tinal microbial homeostasis, such as the alpha diversity
indices, the abundance of Lactobacilli and
Enterobacteriaceae, and the Firmicutes/Bacteroides
ratio. In fact, regarding the alpha diversity indices
(Chao1, Shannon and Simpson indices), a decrease in
their values during the post-weaning period has been
associated with dysbiosis (Gresse et al. 2017). The
abundance of Lactobacilli and Enterobacteriaceae in
the intestinal content and faeces has been considered
to be a marker of intestinal microbial homeostasis as
these families are known to include bacteria consid-
ered to be beneficial for intestinal microbial homeo-
stasis and potentially harmful for the host, respectively
(Ducatelle et al. 2018; Lebeer et al. 2008). The
Firmicutes/Bacteroides ratio has generally been recog-
nised to be a marker of gut microbial homeostasis; in
fact, a decrease in the Firmicutes/Bacteroides ratio is
regarded as dysbiosis while an optimal Firmicutes/
Bacteroides ratio is associated with good gut health
and better growth performance (Mariat et al. 2009;
Mulder et al. 2009; Salaheen et al. 2017). The meta-
analysis showed that the reduction of dietary CP did
not affect the alpha diversity indices (Chao1, Shannon
and Simpson indices), the abundance of Lactobacilli
and of Enterobacteriaceae and the Firmicutes/
Bacteroides ratio in the gut (Table 2). The literature
data are not consistent regarding the effect of reduc-
ing dietary protein on gut microbial balance and



1390 D. LUISE ET AL.

Table 2. The effect of dietary crude protein level on intestinal microbiota of post-weaning pigs.

. b P-value® Coefficient®
N. studies R-sq
Item included® (%) DIFF CP® dLys/CP* Study? DIFF CP® dLys/CP’
Total bacteria 5 39.35 0.435 0.085 0.031 1.67 —8.00
N of OTUs/Chao 5 53.82 0.214 0.439 0.109 —2.00 2.66
Shannon Index 5 37.54 0.734 0.612 0.205 —0.34 1.1
Simpson index 4 44.44 0.990 0.571 0.327 0.00 —3.46
Lactobacilli 9 44.98 0.900 0.004 0.032 —0.25 25.44
Enterobacteriaceae 10 46.34 0.719 0.263 0.002 —0.21 —2.97
Firmicutes/Bacteroides 5 50.66 0.981 0.572 0.016 —0.03 —-2.12

N. studies included ®: the complete list of the studies included is in Supplementary Table 1.

R-sq®: R-Squared of the General Linear Model
P-value®: p value resulted from the General Linear Model

Coefficient®: the coefficients represent the distance between the factor levels and the overall mean
DIFF CP®: Reduction of crude protein between the control (CO) and the reduced crude protein (RD) groups within each study; expressed as the reduction

of crude protein in percentage points (pts%).

dLys/CP": the ratio between digestible lysine (dLys) and the percentage of dietary crude protein
Study?: factor encoding the effect of the different studies included in the analysis.

bacterial abundancy. In agreement with the present
study, Zhou et al. (2016) did not find any effect on the
diversity index when CP was reduced by 3% in the
diet of growing barrows. However, the authors sug-
gested that adaptation of the gut microbiota to a
lower dietary protein level may occur after a relatively
long period of low CP diet (45days). Pollock et al.
(2019) suggested that the effect of the reduction of
dietary CP on the gut microbiota could vary according
to the part of the intestinal tract since the authors
observed a more significant effect for the microbial
profile in the ileum than in the faeces. On the other
hand, several studies based on next generation
sequencing have shown a significant effect of dietary
protein level on the gut microbial profile and bacterial
abundancy of growing pigs (Chen et al. 2018; Fan et
al. 2017; Yu et al. 2019; Zhou et al. 2016). Differences
among the results of the studies in the literature could
be due to a different reduction of dietary CP pts%, the
duration of the feeding regimes and/or the age of the
animals. Furthermore, the fact that the microbial
parameters may have some limitations should be con-
sidered. First of all, a taxonomic analysis fails to dis-
cern live or dead microorganisms; thus, it is an
indication of but not a full expression of the metabolic
potential of the bacterial community. Second,
although taxonomical entities, i.e, phylum and family
level, are considered to be potential markers, their
analysis does not allow understanding the differences
of individual species within them and does not con-
sider the redundancy of the metabolic capacity of
microbes. Therefore, these limitations could affect the
data interpretation (Langille 2018; Trevisi et al. 2021);
additional studies are needed to investigate the effect
of dietary protein on gut microbial functions.

