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Abstract 

This thesis reports one meta-analysis and two experimental studies that may contribute to 

understanding how dietary Arginine (Arg) supplementation during gestation, transition, and lactation, 

can impact the productive performance of sows and piglets. The meta-analysis showed that dietary 

Arg should be increased during gestation to maximize the productive performance in terms of 

placental efficiency, backfat thickness loss, and number of total born and born alive. The second study 

was set up based on the results of the meta-analysis. Dietary SID Arg:Lys was 216% during different 

periods of gestation (early, late or all). The results showed a reduction in both the rate of stillbirth and 

low birth weight piglets if Arg was increased in early gestation, while it reduced the stillbirth rate and 

increased the percentage of high birth weight piglets in late gestation. However, the increase in dietary 

Arg through all gestation increased the percentage of low vitality piglets and consequently the 

percentage of crushed piglets. No differences were observed for the proximal composition of 

colostrum, except for a significant reduction in the concentration of IgG in all the groups fed a higher 

dose of Arg. The increase in Arg also modified the metabolome characterization of feces, urine, and 

colostrum, but no differences for the fecal microbiota were observed. In the third study dietary SID 

Arg:Lys was 120% during transition and lactation of sows. No differences in farrowing duration, litter 

characteristics at birth and weaning, colostrum and milk composition, and blood urea nitrogen 

concentration were observed. According to these results, a higher dose of Arg may be needed to 

observe significant effects. Overall, the results of these studies underline the role of Arg and its 

involvement in the metabolic pathways. Furthermore, more studies are needed to evaluate the effects 

during transition and lactation of sows.  
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1. Physiology and nutrition of gestating and lactating sows 33 

1.1 Placenta development 34 

The transfer of nutrients and oxygen from the mother to fetal blood is pivotal for the growth, 35 

development and survival of fetuses, and it relies strongly on the placental efficiency and the blood 36 

flow through the umbilical cord. Placentation (formation of placenta) starts with implantation, and 37 

involves specialized cell adhesion and migration, leading to the attachment of the trophectoderm to 38 

the uterine endometrial lumen epithelium (Aplin and Kimber, 2004). This process comprehends rapid 39 

growth and development of the chorion (trophectoderm) and allantois between days 18 and 30 of 40 

gestation (Almeida and Alvarenga Dias, 2022). The fetuses have a diffuse placenta in which numerous 41 

chorionic villi are distributed over the outer surface of the chorion, which ensures the diffusion of 42 

nutrients from the maternal to the fetuses’ blood (van den Bosch et al., 2023). In the pig placenta, the 43 

epithelium of chorionic villi and the endometrial epithelium are intact, so it is classified as 44 

epitheliochorial. To guarantee the transfer of nutrients and gases from the mother to the fetal blood, a 45 

6-cell layer structure is present: endometrial cell layer of the maternal capillaries, endometrial 46 

interstitium, endometrial epithelial layer, chorionic epithelium, chorionic interstitium, and endothelial 47 

cell layer of chorionic capillaries (Imakawa and Nakagawa, 2017). This complex structure does not 48 

allow the immunoglobulin to cross from the maternal blood to the fetus (Figure 1). For this reason, 49 

the consumption of colostrum within the first 24 hours of life of the piglet is crucial for acquiring 50 

passive immunity and avoiding pre-weaning mortality (Le Dividich et al., 2005). Additionally, the 51 

placental surface is provided with areolae, which absorbs the products secreted by the endometrial 52 

glands, like growth hormones, cytokines, and others (van den Bosch et al., 2023). During early 53 

gestation and until mid-gestation, the placenta grows very fast as well as placental vascularization, 54 

which is indicated by the number and size of placental blood vessels (Fiorimanti et al., 2022). The 55 

placenta’s increase in weight is crucial for determining the placental efficiency, which is usually 56 

expressed as the ratio between the placental weight and the fetus weight (Fowden et al., 2009).  57 
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 58 
Figure 1. Structure of epitheliochorial placenta. Since the endometrial epithelium and the epithelium of 59 

chorionic villi are intact, there is a 6-cells layer to ensure the transfer of maternal nutrients and gasses to the 60 

fetal blood: (1) endometrial cell layer of the maternal capillaries, (2) endometrial interstitium, (3) endometrial 61 

epithelial layer, (4) chorionic epithelium, (5) chorionic interstitium, and (6) endothelial cell layer of chorionic 62 

capillaries (Imakawa and Nakagawa, 2017). 63 

 64 

Placenta efficiency depends on size and structure, weight, surface area, vascularization and blood 65 

flow capacity, and transport mechanisms (Vallet and Freking, 2007). The efficiency of the placenta 66 

can vary significantly within a litter of piglets, by as much as 100%. This variability is primarily 67 

attributed to its positive correlation with litter size (Fowden et al., 2009). Based on the 2021 Danish 68 

national average productivity in pig production (Hansen, 2022), modern Danish sows typically give 69 

birth to 18-20 piglets on average. This aligns with the litter sizes observed in the study conducted by 70 

Lyderik et al. (2023), where previous litter sizes ranged from 19.8 to 23.9 piglets per sow. This 71 

enormous litter size usually does not allow an equal distribution of nutrients among the fetuses, 72 

causing within-litter variation in terms of birth weight. However, Rootwelt et al. (2012) observed that 73 

postpartum mortality was linked not only to lower birth weight but also to reduced weight and area 74 

of the placenta. In fact, placental characteristics and pre-weaning mortality seem to be related: both 75 

the placental surface (-20.4%) and weight (-14.8%) were lower in piglets that died before weaning 76 

(van den Bosch et al., 2023). Moreover, besides the characteristics of placenta and umbilical cord, 77 
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factors like uterine space and positioning within uterine horns can also influence fetal weight (Wise 78 

et al., 1997). These findings underscore the vulnerability of low birth weight and intra-uterine growth 79 

restricted (IUGR) piglets during gestation. Furthermore, prenatal reprogramming of body and organ 80 

growth in these piglets has lasting effects until weaning. As described in more detail in the following 81 

chapters, low birth weight and IUGR piglets tend to have relatively larger brains, lungs, and livers, 82 

but they exhibit reduced average daily gain during the suckling period compared to normal birth 83 

weight pigs (Amdi et al., 2013; Ruggeri et al., 2024). It's presumed that significant fetal loss occurs 84 

after day 56 in mid and late gestation. Adding to this assumption, Da Silva et al. (2017) observed that 85 

a high ovulation rate was correlated with a reduction in placental size, though not with embryo size 86 

at day 35 of gestation. This suggests that the growth of these embryos might be compromised later in 87 

gestation when placental size becomes limiting for nutrient transfer, potentially leading to fetal loss. 88 

This finding underscores the challenge of uterine crowding in large litters and the subsequent 89 

impaired growth that some fetuses may experience. In fact, even though Da Silva et al. (2017) 90 

observed an increase in the weight and width of the empty uterus as gestation progressed, it still may 91 

not provide adequate space to optimally support fetal development in such large litters (Vallet et al., 92 

2002). Moreover, the study conducted by Lyderik et al. (2022) reaffirmed the detrimental impact of 93 

litter size on individual fetal weight, underscoring the effects of uterine crowding in hyper-prolific 94 

sows. Hence, it is obvious that as the uterine space becomes restricted, it becomes a limiting factor 95 

for fetal survival and growth. The study conducted by Wilson and Ford (2001) emphasized the crucial 96 

role of placental efficiency and its contribution to the overall uterine capacity of sows, highlighting 97 

its strong correlation with fetal weight and survival. Vallet et al. (2002) suggested that during early 98 

gestation, reduced placental weight has a limited impact on fetal growth, as regulatory mechanisms 99 

of placental growth, vascularization, and function to promote an increase in the fetal-to-placental 100 

weight ratio. Consequently, smaller placentas may become more efficient in order to sustain fetal 101 

growth during early gestation. The study by Lyderik et al. (2022) demonstrated a positive correlation 102 

between placental weight, area, and efficiency with the weight and growth of individual fetuses. 103 
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Furthermore, the observed increase in placental efficiency throughout gestation aligns with the 104 

calculated placental efficiency reported by Wright et al. (2016). This increase, notably between day 105 

32-33 and day 45 of gestation, coincides with potentially accelerated growth of certain internal organs 106 

or limb formation during this gestational period (Agrogiannis et al., 2014). However, while small 107 

placentas do become more efficient over time to sustain the developing fetuses, the fetuses still weigh 108 

less than their counterparts supported by larger placentas. This disparity was evident in a study by 109 

Lyderik et al. (2023), where fetuses sharing placenta tended to have more efficient placentas but still 110 

exhibited lower weights compared to fetuses not sharing the placenta. Consequently, while increased 111 

placental efficiency can partially compensate for placental size, the insufficient placental surface per 112 

piglet results in variations in fetal size and weight throughout gestation (Mesa et al., 2012). However, 113 

during mid-gestation (day 35-40 to day 70) the surface area of the chorio-allantoic membrane has its 114 

maximal development and vascularization. During this period, blood vessels occupy about 3-4% of 115 

the chorio-allantoic membrane, but the amount varies among fetuses and litters and between breeds 116 

(van den Bosch et al., 2023). Moreover, as gestation progresses, the capillaries from the chorionic 117 

villi merge, forming larger vessels that enter the umbilical cord. 118 

By late-middle gestation, around day 70, endometrial remodeling is nearly complete, and the fetal-119 

placental unit grows steadily, demanding abundant nutritional support to facilitate maternal-fetal 120 

exchange (Zhang et al., 2020). Studies have shown significant vascular development during the 121 

middle third of gestation, with the vascular network stabilizing after day 80, and only vessel diameter 122 

increasing thereafter (Guimarães et al., 2017). Until the end of pregnancy, approximately day 114, 123 

placental size stabilizes while the fetuses grow exponentially (Cristofolini et al., 2018). Moreover, 124 

the formation of new blood vessels and the reduction in hemotrophic diffusion distance in late 125 

gestation enhances maternal-fetal hemotrophic exchange efficiency (Cristofolini et al., 2018). Other 126 

studies have reported associations between fetal size and placental vascularization and the expression 127 

of certain genes influenced by gestational day (Stenhouse et al., 2019). Additionally, Seo et al. (2020) 128 

revealed that increased maternal placental vascularization and blood flow are associated with longer 129 
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placental fold length. However, it is still unknown if the placental vascularization and the placental 130 

blood flow are related (van den Bosch et al., 2023). Modifications in placenta morphology and the 131 

increase in fluid volume are pivotal for fetal survival (Wright et al., 2016). This aspect is crucial, as 132 

both the blood flow capacity and the placental area per piglet seem to be negatively correlated with 133 

litter size (van den Bosch et al., 2023). According to Fiorimanti et al. (2022), starting from day 77 of 134 

gestation the capillary area density in the layer of placenta on the sow side, increases linearly with 135 

the fetal growth during late gestation, in terms of both number of vessels and diameter. However, an 136 

increase in the number of vessels per unit area was also observed on the fetal side, suggesting a higher 137 

nutrients requirement due to the increased fetal size (Fiorimanti et al., 2022). Furthermore, according 138 

to Guimarães et al. (2017), at day 85 of gestation the placenta is characterized by a higher vascular 139 

area with an unchanged number of vessels, as evidence of a higher diameter of vessels. The primary 140 

factor regulating angiogenetic development is vascular endothelial growth factor (VEGF) (Guimarães 141 

et al., 2017). The VEGF is a dimeric, segregated molecule of approximately 45 kDa, responsible for 142 

the increase of endothelial cell proliferation, endothelial cell migration and capillary permeability by 143 

binding to its specific membrane receptors (VEGF-R1 and VEGF-R2; Guimarães et al., 2017). These 144 

receptors are present in the uterine chorionic epithelial cells, and their number increases as the number 145 

of these cells rises. In fact, according to Fiorimanti et al. (2022), the placental expression of VEGF 146 

increases at the end of gestation. Interestingly, there is evidence that the placental levels of VEGF 147 

mRNA are positively correlated with the endometrial vascularization of the placenta (van den Bosch 148 

et al., 2023). 149 

As previously described, between days 20 and 60 of pregnancy, the porcine placenta grows rapidly, 150 

marked by significant increases in weight, size, and surface area. By day 70, the placenta approaches 151 

near-maximum development and vascularization (Wu et al., 2005). As the placenta develops, the 152 

demand for amino acids (AAs) gradually increases, and the total mass of AAs in the placenta rises 153 

linearly with gestation (Wu et al., 2017). Primarily Glycine (Gly) and Proline (Pro), but also Arginine 154 

(Arg), and Alanine (Ala), contribute to this increase in total AA concentration as pregnancy progresses 155 
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(Wu et al., 2017). The concentrations of Pro in the porcine placenta rises between days 20 and 40, 156 

remains high until day 60, and then declines, aligning with the rapid placental growth in the first 157 

trimester (Wu et al., 2005). These findings suggest that placental maturation and development may 158 

require higher levels of these AAs to sustain connective tissue and collagen synthesis, cell 159 

proliferation, and angiogenesis. It is important to note that AAs are not only the building blocks of 160 

proteins, but also precursors for pivotal molecules, e.g., nitric oxide (NO), glutathione, and 161 

polyamines, which are essential for both placental and fetuses’ growth and development, and in 162 

preventing placental oxidative damages by detecting free radicals (Wu et al., 2017; Huang et al., 163 

2021). As previously mentioned, the placental requirement for AAs varies significantly throughout 164 

gestation. Consequently, the supply of AAs to the placenta must be carefully regulated to ensure 165 

adequate provision of each amino acid. According to Wu et al. (2017), among the AAs detected in the 166 

placenta at d 60 of gestation, Gly exhibits the highest concentration, followed by Glutamate (Glu), 167 

Pro, and Arg. Pro serves not only for protein synthesis, but also to produce polyamines (e.g., 168 

putrescine, spermine, spermidine), important regulators of DNA and protein synthesis, cell 169 

proliferation and differentiation, both in the intestine and in the placenta (Wu et al., 2017). The 170 

increased metabolic demands on sows during late gestation and lactation often lead to heightened 171 

systemic oxidative stress during these critical periods. Polyamines are potent antioxidants with cell-172 

protective effects, as they can control free radicals generated during cellular metabolism, preventing 173 

structural and functional damage to DNA by blocking free radicals from binding (Tan et al., 2022). 174 

Similarly, polyamines can inhibit lipid peroxidation in cell membranes, thereby protecting the 175 

functionality and structure of these lipids (Lenis et al., 2017). However, the roles of polyamines in 176 

scavenging free radicals remain unclear. Previous studies have indicated that putrescine 177 

supplementation promotes the proliferation of porcine trophectoderm cells by enhancing protein 178 

synthesis through the activation of the mechanistic target of rapamycin (mTOR) signaling pathway 179 

(Kong et al., 2014). Few studies have examined the impact of putrescine on the reproductive 180 

performance of gilts or sows. Recent studies have shown that maternal L-Pro supplementation can 181 
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enhance placental development and fetal survival by improving placental nutrient transport, 182 

angiogenesis, and protein synthesis in F0 females, and increase polyamine concentrations in the 183 

placental tissues of their F1 female offspring in mice (Liu et al., 2019). Moreover, evidence from 184 

previous studies show that reduced placental and fetal growth is associated with a reduction in 185 

placental Pro transport in gestating sows with malnutrition-induced growth retardation (Wu et al., 186 

2008). However, Pro transport, polyamine synthesis from Pro, and polyamine concentrations in the 187 

placenta increase significantly between days 20 and 40 of gestation, decrease between days 40 and 188 

90, and remain at a reduced level from day 110 of gestation (Wu et al., 2005). These findings suggest 189 

that Pro intake is insufficient during early gestation. This is supported by the study of Gonzalez-190 

Añover et al. (2017) which demonstrated that supplementing sows with 14 g/d of L-Pro during early 191 

gestation positively affects litter size and birth weight.  192 

1.2 Fetus development 193 

The first 30 days of gestation are crucial for embryo development, implantation and survival (Yang 194 

et al., 2023). Sows ovulate about 20 to 30 follicles, and considering a fertilization rate of 195 

approximately 90%, the number of early embryos can range from 18 to 27 (Yang et al., 2023). 196 

Fertilization takes place at the ampullary-isthmic junction of the uterine tube (Foxcroft et al., 2007). 197 

After fertilization, the cell, called a zygote, goes through a series of rapid cell divisions called mitosis. 198 

The two-cell stage lasts 6 to 8 hours, and the 4-cell stage lasts 20 to 24 hours (Foxcroft et al., 2007). 199 

Embryos typically reach the 4-cell stage and enter the uterus around 48 to 56 hours after ovulation 200 

and spend the next 2 to 3 days in the proximal uterine horns before spreading throughout the uterus 201 