Interestingly, after the adjustment for the dietary
CP content in the statistical model, a significant correl-
ation of the dLys/CP ratio with the abundance of
Lactobacilli in the gut was seen (p =.004; coefficient =
25.44). Under some specific conditions, Lactobacilli
show decarboxylase activity against acids (Arena and
Manca de Nadra 2001); however, no specific evidence
for the requirement of Lys for the growth of
Lactobacilli in the pig intestine was found in the litera-
ture. Infusion with Lactobacillus plantarum did not
increase the disappearance of Lys over 72h in liquid
feed formulated for pigs (Niven et al. 2006).
Conversely, it cannot be excluded that other microor-
ganisms were favoured by an increased presence of
other AAs in the case of a lower dLys/CP ratio.

The effect of dietary protein level on intestinal pH
and microbial fermentation products

pH

The results of the GLM showed that a reduction in
dietary CP could significantly reduce the pH in the
large intestine of piglets (p=.013; coefficient =
—0.43), indicating that each DIFF CP point reduced
the value of the pH by 043 while no effect was
observed in the small intestine (Table 3). Protein feed-
stuffs are known to have a higher acid-buffering cap-
acity as compared to cereal and cereal by-products
(Giger-Reverdin et al. 2002); thus, a reduction of diet-
ary CP resulted in a reduced buffering effect and a
lower intestinal pH (Gao et al. 2019). In addition, a
decrease in intestinal pH due to the reduction of diet-
ary CP could indicate lower fermentation of the pro-
teins and AAs by the intestinal proteolytic microbes as
has been previously suggested by Ma et al. (2017) and
Zhang et al. (2020). A low intestinal pH is known to
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Table 3. The effect of the dietary crude protein level on the intestinal pH and microbial fermentation products of

post-weaning pigs.

. P-value® Coefficient?
N. studies

Item included® R-sq® (%) DIFF CP® dLys/CPf Study? DIFF CP® dLys/CP
pH

Large intestine 6 43.14 0.013 0.275 0.009 —043 0.86

Small intestine 5 22.56 0.559 0.48 0.543 —0.13 —0.61
Ammonia

Large intestine 12 63.22 0.002 0.538 0.018 —4.1 —2.02

Small intestine 5 85.52 0.212 0.037 0.002 —2.22 —-9.19
Total SCFAs 8 46.09 0.027 0.323 0.006 -1.72 2.02
Acetic acid 1 43.39 0.004 0.072 0.063 —3.25 441
Propionic acid 1 26.58 0.392 0.093 0.27 —1.78 7.88
Isobutyric acid 6 9.09 0.222 0.116 0.801 —3.74 10.12
Butyric acid 10 1213 0.446 0.551 0.698 -2 3.47
Isovaleric Acid 6 9.57 0.496 0.411 0.646 —5.8 14.6
Valeric Acid 7 22.82 0.941 0.673 0.103 —0.32 4.03
Cadaverine 5 34.72 0.012 0.034 0.036 —6.16 12.01
Putrescine 5 233 0.03 0.188 0.83 —4.89 6.77
Spermidine 3 18.04 0.75 0.723 0.132 1.98 49
Spermine 3 15.64 0.537 0.118 0.367 —2.47 14.08

N. studies included ?: the complete list of the studies included is in Supplementary Table 1.

R-sq®: R-Squared of the General Linear Model
P-value®: p value resulted from the General Linear Model

Coefficient®: the coefficients represent the distance between the factor levels and the overall mean

DIFF CP®: Reduction of crude protein between the control (CO) and the reduced crude protein (RD) groups within each study;
expressed as the reduction of crude protein in percentage points (pts%).

dLys/CP": the ratio between digestible lysine (dLys) and the percentage of dietary crude protein

Study?: factor encoding the effect of the different studies included in the analysis.

favour the development and colonisation of the gut
by beneficial bacteria and to reduce the risk of inva-
sion by harmful bacteria (Fuller 1977). The different
results obtained for the large and small intestine can
be explained by the fact that a higher bacterial fer-
mentation of proteins and AAs would occur in the
large intestine than in the small intestine. In fact, in
the small intestine, a large part of the AAs can be
absorbed by the host after digestion while, in the
large intestine, the bacterial fermentation can be fav-
oured by better conditions, such as the subacid pH
(approximately 6 in the colon) which can promote the
activation of bacterial deaminases (Pieper et al. 2016;
Blachier et al. 2007) due to the longer transit time
(Wen et al. 2018) and by the higher number of pre-
sent bacteria (Gresse et al. 2019).