(Almeida and Alvarenga Dias, 2022). By days 5 to 6, pig embryos, typically comprising 16 to 32 202 

cells, reach the blastocyst stage and hatch from the zona pellucida 6 to 7 days after mating (Almeida 203 

and Alvarenga Dias, 2022). This migration is completed after elongation and attachment of the 204 

trophoblast to the endometrial surface without overlapping adjacent conceptuses (Almeida and 205 

Alvarenga Dias, 2022).  206 
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As previously described, many physiological changes occur in the uterus and placenta during days 207 

22–42 of gestation. These changes include the development of the fetus and associated placental 208 

membranes, as well as adaptations in the uterus to allow for fetal implantation, microfold formation 209 

and nutrient exchange (Ross et al., 2009). Uterine environmental factors also play a crucial role in 210 

the mortality of pre-implantation embryos. An adequate environment synthesizes and secretes 211 

molecules, such as proteins (uteroferrin, growth factors, plasmin/trypsin inhibitor and others) and 212 

prostaglandins, by endometrium. Proteins produced by the endometrium transport nutrients to the 213 

developing conceptus (Almeida and Alvarenga Dias, 2022). Additionally, competition for space, 214 

genetic defects and synchronization between the conceptus and uterine environment can all impact 215 

fetal survival (Vallet and Freking, 2007). Evidence suggests that most of the prenatal loss in pigs 216 

occurs during the pre-implantation stage (Almeida and Alvarenga Dias, 2022). However, mature sows 217 

with higher ovulation rates tend to have more embryos surviving in the pre-implantation period, 218 

resulting in a greater number of embryos entering the post-implantation period (around day 30) than 219 

the uterus can support (Da Silva et al., 2017). There is limited information about events that contribute 220 

to embryo mortality from day 20 to day 40 of gestation. According to Wright et al. (2016) fetal loss 221 

may be more apparent after day 42 of gestation. Previous studies with a larger sample size showed a 222 

significant decrease in fetal numbers during this period (Freking et al., 2007). The decrease in placenta 223 

weight for small fetuses from 37 to 42 days of gestation suggest that the small fetuses at day 37 may 224 

not have adequate placenta development leading to their death later in gestation (Wright et al., 2016). 225 

Consequently, there is a notable decrease in the number of fetuses by day 45-50 (Almeida and 226 

Alvarenga Dias, 2022). In fact, different authors state that the day of gestation affects fetal survival, 227 

which decreases from 61.8% on days 20-30, to 50.2% on days 50-55 and to 48.7% during late 228 

gestation (Almeida and Alvarenga Dias, 2022). However, even though there is an increase in 229 

embryonic death, the high number of surviving embryos during the pre-implantation period leads to 230 

a great number developing fetuses and consequently to a high overall number of piglets born in 231 

modern sows. 232 
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1.2.1 Variations in maternal metabolism during gestation 233 

Maternal metabolism plays a pivotal role in early embryonic development because it creates an 234 

optimal environment for the establishment and maintenance of gestation (Almiñana et al., 2012). 235 

During early gestation, changes in glucose metabolism occur gradually, and insulin sensitivity 236 

increases to meet the growing nutritional requirements of both the sow and the fetus (Lain and 237 

Catalano, 2007). According to the meta-analysis conducted by Leal et al. (2019), early gestation diets 238 

with a higher energy level than needed for body maintenance have no negative effects on embryonic 239 

survival. Another study by Virolainen et al. (2004) confirmed that feeding gestating sows with 54 240 

MJ/d DE in early gestation does not negatively influence embryo development. Moreover, in a recent 241 

study by Carrion-Lopez et al. (2022) primiparous sows fed a higher energy intake from day 3 to day 242 

28 of gestation (3.75 kg/d of a diet with 2.18 Mcal NE/kg) had a higher number of born alive piglets 243 

than those fed a lower energy intake (3.125 kg/d of a diet with 2.18 Mcal NE/kg). Therefore, 244 

consistent with Yang et al. (2023), developing embryos benefit from the increase in sows’ energy 245 

intake during early gestation. The same reasoning cannot be applied during mid-gestation. In fact, a 246 

relatively low energy intake, close to the maintenance requirements (3.4 Mcal ME/kg; Jin et al., 2018) 247 

during the second trimester of gestation should be maintained to ensure the sow's optimal body 248 

condition and to avoid a high back fat deposition. According to Piao et al. (2010), feeding gilts with 249 

2.5 kg/d of feed with 4.08 Mcal ME/kg increased the stillbirth rate compared to gilts fed 2.0 kg/d 250 

(3.27 Mcal ME/kg). Furthermore, feeding sows during mid-gestation with an extra 2 kg/d of feed 251 

reduced milk production and led to a higher pre-weaning mortality in piglets (Cerisuelo et al., 2010). 252 

Indeed, in a study conducted by Hedderson et al. (2003), high glucose levels in sows during mid-253 

gestation were associated with an increase in perinatal complications. Hence, it is of utmost 254 

importance to adjust appropriately sows’ energy intake throughout this period of gestation to preserve 255 

the optimal body condition score and avoid negative effects on fetal survivability and perinatal 256 

complications. 257 
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Most fetal weight gain occurs during late gestation. To satisfy the needs of rapid fetal growth, sow’s 258 

metabolism increases significantly, maternal insulin sensitivity decreases, and the levels of maternal 259 

fasting blood glucose increases (Riskin-Mashiah et al., 2011). According to Yang et al. (2023), sows 260 

in normal body condition need higher levels of energy to maintain high blood glucose levels, which 261 

is a consequence of the glucose transmission to the fetuses via placenta. A study from Goncalves et 262 

al. (2016) showed that piglets’ birth weight can be increased by increasing the energy intake of sows 263 

during late gestation. These results were confirmed by Wang et al. (2022) in which study a higher 264 

daily energy intake (9600 kcal ME/d) fed to primiparous sows during late gestation increased the 265 

birth weight of piglets compared to the control group (8375 kcal ME/d). However, considering the 266 

observed positive effects, energy intake during late gestation should be carefully adjusted to avoid 267 

excess backfat deposition, which has been shown to be associated with low fetal growth (Zhou et al., 268 

2018). 269 

Besides the energy requirements as discussed for the placenta, AAs play a fundamental role in fetal 270 

growth and development. Among all the AAs measured in the placenta, Gly, Pro and Arg seem to be 271 

the most important for the correct functionality of the utero-placenta-fetus complex.  272 

Proline is the precursor of several molecules fundamental for the normal functionality of the 273 

organism, like putrescine, spermidine and spermine. It was observed that supplementing sows with 274 

putrescine increases protein synthesis via activation of the mTOR signaling pathway (Kong et al., 275 

2014). In fact, according to Tan et al. (2022) intravenous administration of putrescine in gestating 276 

sows can be a potential effective strategy to improve the survival and growth of embryos/fetuses. 277 

Moreover, studies suggest that supplementing putrescine, spermidine and spermine in combination 278 

could inhibit cell apoptosis by decreasing the expression of apoptotic genes (Fenelon et al., 2016). 279 

1.3 Colostro- and lactogenesis 280 

The colostrum is the first secretion of the mammary glands, and it is excreted for approximately 24 281 

hours after the start of farrowing. The colostrogenesis process includes the synthesis of milk-specific 282 

components and the transfer of immunoglobulin (Ig) G into lacteal secretions (Quesnel and Farmer, 283 
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2019). Colostrum composition is extremely variable among sows (Quesnel, 2011) and changes 284 

drastically during the first 24 hours after the farrowing onset (Table 1; Theil et al., 2014; Hurley, 285 

2015; Le Dividich et al., 2017). Of major importance, the concentration of protein and IgG decrease 286 

drastically from colostrum to milk. IgAs are more abundant in colostrum, but they maintain the same 287 

concentration in milk throughout lactation (Hurley and Theil, 2011).  288 

Table 1 – Composition of different lacteal secretions from farrowing to d17 of lactation 289 

 Colostrum Transition milk Milk 

Component 0 h 12 h 24 h 36 h 72 h 17 d 

Dry matter, % 27.3 22.4 20.6 21.4 21.2 18.9 

Fat, % 5.1 5.3 6.9 9.1 9.8 8.2 

Protein, % 17.7 12.2 8.6 7.3 6.1 4.7 

Lactose, % 3.5 4.0 4.4 4.6 4.8 5.1 

IgG, mg/ml 64.4 34.7 10.3 7.5 3.1 1.0 

IgA, mg/ml 13.1 9.3 5.0 3.8* 4.1 4.0 

Energy, kJ/100 g 260 276 346 435 468 409 

Adapted from: Theil et al. (2014), Hurley (2015), Le Dividich et al. (2017). *Concentration at 48 290 
hours 291 

According to Amatucci et al. (2022), colostrum composition changes based on breed and parity. In 292 

particular, the concentration of fat and the number of somatic cells (SCC) decrease as parity increases. 293 

Moreover, the concentration of IgA tends to increase in multiparous sows compared to primiparous. 294 

According to the same study, the concentration of IgG was lower in the Italian Large White compared 295 

to the Italian Duroc and the Italian Landrace, while the concentration of IgA was higher in the Italian 296 

Duroc than the Italian Landrace and the Italian Large White. Moreover, Picone et al. (2018), provided 297 

more information about the metabolomic characterization of colostrum and the differences between 298 

the same three breeds. In particular, Landrace sows showed higher levels of N-Acetylglucosamine, 299 

O-Acetylcholine, Succinate, Citrate, sn-Glycerophosphocholine, UDP-glucose, and UDP-galactose 300 

if compared to Duroc and Large White. On the other hand, Large White sows had a higher 301 
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concentration of Alanine, Taurine, Lactose, and Glycolate compared to the other breeds. These 302 

important results illustrate how the composition of colostrum in terms of bioactive components is 303 

variable and can be affected by both intrinsic and extrinsic effects. 304 

It has been shown that during lactation, sows become catabolic due to lower nutrient intake compared 305 

to the large amount of nutrients required for both colostrum and milk synthesis (Farmer and Quesnel, 306 

2020). Milk production is a priority for sows at the expense of their body condition and future 307 

reproductive performance (Theil et al., 2015). However, very little is known about the impact of 308 

colostrogenesis and colostrum yield on the metabolic status of sows. Considering that the current 309 

hyperprolific sow's need to produce more colostrum and that specific efforts will be made to increase 310 

colostral yield, it may be important to study the potential effect of increased colostral yield on 311 

metabolic disorders. Sow colostrum yield is estimated by summing colostrum intake of the litter for 312 

the first 24 hours of life. Based on the model created by Theil et al. (2014) and according to the study 313 

conducted by Vadmand et al. (2015), the average colostrum yield is 6.0 kg and ranges between 2.8 314 

kg and 8.5 kg. Colostrum is fundamental for piglets’ survivability and the amount needed was 315 

estimated at 250 g within 24 hours after birth (Quesnel et al., 2012). Based on this requirement and 316 

the trend for increased litter size, colostrum yield is not sufficient to fulfill the needs of the litter in at 317 

least one-third of the sows (Quesnel et al., 2012). Quantity and quality of colostrum can be influenced 318 

by different sow-related factors such as nutritional status, immune and endocrine status and stress 319 

level (Quesnel and Farmer, 2019). Litter can also affect colostrum characteristics. As an example, it 320 

has been observed that litter vitality at birth can affect colostrum production (Quesnel and Farmer, 321 

2019). Moreover, environmental factors could affect colostrum yield and composition. Heat stress, 322 

for example, is likely to reduce feed intake while increasing cortisol concentration in sows (Dourmad 323 

et al., 2022). The impact of reduced colostrum and milk yield is a reduction in piglet average daily 324 

gain (ADG) and consequently weaning weight (Dourmad et al., 2022). The intricate interplay 325 

between these factors complicates the determination of their individual influences on the regulation 326 

of colostrogenesis. 327 
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2. Sow reproductive efficiency, its impact, and new challenges to face 328 

2.1 Sow prolificacy 329 

Modern sows are very different from traditional and rustic sows. In fact, high prolific sows are leaner 330 

and more feed-efficient than sows from previous decades (Bortolozzo et al., 2023).  331 

Over the past two decades, a significant increase in litter size has been observed, attributed to genetic 332 

selection (Hansen, 2022). Enhancing reproductive traits, such as increased fertility and prolificacy, is 333 

crucial for production efficiency, yet challenging to accomplish due to the low heritability of these 334 

traits and their reliance on environmental factors, maintenance, and nutrition. Nevertheless, it is 335 

entirely possible to attain significant improvements in reproduction by employing various strategies 336 

to enhance pig reproductive characteristics. These methods include meticulous breeding work, 337 

strategic crossbreeding, well-designed selection programs, optimization of the rearing environment, 338 

and leveraging maternal effects (Warda et al., 2021). Just like any other industry, the swine industry 339 

must enhance its production efficiency to stay competitive and sustainable. A crucial factor in 340 

achieving this is the number of weaned piglets produced per sow per year. There is significant genetic 341 

variation in litter size, piglet survival, and birth weight, which breeding companies capitalize on to 342 

help farmers attain higher production levels (number of weaned piglets per sow per year) and 343 

improved efficiency within a production system (Warda et al., 2021). According to BdPorc (Spain, 344 

2018) over the past 20 years prolificacy has increased by 0.2 piglets/year and considering the time 345 

frame 2000-2020 this has resulted in an increase of 6.7 total born (Danish Pig Research Centre, 2020) 346 

with the highest increase observed to occur between 2006 and 2019 (Tokach et al., 2019). The average 347 

litter size increased from an average of 10.4 in the early 2000’s (Wilson et al., 2000), to an average 348 

of 16.0 piglets. However, this average is highly variable, depending on the genetic line, parity order 349 

and the health status of the sow (Björkman et al., 2017; Declerck et al., 2017). 350 

Genetic selection has been fundamental during the last decades and the number of companies has 351 

increased. Even though all companies have excellent genetic lines from a production standpoint, there 352 

are differences in terms of performance. As an example, the litter size of the DanBred genetic lines 353 
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(Danish Landrace x Danish Yorkshire F1 x DanBred Duroc boars) is on average 21.3 piglets total 354 

born while the average body weight at birth is 1235 g (Riddersholm et al., 2021). On the other hand, 355 

the Topigs genetic line (Large White x Landrace F1 x Piétrain semen) reports an average litter size of 356 

14.0 piglets total born with an average body weight of 1390 g (Charneca et al., 2021). 357 

2.2 Low birth weight and intra-uterine restriction piglets 358 

Despite the positive aspects related to the improved prolificacy of sows that occurred during the last 359 

decades, several downsides have also occurred. This increase in litter size has coincided with a 360 

decrease in average piglet birth weight and an increase in birth weight variability within litter 361 

(Riddersholm et al., 2021). Low birth weight (LBW) is associated with reduced postnatal growth 362 

(Ferrari et al., 2014) and heightened pre-weaning mortality (Le Dividich et al., 2017). Moreover, 363 

LBW piglets show a weak immune system, incapacity to thermoregulate, non-optimal growth 364 

performance, scarce fat deposition, and bad locomotor skills when compared to normal birth weight 365 

(NBW) piglets. These conditions lead inevitably to increased weakness, inability to compete for 366 

colostrum and milk, and in many cases increased prewean mortality. However, birth weight 367 

classification varies significantly across the studies, depending on breed and genetic lines. As an 368 

example, Rodrigues et al. (2020) consider LBW piglets with a birth weight of 1220 g; while on the 369 

other hand, authors like Trevisi et al. (2023) described LBW piglets as those with a birth weight of 370 

920 g. 371 

The higher proportion of LBW piglets might be caused by several factors. Among them, uterine 372 

capacity, which refers to the number of fully formed fetuses the uterus can sustain until farrowing, 373 

partially influences low birth weight and birth weight variability (Wang et al., 2017). The selection 374 

for prolificacy may have exacerbated the gap between the number of conceptuses surviving the post-375 

implantation period and uterine capacity (Figure 2, Riddersholm et al., 2021; König et al., 2021). 376 
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 377 
Figure 2. Presence of low birth weight according to litter size (From Riddersholm et al., 2021). PBW, 378 

piglet birth weight. 379 

Optimal uterine capacity and placental functionality are critical for fetal growth (Alvarenga et al., 380 

2013).  A proper uterine capacity allows for adequate growth and proper development of fetuses, as 381 

well as uniform distribution of nutrients, limiting potential fetal underdevelopment and equalizing 382 

birth weight (Alvarenga et al., 2013). Another limiting factor for fetal growth and development is the 383 

placental area available per fetus. This parameter is called “placental efficiency”. Placental efficiency, 384 

which is the ability of the placenta to support embryonic/fetal development, is another crucial factor 385 

affecting uterine capacity and it is commonly expressed as the ratio of offspring weight to placental 386 

weight (Wilson et al., 1999). Additionally, lower uterine blood flow per conceptus in higher litter 387 

sizes may further limit uterine capacity (Riddersholm et al., 2021), underscoring the importance of 388 

optimal placental vascularization in supplying nutrients to developing embryos/fetuses (Yang et al., 389 