Ammonia

Ammonia produced by improper pig management still
remains one of the main factors associated with air
pollution (Wang et al. 2020). Ammonia is produced by
bacteria by means of the deamination of AAs and, to
a lesser extent, by means of the bacterial urease activ-
ity on urea (Windey et al. 2012). The results of the
GLM showed that a reduction of dietary CP could sig-
nificantly reduce the amount of ammonia in the large
intestine of piglets (p=.002; coefficient = —4.10)
while no effect was observed in the small intestine
(p>.1) (Table 3). It is, however, interesting to note
that in the small intestine, the level of ammonia was

significantly influenced by the dLys/CP ratio (p=.037,
coefficient = —9.19) (Table 3). Overall, these results
confirmed that a reduction of dietary CP could con-
tribute to a reduction of ammonia production in the
piglet intestine as suggested by Diether and Willing
(2019), and Zhang et al. (2020). These results are in
agreement with previous meta-analyses and life cycle
analyses (LCAs) which observed a reduction of ammo-
nia concentration in the slurry with a reduction of
dietary protein (Wang et al. 2018; Sajeev et al. 2018;
Wang et al. 2020); in addition to that, the present
meta-analysis clearly confirmed that ammonia was
reduced not only in the slurry but also in the large
intestine of piglets. In the intestine, ammonia can be
used by bacteria for their own metabolism, for the
synthesis of protein, or it can be used by the host. In
the host, the ammonia can be absorbed by the colo-
nocytes, transformed into urea in the liver and then
excreted in the urine (Windey et al. 2012). However,
little is known regarding the potential effect of ammo-
nia on gut health, and some contrasting results have
been reported in vitro. For instance, an infusion of
ammonium chloride aided the proliferation of the epi-
thelial cells isolated from the colon of rats (Ichikawa
and Sakata 1998) while exposure to NH4CI (50 mM) for
4 h did not modify the cell proliferation of isolated pig
colonic crypts (Leschelle et al. 2002). More recently,
ammonia was found to provoke an inhibition of the
oxidative metabolism of SCFAs (especially acetate oxi-
dation) (Cremin et al. 2003) and a dose-dependent
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reduction of oxygen consumption in the isolated
absorbing colonocytes in mice fed a high protein diet;
this could contribute to decreased cellular energy pro-
duction (Andriamihaja et al. 2010).

Intestinal ammonia and pH are closely connected.
In fact, the bacterial production of ammonia is known
to vary according to the pH of the intestinal tract
(Vince et al. 1973), and the pH itself can be deter-
mined according to the level of urea hydrolysis,
ammonia nitrogen, volatile fatty acids and the dietary
electrolyte balance (Canh et al. 1998); thus, the same
pattern of variation as for pH and ammonia was
expected with the reduction of dietary CP.

Short-chain fatty acids

Short-chain fatty acids are molecules with seven car-
bon atoms or less which are mainly produced by the
fermentation of indigestible carbohydrates and pro-
teins by the gut microbiota. The present meta-analysis
collected 8 studies which reported data regarding
total SCFAs, namely 11 for acetic acid and propionic
acids, 6 for isobutyric acid, 10 for butyric acid, 6 for
isovaleric acid and 7 for valeric acid. The results
obtained showed that the reduction of dietary CP sig-
nificantly reduced the quantity of total SCFAs in the
intestinal tract of weaned piglets (p=.027; coefficient
= —1.72) and, in particular, the quantity of acetic acid
(p =.004; coefficient = —3.25) (Table 3). The produc-
tion of SCFAs from dietary protein sources derives
from the metabolisation of the carbon skeleton which,
in turn, is derived from the microbial deamination of
the AAs; it is known that, of the different SCFAs, the
microbial utilisation of AAs strongly contributes to the
production of acetate (Friend et al. 1963). Although
the SCFAs generated by means of proteolytic fermen-
tation are considered to be lower as compared to the
quantity which is generated from carbohydrate fer-
mentation (Aguirre et al. 2016), it follows that the
reduction of dietary CP resulted in a reduction of
SCFAs and acetate due to a reduction of protein fer-
mentation; this is in agreement with the results
obtained for ammonia. It is interesting to note that
the quantity of acetate in the gut tended to be posi-
tively associated with the dLys/CP ratio (p=.072; coef-
ficient = 4.41) (Table 3); as acetate can derive from
the microbial utilisation of specific AAs (alanine, aspar-
tate, glycine, threonine, lysine) (KEEG pathways:
map00010, map00430, map00620, map00660,
map01110, map01120), the increase in acetate in rela-
tion to the level of the dLys/CP ratio would be reason-
able. In line with this, the intestinal level of propionic
acid also tended to increase according to the dLys/CP