2024). 390 

Even though it is not the only factor, breeding for larger litters may surpass uterine capacity, leading 391 

to IUGR due to limited uterine space for placental development (Yuan et al., 2015). Hales et al. (2013) 392 

ascribes to IUGR piglets 3 particularities: 1) dolphin-like forehead; 2) bulging eyes; and 3) wrinkled 393 
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perpendicular to the mouth. According to Amdi et al. (2013), IUGR piglets can be classified as mild 394 

or severe IUGR based on the presence of 1 or 2 to 3 of the characteristics describe by Hales et al. 395 

(2013). IUGR piglets (Figure 3) exhibit underdeveloped organs and abnormalities compared to 396 

normal piglets (Oliviero et al., 2019; Ruggeri et al., 2024), resulting in poor growth performance and 397 

economic losses for farmers (Alvarenga et al., 2013). Indeed, it has been demonstrated that IUGR 398 

piglets utilize nutrients from the diet for the growth and development of underdeveloped organs, 399 

rather than for growth performance. The discrepancy in terms of weight and performance is thus 400 

maintained throughout the animal's life, with no possibility of recovery (Van Ginneken et al., 2023). 401 

As an example, in a study conducted by Hansen et al. (2018), the weaning weight of the mild IUGR 402 

and severe IUGR piglets was reduced by 1.3 kg and 1.8 kg, respectively, compared with the normal 403 

piglets. According to Riddersholm et al. (2021), the percentage of severe and mild IUGR piglets in 404 

modern litters is 10.9 and 11.8%, respectively. However, piglets with a birth weight lower than 1100 405 

g have a preweaning mortality rate of 34% and represent 43% of the total mortality rate in the 406 

preweaning phase (Feldpausch et al., 2019). 407 

 408 

 409 
Figure 3. IUGR piglet on the left and normal piglets on the right (Pictures by the author). 410 

2.3 High within-litter variation in birth weight 411 
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Large litters are also characterized by a high within-litter variation in terms of birth weight (CVBW). 412 

In fact, litter size has been identified as the major predictor for piglet birth weight and consequently 413 

for CVBW. According to Riddersholm et al. (2021), there is a positive correlation between litter size 414 

and CVBW (0.265). Consequently, CVBW has increased resulting in reduced post-natal growth and 415 

survival, due to the higher rate of LBW piglets. The principal causes of high CVBW include breed 416 

characteristics that affect uterine capacity from implantation and placentation, placental efficiency, 417 

and its capacity to transport nutrients, communication between fetus and maternal system, and the 418 

nutritional status and environmental effects during gestation. According to Quesnel et al. (2008), the 419 

average CVBW at birth ranges between 15 to 24%, but it could reach 27% (Charneca et al., 2021). 420 

However, according to Riddersholm et al. (2021), CVBW increases by 0.38% for each additional piglet 421 

in litters with an average of 21.3 piglets. Piglets from litters with a high CVBW have a lower level of 422 

IgG in blood serum, at 48 h of age compared to piglets from litters with a low CVBW (Charneca et al., 423 

2021). This indicates that in litters with high CVBW, piglets with high birth weight (HBW) have 424 

increased colostrum intake. In contrast, for litters with a low CVBW, the advantage of being heavier 425 

is less significant for colostrum intake. Notably, in the same study it was observed that the colostrum 426 

intake of the two lightest piglets in the litter was significantly higher in litters with low CVBW 427 

compared to litters with high CVBW (Charneca et al., 2021). Conversely, the two piglets with the 428 

highest colostrum intake within a litter consumed more colostrum in litters with high CVBW than 429 

those in litters with low CVBW. An optimal concentration of IgG is pivotal to guarantee the survival 430 

of the piglets, and high mortality has been correlated with low levels of serum IgG (Devillers et al., 431 

2011). Moreover, the average colostrum intake in litters with a high CVBW is more variable than low 432 

CVBW litters, which explains the observed difference in the mortality rate between these two 433 

categories of litters and underlines the crucial role of litter standardization at birth to reduce pre-434 

weaning mortality (Charneca et al., 2021). 435 

2.4 Colostrum functions and limitations in modern sows 436 
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As previously described, colostrum is the first secretion of the mammary gland and serves as the 437 

primary source of nutrients for newborn piglets (Le Dividich et al., 2005). It contains essential 438 

compounds such as lipids, proteins, amino acids, oligosaccharides, lactose, vitamins, 439 

immunoglobulins, various growth factors, and insulin, which are all crucial for piglet survival and 440 

growth (Xu et al., 2000; Amatucci et al., 2022). However, the composition of colostrum can be 441 

influenced by factors such as the sow's diet, parity, and breed (Amatucci et al., 2022). For instance, 442 

Duroc sows typically have elevated immunoglobulin levels and higher colostrum fat compared to 443 

Large White and Landrace breeds (Amatucci et al., 2022).  444 

Ingestion of colostrum, offering both energy and maternal antibodies, is critical for piglet survival 445 

and serves as an extension of the mother-infant bond (Le Dividich et al., 2005). Maternal antibodies 446 

cannot pass through the sow's placenta, making colostral immunoglobulins the sole source of 447 

immunity for newborn piglets until their immune system matures. The most crucial component of 448 

colostrum is immunoglobulins, directly influencing immune competence by providing passive 449 

immune protection either before "gut closure" or at the gut mucosal level throughout lactation. 450 

Immunoglobulin concentration decreases after the first 24 hours of secretion which illustrates the 451 

need to maximize colostrum consumption of all pigs in the litter.  452 

Adequate colostrum consumption is crucial for piglet survival. It is well known that insufficient 453 

colostrum intake is a major cause of preweaning mortality. Studies suggest that piglets should 454 

consume at least 250 g of colostrum for optimal growth and adequate passive immunity (Quesnel et 455 

al., 2012). Recent research indicates that piglets consuming colostrum at 20% of their body weight 456 

(approximately 302 g) exhibit greater weight gain, higher rectal temperature, and immunocrit at 24 457 

hours compared to those consuming only 10% of their body weight (approximately 148 g) (Suárez-458 

Trujillo et al., 2020). In fact, Devillers et al. (2011) observed a pre-weaning mortality rate of 43.4% 459 

in piglets with an insufficient colostrum intake (lower than 200 g), while this rate decreased to 7.1% 460 

in piglets with a higher colostrum intake. Hence, insufficient colostrum intake has been linked to 461 

increased pre-weaning piglet mortality emphasizing the importance of adequate colostrum 462 
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consumption, ideally around 300 g per piglet, for optimal growth and survival under practical 463 

conditions (Devillers et al., 2011; Nuntapaitoon et al., 2019). 464 

Modern sows often produce insufficient colostrum for their large litters, exacerbating competition 465 

among newborns and potentially reducing growth performance (Declerck et al., 2017). Increased litter 466 

sizes may lead to reduced individual colostrum intake per piglet, further compounded by the presence 467 

of LBW piglets and teat disputes (Theil et al., 2022). Practices aimed at enhancing udder access and 468 

colostrum consumption in piglets, particularly those with low vitality, are paramount for mitigating 469 

the risk of mortality and promoting successful outcomes (Bortolozzo et al., 2023). 470 

2.5 Number of functional teats 471 

With the increase in litter size, sows are required to produce more colostrum and milk. However, the 472 

availability of colostrum and milk per piglet diminishes, leading to an increased competition for teat 473 

access (Bortolozzo et al., 2023). A functional teat must provide sufficient colostrum and milk for 474 

piglet development (Alexopoulos et al., 2018). Surplus piglets experience delayed colostrum intake, 475 

higher mortality rates, more suckling failures, reduced litter growth, or increased facial lesions due to 476 

intensified teat competition (Le Dividich et al., 2003). Sows with more functional teats exhibit larger 477 

litters and higher piglet counts at weaning compared to those with fewer functional teats (Balzani et 478 

al., 2016). Previous studies indicate that an additional available teat can improve survival by 3.25%, 479 

increase litter weights at weaning by 3.6 kg, raise the number of weaned piglets by 0.34, and reduce 480 

pre-weaning mortality by 3.04% (Wiegert and Knauer, 2018; Obermier et al., 2021). Since sows lack 481 

a mammary cistern, colostrum and milk availability to piglets occurs only in short intervals, 482 

emphasizing the necessity of a functional teat for each piglet. Given the moderate heritability (h2= 483 

0.31; Lundeheim et al., 2013), integrating functional teats into genetic improvement programs 484 

becomes crucial to enhancing piglet survival and promoting litter development. Therefore, strategies 485 

must be devised to support piglets beyond the number of functional teats available.  486 

 487 
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3. The role of amino acids on gestating and lactating sows 488 

Genetic selection for modern sows has increased their litter size by more than 50% during the last 489 

decades. As a consequence, nutritional requirements of the sows have simultaneously changed due to 490 

improved prolificacy and productivity (Theil et al., 2023). Since during gestation AA requirements 491 

increase more significantly than energy needs, it is not enough to increase sows’ feed intake (FI), but 492 

it is necessary to create new specific diets according to period of gestation (Goodband et al., 2013). 493 

In fact, recent data indicates differences in requirement estimates between early and late gestation. 494 

3.1 Amino acids requirements for gestating sows 495 

During early- and mid-gestation, sows are physiologically comparable to growing and finishing pigs. 496 

In fact, nutrients are principally used for maintenance (Solà-Oriol and Gasa, 2017). However, this 497 

physiological status progressively changes as gestation progresses and during late gestation most of 498 

the nutrients are utilized for fetal and placental growth, amniotic fluids constitution and mammary 499 

growth (Theil et al., 2022). However, during early- and mid-gestation the nutritional strategies should 500 

aim to maintain the body weight to avoid excess fat deposition which causes complications during 501 

farrowing. According to Ramirez-Camba et al. (2022), maximal Lys utilization efficiency during 502 

early- and mid- gestation is attained at 7.2 and 9.1 g SID Lys/day, respectively, with a maximal 503 

retention of Lys at 8.5 and 10.5 g SID Lys/day in early- and mid- gestation, respectively. Protein, and 504 

more specifically, AA requirements for fetal growth and mammary development increase 505 

exponentially during late gestation (Theil et al., 2022). In fact, daily SID Lys requirements during late 506 

gestation are mostly related to the number of fetuses (Thomas et al., 2021). The increase in dietary 507 

SID Lys during late gestation up to 10 g SID Lys/kg of feed, raised the number of piglets born alive 508 

and the litter weight at birth (Seoane et al., 2020). However, Jenkins et al. (2024) did not observe any 509 

differences in piglet weight or litter size at birth when increasing dietary SID Lys in late gestation. 510 

The results about the increase in dietary SID Lys during gestation of sows are still controversial, in 511 

terms of doses and effects. It therefore seems that more investigation is needed to find an 512 
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unambiguous answer. According to Thomas et al. (2021), the SID Lys requirements for gestating gilts 513 

are higher during early and mid-gestation than late gestation, while the opposite trend was observed 514 

for gestating sows, since the requirements were higher during mid- and late gestation than early 515 

gestation. In fact, early gestation represents the optimal phase for maternal gain in gilts, as the 516 

requirements for mammary gland and fetal tissues growth are relatively low compared to late 517 

gestation (Goodband et al., 2013). Ineffective management strategies in gilt development can result 518 

in reduced performance and survivability of the litter (Faccin et al., 2022).  These findings highlight 519 

the opportunity to use different feeding curves for gilts and sows, especially in commercial farms, in 520 

order to provide the correct amount of nutrients to meet the requirements. Several studies have been 521 

conducted to evaluate the new AA requirements of modern gestating sows. Isoleucine (Ile) 522 

requirement increased from 3.6 to 9.7 g/d from early to late gestation, respectively (Franco et al., 523 

2013), while Tryptophan (Trp) increased from 1.7 to 2.6 g/d (Franco et al., 2014) from early to late 524 

gestation, respectively. However, seeing the rapid improvement of the productive performance due to 525 

genetic selection, modern sows could have higher requirements during gestation than those estimated 526 

ten years ago by Franco et al. (2013 and 2014). Based on the study by Xia et al. (2021), the increase 527 

of dietary SID Methionine (Met) during all gestation, and in particular the ratio SID Met: SID Lys of 528 

0.37, increased the litter weight of piglets born alive in the high-prolificacy sows but not in the lower 529 

prolificacy sows. These results confirm that high prolific sows have higher requirements than 530 

traditional ones (Table 2). 531 

Table 2. Amino acids requirements for gestating and lactating sows (g/day). 532 

 Gestation a Lactation a 

SID AA, g/d NRC PIC NRC PIC 

Arginine 5.5 ND 25.8 ND 

Histidine 3.4 3.9 18.4 22.8 

Isoleucine 5.7 6.4 25.7 31.9 

Leucine 10.0 10.1 50.2 64.9 
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Lysine 10.6 11.0 46.3 56.9 

Methionine + Cysteine 7.2 7.7 24.6 30.2 

Phenylalanine + Tyrosine 5.9 10.6 52.0 64.3 

Threonine 7.9 7.7 29.4 36.4 

Tryptophan 2.1 2.09 8.8 10.8 

Valine 7.7 7.81 39.4 ND 

Adapted from the NRC (2012) and the PIC Genetics guidelines for gestating and lactating sows 533 

(2021). Values are expressed as an average including both gilts and sows. 534 

 535 

3.2 Amino acids requirements during transition and lactation of sows 536 

As sow productivity increases, the requirements for energy and AAs during lactation also increases. 537 

During the peripartum period, energy needs rise by 60%, while amino acid requirements increase by 538 

150% (Tokach et al., 2019). To meet these requirements, it is essential that sows are in optimal body 539 

condition before farrowing to promote a high lactation feed intake. It's crucial to ensure sows have 540 

unrestricted access to feed both in the days leading up to and during lactation. Lactation diets must 541 

be meticulously designed with high-energy, low-fiber ingredients to maximize energy intake, and be 542 

rich in amino acids to fully support the intense demands of milk production. Neglecting these needs 543 

can significantly impact on the health and productivity of the sow and her litter. During the peripartum 544 

period, also called transition phase, most of the total SID Lys is needed to support fetal growth 545 

(22.7%), mammy growth (16.8%), and colostrum production (16.1%), with the remaining used for 546 

maintenance and oxidation/transamination (Feyera and Theil, 2017). According to the same authors, 547 

SID Lys requirement increases by 35 g/day from day 104 to d 115 of gestation. However, a recent 548 

study conducted by Johannsen et al. (2024b) suggested a total SID Lys intake of 22 g/day during 549 

transition of sows, as this dose increased milk yield. However, according to the same authors, SID 550 

Lys during transition should not exceed 22 g SID Lys/day when fed 3.8 kg/day of feed (13.0 MJ 551 

ME/kg), as it was observed an increase in stillbirth and in the urinary concentrations of urea, 552 

expressed as relative creatine, in sows fed 23.1 g SID Lys/day (Johannsen et al., 2024b). Considering 553 
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this significant increase in SID Lys requirement and according with the dose of Lys typically provided 554 

in today’s commercial farms, the sows are likely in a negative Lys balance during the last days prior 555 

to farrowing (Tokach et al., 2019). However, it has now been established that the number of piglets 556 

dictates the required amount of Lys and AAs. If the sow's feed intake or diet quality is insufficient, 557 

she will mobilize her body fat and protein reserves to support the growth of her litter (Theil, 2015). 558 

Moreover, literature states that gilt’s protein and AA requirements are higher than sow’s (Trottier et 559 

al., 2014). However, limited data is available about the transition period, highlighting the need for 560 

more investigation about AA supplementation. 561 

AA requirements of high prolific lactating sows increased drastically to fulfill milk production for 562 

larger litters. About 70% of dietary protein is involved in milk production (Pedersen et al., 2016). 563 

According to Noblet and Etienne (1987), milk production is difficult to change by lactation diet 564 

because sows can mobilize body reserves, but more recent studies confirm that AA supplementation 565 

on lactating sows can improve milk quality and reduce muscle protein mobilization (Rezaei et al., 566 

2022). Consuming a diet with balanced protein provides the essential AAs and nitrogen required to 567 

produce non-essential AAs. High-yielding sows appear to gain advantages from an adequate protein 568 

intake during lactation, as it enhances litter growth rates and minimizes body weight loss (Rezaei et 569 

al., 2022). However, AA requirement strongly depends on both sow and litter performance. Lys is the 570 

most studied AA in literature as it is the first limiting AA in swine nutrition (Song et al., 2022). 571 