ratio (p =.093; coefficient = 7.88). For the host, acet-
ate is a precursor for the fatty acid systems, and propi-
onate is mainly utilised for gluconeogenesis in the
liver. However, the effects of the SCFAs on the intes-
tinal mucosa can vary according to age and concen-
tration. On the one hand, SCFAs ensure energy for the
cells; on the other hand, an abnormal level in new-
borns increases inflammation leading to mucosal
injury (Lin 2004) so much so that an abnormal level of
propionic acid was used to induce intestinal injury in
newborn piglets as a challenge model (Di Lorenzo et
al. 1995).

Biogenic amines

Biogenic amines can play a key role in intestinal tract
homeostasis. It has been shown that luminal amines,
at a low concentration and particularly under stress
conditions, can stimulate the production of nucleic
acids and the synthesis of proteins contributing to sta-
bilising the cellular membranes (Wang and Johnson
1992; Blachier et al. 2007). On the other hand, a high
luminal concentration of amines can lead to an over
proliferation of cells which can compromise the nor-
mal mucosal function/turnover (Paulsen et al. 1997). In
the small intestine, a large part of the amines derives
from the feed and can be absorbed by the host while,
in the large intestine, the concentration of amines is
more ascribed to microbial activity. Different bacteria
are involved and share different parts of the metabolic
pathways for the production of amines (Nakamura et
al. 2019). The results of the present meta-analysis indi-
cated that a reduction of dietary CP could significantly
reduce the level of cadaverine (p=.012; coefficient =
—6.16) and putrescine (p=.030; coefficient = —4.89)
in the intestinal content of post-weaning pigs, while
no effect was observed for the level of spermidine
and spermine (Table 3). Cadaverine and putrescine are
considered to be the most abundant biogenic amines
in the guts of pigs (Wang et al. 2019; Zhang et al.
2016), deriving from bacterial fermentation of sources
provided through the diet, mainly by those bacteria
belonging to the Bacteroidetes phylum. The reduction
of cadaverine and putrescine according to the level of
dietary protein could be explained by a reduction of
the substrate available for the microbial metabolism in
the intestinal content of pigs fed a low dietary protein
diet as previously reported in adult pigs and rats
(Wang et al. 2019; Zhang et al. 2016; Fan et al. 2017;
Mu et al. 2016, ). The level of biogenic amines in the
colon may also vary in function of the type of protein
source; in fact, Wang et al. (2019) showed that putres-
cine was significantly higher in pigs fed a low protein
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Table 4. The effect of the dietary crude protein level on the intestinal mucosa of post-weaning pigs.

_ b P-value® Coefficient?
N. studies R-sq
Item included® (%) DIFF CP® dLys/CPf Intestinal tract Study? DIFF CP® dLys/CPf
Crypt Depth 1 29.33 0.305 0.016 0.896 0.066 —0.31 —2.54
Villus height 11 27.42 0.263 0.392 0.499 0.003 0.33 —0.89
TLR-4" 3 89.62 <0.0001 0.048 NA 0.133 —15.88 12.58

N. studies included ®: the complete list of the studies included is in Supplementary Table 1.

R-sq®: R-Squared of the General Linear Model
P-value®: p value resulted from the General Linear Model

Coefficient®: the coefficients represent the distance between the factor levels and the overall mean
DIFF CP®: Reduction of crude protein between the control (CO) and the reduced crude protein (RD) groups within each study; expressed as the reduction

of crude protein in percentage points (pts%).

dLys/CP": the ratio between digestible lysine (dLys) and the percentage of dietary crude protein
Study?: factor encoding the effect of the different studies included in the analysis

TLR-4": Toll-like receptor 4.

diet having a peptide source (casein hydrolysate) as
compared to a low protein diet supplied with free
AAs. In general, when free AAs addition increases the
quantity of intact protein is reduced and, thus, fewer
undigested proteins are expected to reach the hind
segments of the intestine. In addition, the Authors
found that the level of cadaverine was significantly
associated with an increase in the dLys/CP ratio
(p =.034; coefficient = 12.01) which is reasonable
since cadaverine is produced by lysine decarboxylation
(Kuley et al. 2012).

The effect of the dietary protein level on the
intestinal mucosa

In the present meta-analysis, some parameters associ-
ated with intestinal mucosal homeostasis were
included. Morphological parameters of the intestine,
including villous height, crypt depth and their ratio
have been widely used as markers of the gut health
of weaned piglets (Lalles et al. 2007). A higher villous
height has been associated with an increase in absorp-
tive area while deeper crypts have been associated
with rapid epithelial turnover as undifferentiated cells
migrate along the crypt-villus axes (Yang et al. 2013).
A total of 11 studies reporting data for crypt depth
and villus height were included in the meta-analysis;
the results showed that the intestinal morphology
parameters were not affected by the dietary CP con-
tent. The intestinal crypt depth was negatively
affected by the level of the dLys/CP ratio (p=.016;
coefficient = —2.54), suggesting that crypt depth
could be influenced by the level of dLys instead of by
the total dietary CP (Table 4). A previous study by He
et al. (2013), investigating the effect of a lysine-
restricted diet pointed out that dietary supplementa-
tion with dLys could increase crypt depth in the
jejunum and reduce it in the ileum. In the present
meta-analysis, the intestinal tract (small or large intes-
tine) was included as a factor but it was not

significant; however, it cannot be excluded that diet-
ary dLys may play a different role according to the dif-
ferent parts of the intestinal tract. Furthermore, it
should be considered that dLys, in the large intestine,
cannot be directly utilised by the epithelial cells but is
catabolised by microbes (Chen et al. 2009; Dai et al.
2010; Dai et al. 2012); thus, what was observed was
the overall effect of the microbial protein formation
and AA utilisation occurring in the guts of piglets.

In addition, some data regarding the expression of
the genes related to epithelial inflammation and the
tight junction, including interleukins (ILs) 1, 6 and 10,
Tumour Necrosis Factor-Alpha (TNF -a), Interferon
gamma (IFNy), Toll-like receptor 4 (TLR-4), claudins 1
and 3, and occluding and zonulae occludes were
recorded. However, very few studies which included
these data were found; thus, statistical analysis was
carried out only on the level of TLR-4 for which the
data were reported in 4 studies. The results showed
that the intestinal (in the ileum and the colon) expres-
sion of TLR-4 was significantly reduced with the reduc-
tion of dietary CP (p<.001; coefficient = —15.88)
(Table 4). Like the other TLRs, TLR-4 can recognise
some of the molecular patterns conserved present in
large groups of microbes (Stokes et al. 2004); the acti-
vation of TLR-4 protein causes the stimulation of the
intracellular signalling pathway NF-xB and, in turn, the
production of inflammatory cytokines. Based on the
results obtained for TLR-4 expression, and those for
SCFAs, pH and amine concentration, it could be
hypothesised that a reduction of dietary CP could
reduce the microbial fermentation in the piglet large
intestine, also resulting in reduced stimulation of TLR-
4. Furthermore, TLR-4 was positively associated with
the dLys/CP ratio (p =.048; coefficient = 12.58) (Table
4). No previous information has been reported in the
literature; however, a study of Han et al. (2018) sug-
gested that piglets under dietary Lys restriction could
have an increase in inflammatory response while no
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Table 5. The effect of the dietary crude protein level on growth performance and the faecal score of post-weaning pigs.