According to the literature, its effects on litter growth and reproductive performance are controversial 572 

(Jenkins et al., 2024; Johannsen et al., 2024a; Spinler et al., 2024) but literature agrees that an 573 

increased Lys intake reduces body weight (BW) loss and protein mobilization, especially in 574 

primiparous sows (Gourley et al., 2017). In the opinion of Gourley et al. (2017), the reduction in 575 

sows’ BW is due to a lower mobilization of muscle protein as a consequence of a reduction in loin 576 

depth loss during lactation. During lactation, milk plays a crucial role in litter growth and 577 

development (Hojgaard et al., 2020). Dietary AAs can influence milk composition and yield (Rezaei 578 

et al., 2022); however, the effects of dietary Lys on milk production and composition are not fully 579 
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understood. Besides Lys, the other limiting AAs are threonine (Thr) and valine (Val) (Kim et al., 580 

2001). These AAs have been recently re-evaluated. In fact, the requirements suggested by the NRC 581 

(2012) seem to not meet the needs of modern sows. According to Greiner et al. (2019) the SID Thr: 582 

SID Lys ratio should be equal to 0.65 to improve the litter growth rate during the pre-weaning phase. 583 

Literature is controversial about the requirements of Val as ratio to Lys. In fact, no improvement in 584 

any performance criteria was observed with concentrations above 0.76 SID Val: SID Lys (Strathe et 585 

al., 2016), while an improvement in the litter growth rate and backfat loss was observed with 1.13 586 

and 0.88 SID Val: SID Lys ratio, respectively (Xu et al., 2017). Trp requirements have been estimated 587 

to be 0.22 SID Trp:Lys to maximize feed intake in lactating sows (Fan et al., 2016). Munn et al. (2021) 588 

increased SID Trp: SID Lys ratio to 0.42 and 0.56 starting at d 108 of gestation until d 7 post farrowing 589 

and did not observe any improvement in the performance of both sows and piglets. Like Thr, the 590 

absence of recent studies on Trp requirements in modern lactating sows makes it difficult to validate 591 

current estimates. The supplementation during lactation of a combination of different branched-chain 592 

AAs (BCAAs) and Arg, in this specific case L-Val, L-Ile and L-Leucine at 9.0, 4.5, 9.0, and 22.5 g/d, 593 

respectively, reduced the concentration of colostral IgA and IgG and tended to decrease the fat content 594 

(Luise et al., 2020). Finally, nutritional requirements during both gestation and lactation should be 595 

revised to meet the new needs of modern sows. 596 

4. Arginine in gestation, transition and lactation of sows 597 

Proteins are composed of 20 AAs (Lopez et al., 2024). Among them, Arginine (Arg) is a conditionally 598 

essential AA for gestating and lactating sows (NRC, 2012). Arg is one of the most metabolically 599 

versatile AAs as it is a precursor for several pivotal compounds like urea, NO, proline, ornithine, 600 

creatine, and polyamines (Morris, 2006; Figure 4). It also serves as a source of nitrogen and carbon 601 

(Nüse et al., 2023). The complex set of pathways through which Arg is metabolized remain partially 602 

ununderstood. In fact, Arg can participate in several metabolic pathways like the urea cycle, affect 603 

the expression of specific genes or even modify the microbiota by affecting the enzymatic pathways 604 
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of microbial cells (Morris, 2006; Nüse et al., 2023). In pigs, like in all mammals, Arg is derived from 605 

dietary intake, protein turnover, catabolic degradation, and regeneration from citrulline (Nüse et al., 606 

2023). Considering all the enzymes in mammals that interact or compete with each other to utilize 607 

Arg as a substrate, NO synthases and arginases represent the key enzymatic pathways for Arg 608 

degradation (Nüse et al., 2023). 609 

 610 

Figure 4. Arginine metabolism in mammals (Wu et al., 2013). DCAM decarboxylated 5-adenosylmethionine, 611 

α-KG α-ketoglutarate, MTA methylthioadenosine, SAMD S-adenosyl-methionine decarboxylase, SAM S-612 

adenosylmethionine. 613 

Literature highlights the different effects of Arg supplementation according to the period of 614 

supplementation. In fact, there is still no consensus about the ideal period of supplementation. As 615 

previously discussed, during the first third of gestation placentation occurs, as well as the first stages 616 

of fetal development. During this phase, the amount of nutrients transferred from the sow to the fetus 617 

are crucial in determining the optimal growth and development of the conceptus. The increase in 618 

dietary Arg in early gestation has positive effects on placental angiogenesis improving the blood flow, 619 
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and consequently increasing the amount of nutrients transferred to the fetuses (Palencia et al., 2018). 620 

On the other hand, the last period of gestation is characterized by the increase in fetal weight. Arg 621 

may promote fetal growth and reduce the within-litter variation of birth weight. According to the 622 

review by Palencia et al. (2018), sows fed higher dietary Arg during mid- or late gestation had an 623 

increase of 12% in the birth weight of born alive pigs or an increase of one piglet per litter. The 624 

increase in piglets’ birth weight was observed by Nuntapaitoon et al. (2018) when supplementing 1% 625 

Arg during late gestation, who also observed an increase in the colostral concentration of IgG. 626 

Moreover, other studies showed a reduction in the percentage of LBW piglets and an increase in the 627 

HBW piglets’ rates (Che et al., 2013; Dallanora et al., 2017; Nuntapaitoon et al., 2018). Furthermore, 628 

supplementing 0.4% Arg during lactation tended to reduce the pre-weaning mortality and increased 629 

the ADG and the weaning weight of piglets, but it did not affect the milk composition (Gao et al., 630 

2020). Moreover, according to Hong et al (2020), Arg supplementation (up to 51.06 g/day) during 631 

late gestation (from day 70 until farrowing), did not affect farrowing duration; on the other hand, Wen 632 

et al. (2024) increased Arg up to 34.83 g/day from day 30 of gestation until farrowing, observing a 633 

reduction in the farrowing duration while increasing the Arg content. However, no data is available 634 

on the effects of Arg supplementation during the transition phase on the farrowing duration. 635 

4.1 Arginine and nitric oxide 636 

Arginine is the main substrate for NO synthesis, which is the major endothelium-derived relaxing 637 

factor (Morris, 2006). It plays an important role in the placental-fetal blood flow regulation, 638 

improving the transfer of nutrients and oxygen from mother to fetuses (Zullino et al., 2018). Literature 639 

also highlights that NO regulates angiogenesis and embryogenesis (Cooke, 2003; Wu et al., 2013, 640 

Figure 5). In fact, high concentrations of Arg were observed in the allantoic fluid in early gestation 641 

(Wu et al., 1996). 642 
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 643 

Figure 5. Arginine metabolism and its effects on embryogenesis, fetuses implantation, and placental growth 644 

in mammals (Wu et al., 2013). BH4 tetrahydrobiopterin, Cit citrulline, MTOR mechanistic target of rapamycin, 645 

GTP-CH GTP cyclohydrolase-I, ODC ornithine decarboxylase, NO nitric oxide, NOS nitric oxide synthase 646 

A reduction in Arg concentration in the conceptus has been associated with IUGR newborns in 647 

different species, like pigs and sheep and a reduced expression of NO in the placenta (Kong et al., 648 

2012). Related to placental angiogenesis, NO seems to affect cytotrophoblastic invasion during early 649 

gestation and to mediate the remodeling of arteries, promoting an optimal blood supply to the growing 650 

fetuses (Velicky et al., 2016). Moreover, NO is a critical downstream mediator of angiogenic factors 651 

like the endothelial growth factor (VEGF; Zullino et al., 2018). NO deficiency or a derangement of 652 

its pathway during gestation impairs angiogenesis and contributes to IUGR piglets (Cooke, 2003). 653 