" P-value® Coefficient?
Item Studies included® R-sq® (%) DIFF Cp¢ dLys/CPf Age Study? DIFF CP® dLys/CPf Age
ADG", g/day 15 57 0.443 0.024 0.002 <0.0001 2,64 23.4 5.88
Faecal score 10 623 0.002 0.006 0.121 0.007 -177 —6.91 —0.60

N. studies included ®: the complete list of the studies included is in Supplementary Table 1.

R-sq®: R-Squared of the General Linear Model
p-value®: p value resulted from the General Linear Model

Coefficient®: the coefficients represent the distance between the factor levels and the overall mean
DIFF CP®: Reduction of crude protein between the control (CO) and the reduced crude protein (RD) groups within each study; expressed as the reduction

of crude protein in percentage points (pts%).

dLys/CP": the ratio between digestible lysine (dLys) and the percentage of dietary crude protein
Studzg: factor encoding the effect of the different studies included in the analysis

ADG": average daily gain.

effect on the expression of TLR-4 in the kidney, liver,
and spleen was observed. As discussed previously,
since the Lys in the gut is mainly utilised by microbes,
it can be hypothesised that an increase in dietary Lys
promoted the microbial metabolism and their prolifer-
ation resulting in an increase in TLR-4 expression.
However, the results obtained were based on four
studies; thus, additional data are needed to confirm
the present results. Overall, the results obtained for
the intestinal morphology and inflammatory markers
suggested that both total dietary CP level and the
dLys/CP ratio could play a key role in maintaining gut
homeostasis and integrity in weaned pigs.

The effect of the dietary protein level on average
daily gain and faecal score

The analysis was carried out on 15 studies for the
ADG and 10 studies for the faecal score. The results of
the GLM showed that a reduction in dietary CP per-
centage in the weaning diet did not affect the ADG of
piglets (p>.1) while the increasing level of the dLys/
CP ratio significantly increased the ADG (p=.024;
coefficient = 23.40) (Table 5). The present results for
ADG in post-weaning piglets agreed with the previous
meta-analysis carried out by Wang et al. (2020) in
adult pigs in which the authors observed no signifi-
cant decrease inADG and the gain to feed ratio when
the CP reduction in the diet was less than 4 pts%.

Furthermore, the increase in ADG compared with
the increase in the dLys/CP ratio observed in the pre-
sent meta-analysis suggested that more than the level
of dietary CP itself, it was the dietary composition of
the AAs which could influence piglet ADG. In fact, as
supported by the studies of Ren et al. (2015) and
Zheng et al. (2016), a diet with a reduction of CP sup-
plied with branched-chain amino acids (BCAAs) could
contribute to more efficient maintenance of the
growth performance.

The faecal score was significantly reduced with the
reduction of the percentage of CP (p =.002; coefficient
= —1.77) and the reduction of the dLys/CP ratio
(p=.006; coefficient = —6.91) (Table 5). The higher
faecal consistency (indicated by the lower score) with
the decreasing CP level could be due to an improve-
ment in the gut health of piglets fed diets with lower
CP. Better gut health would be associated with lower
intestinal inflammation due to a lower production of
metabolites derived from the undigested protein
microbial fermentation in the digestive tract as sup-
ported by the results and discussion in the previous
sections of the present meta-analysis.

Conclusion

In conclusion, this meta-analysis showed that a reduc-
tion of dietary crude protein could reduce the intes-
tinal fermentation of undigested dietary protein,
especially in the large intestine, represented by a
reduction in pH, ammonia, cadaverine, putrescine and
acetic acid. The reduction of potentially toxic metabo-
lites derived from protein fermentation contributed to
lower inflammation of the intestinal mucosa and, as
final outcome, to a decrease in piglet diarrhoea.
Overall, this meta-analysis showed evidence that the
reduction of dietary protein in the diets of post-wean-
ing piglets could be a reliable strategy for improving
and sustaining the gut health of weaned piglets and
for controlling the occurrence of diarrhoea by reduc-
ing microbial fermentation in the large intestine with-
out compromising performance. Differences in the
levels of AAs among the studies should be considered
as a source of variation for the parameters investi-
gated, and additional studies are needed to investi-
gate in-depth the potential contribution of essential/
non-essential and functional AAs on gut health.
Moreover, a lack of knowledge and data were evident
regarding some specific parameters, namely intestinal
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bacteria taxa abundancy, intestinal gene expression
and blood parameters; therefore, additional studies
are needed to confirm and evaluate the relationships
between  dietary protein level and those
health markers.
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