  654 
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Aim of the thesis 1080 

The main objective of this PhD thesis was to investigate the effects of Arginine supplementation 1081 

during gestation, transition and lactation periods on the productive performance of modern sow 1082 

breeds. Arg is metabolically versatile AA, and acts as a precursor of pivotal molecules like urea, NO, 1083 

creatine and polyamines. In this context, even though its complex set of pathways is still partially 1084 

unknown, Arg could play a crucial role in farrowing duration, colostrum and milk quality, stillbirth 1085 

rate, and growth performance of litters (Chapter 4). Hence, our hypothesis was that increasing the 1086 

dose of Arg would affect sows’ productive performance at farrowing and during the lactation. In 1087 

particular, in the first study the hypothesis was that the Arg requirements for gestating sows suggested 1088 

by the NRC (2012) were underestimated. Given the discrepancies about the effects of Arg 1089 

supplementation during gestation of sows, the first study aimed to organize the data available in the 1090 

literature with a meta-analytical approach, in order to obtain measurable results. Based on the findings 1091 

obtained in the first study, a second study was designed. The hypothesis was that increasing Arg 1092 

during gestation could improve the performance of sows at farrowing and during lactation. Thus, this 1093 

second study aimed to evaluate the effects of Arg supplementation during different periods of 1094 

gestation on the colostrum quality, litter characteristics at birth and growth performance of piglets. In 1095 

addition, we also focused on metabolome characterization of urine, feces, and colostrum, and on fecal 1096 

microbiota of sows. In the third study, we hypothesized that Arg, given its involvement in the 1097 

production of NO, could affect delivery kinetics by reducing farrowing duration and increase the birth 1098 

weight of piglets. Hence, the third study aimed to investigate the effects of Arg supplementation 1099 

during transition and lactation on farrowing kinetics, colostrum and milk composition and litter 1100 

characteristics at birth as well as colostrum yield, growth performance of litters, and blood urea 1101 

nitrogen (BUN) concentration in sows and piglets. 1102 
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Abstract 1114 

Arginine (Arg) supplementation for gestating and lactating sows seems to play a primary role in 1115 

litter development by promoting placental vascularization and improving colostrum and milk 1116 

quality. The aim of this study was to investigate the effects of the supplementation of dietary 1117 

standardized ileal digestible Arg (SID Arg) on the productive performance of gestating sows using a 1118 

meta-analytical approach. A total of 19 studies conducted between 2007 and 2020 which tested the 1119 

effect of additional SID Arg supplementation in diets for sows were chosen using a systematic 1120 

literature search. Data regarding backfat thickness, number of piglets born and live born, litter birth 1121 

weight and weaning weight were extrapolated from each experimental group and expressed as a 1122 

percentage of the value of the control group within the studies. The SID Arg supplementation was 1123 

expressed as the percentage of SID Arg in the treated group compared to the control group 1124 

(Additional SID Arg). Linear and quadratic models were built using a mixed procedure utilizing 1125 

Minitab® software including Additional SID Arg, parity and feed intake classes and the period of 1126 

SID Arg supplementation as fixed factors, and the study as the random factor. The SID Arg in 1127 

control groups was higher than the doses suggested by the National Research Council (NRC; 2012) 1128 

(4.20–8.90 g/kg of feed vs 1.56-3.03 g/kg, respectively). A quadratic response of Additional SID 1129 

Arg was observed for placental efficiency (PE; P= 0.003; a= 0.0019), the number of total piglets 1130 

born (P= 0.027; a= -0.0003), the number of live born piglets (P= 0.005; a= -0.0006) and backfat 1131 

thickness loss (P= 0.057; a= 0.0029). A linear increase in the plasma concentration of Pro (P= 1132 

0.004; b= 0.120), Orn (P= 0.002; b= 0.284) and Arg (P= 0.001; b= 0.425), and a decrease in the 1133 

concentration of urea (P= 0.037; b= -0.063) was observed with an increasing level of SID Arg. 1134 
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There was no effect on placenta weight, live litter birthweight, individual piglet weight at birth and 1135 

weaning, litter size and weight at weaning, and average daily gain during lactation. The estimated 1136 

requirements of SID Arg for improving PE, reducing backfat thickness loss, increasing the number 1137 

of piglets born and live born were 11.17 g/kg, 13.03 g/kg, 14.83 g/kg and 15.71 g/kg of feed, 1138 

respectively. This meta-analysis highlighted the importance of redefining the Arg requirements of 1139 

gestating sows and suggested a dosage ranging from 11.17 to 15.71 g/kg of feed to improve 1140 

reproductive performance. 1141 

Keywords: Arginine requirement, Functional amino acid, Litter birthweight, Meta-analysis, Live 1142 

total born 1143 

Introduction 1144 

In recent decades, sow prolificacy has markedly increased due to genetic improvement (Knauer et 1145 

al., 2012). Increased litter size has led to a higher within-litter variation in birthweight and a higher 1146 

proportion of low birthweight piglets (Yuan et al., 2015). In fact, increased litter size is negatively 1147 

correlated with piglet birthweight (Foxcroft et al., 2009). Low birthweight piglets are weaker than 1148 

normal birthweight piglets and, consequently, an increase in mortality and morbidity occurs (Yuan 1149 

et al., 2015). Nutritional strategies during gestation can help minimize these problems. The 1150 

literature highlights the positive role of functional amino acids (AA) in improved sow productive 1151 

and reproductive performance (Boutry et al., 2016; Le Floc’h et al., 2018). Functional AA are 1152 

defined as AA which participate in metabolic pathways and result in improving health, survival, 1153 

growth and development in growing animals, and gestation and lactation in reproductive animals, 1154 

including humans and livestock animals (Wu, 2010). According to Wu (2013), functional AA 1155 

include non-essential AA, essential AA and conditionally essential AA. In pigs, Arg has been 1156 

classified as a conditionally essential AA by the National Research Council (NRC, 2012). Arg is 1157 

involved in several metabolic pathways, the urea cycle and, indirectly, in collagen synthesis by the 1158 

synthesis of Pro (Barbul, 2008). Moreover, Arg is a precursor for several physiological processes, 1159 
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including the production of polyamines and nitric oxide (NO), which exert a stimulating effect on 1160 

placental angiogenesis (Wu et al., 2017; Elmetwally et al., 2022) as demonstrated by Li et al. 1161 

(2010). In this study, the placenta of gestating gilts supplemented with Arg (treated 1: 10.2 g/kg and 1162 

treated 2: 14.2 g/kg vs control group: 6.2 g/kg) showed an increase in terms of the number and 1163 

diameter of the blood vessels as compared to gilts fed with the control diet. Therefore, Arg may be 1164 

beneficial in supporting sows during gestation and in improving their performance. According to the 1165 

NRC (2012), the Arg requirement for gestating sows depends on parity (second, third and fourth), 1166 

body weight at insemination, period of gestation (more or less than 90 days) and estimated litter 1167 

size (from 13.5 to 15.5 piglets). Based on these variables, the Arg requirement, expressed in terms 1168 

of grams of SID Arg per kilogram of feed, are 2.63, 2.28 e 2.03 g/kg, respectively for the second, 1169 

third and fourth class of parity, respectively. However, considering the evolution of the breed line 1170 

and the increase in litter size occurring in recent years (Knauer et al., 2012), the Arg nutritional 1171 

requirement may be greater than estimated by NRC (2012). In a number of studies, Arg 1172 

supplementation during gestation improved the total number of piglets born (Garbossa et al., 2015; 1173 

Hong et al., 2020); however, in other studies, Arg supplementation did not improve this parameter 1174 

(Bass et al., 2017; Hines et al., 2019). In addition, some studies have reported an increase in the 1175 

number of live born piglets due to Arg supplementation during gestation (Quesnel et al., 2014; Li et 1176 

al., 2015) whereas other studies have not confirmed this effect (Bass et al., 2017; Moreira et al., 1177 

2020). Furthermore, Arg supplementation was associated with a higher litter birthweight (Che et al., 1178 

2013; Li et al., 2015). In contrast, other authors have reported no effect (Mateo et al., 2008; Guo et 1179 

al., 2016) or even a reduction in litter birthweight due to Arg supple- mentation (Bass et al., 2017). 1180 

Discrepancies in terms of the effects of Arg supplementation during gestation have been highlighted 1181 

and have been related to the fact that Arg is involved in several pathways and plays a complex role 1182 

in the physiology of sows during pregnancy. Therefore, it has been hypothesized that an increase in 1183 

the dietary level of SID Arg could improve sow performance parameters, including litter size and 1184 

weight, litter vitality, colostrum, and milk composition, placental efficiency (PE), and weight. 1185 
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Considering the discrepancies in terms of the effects of Arg supplementation during gestation, a 1186 

meta-analytical approach was chosen as a tool for obtaining quantifiable results regarding the doses 1187 

of Arg supplementation on different outcomes. The aim of the present meta-analysis was to 1188 

organize and analyze the data available in the literature and to provide indications regarding the 1189 

opportunity of revising the SID Arg requirement for gestating sows. 1190 

Material and methods 1191 

Data collection and dataset building 1192 

To choose the studies to include in the meta-analysis, a preliminary systematic literature review was 1193 

carried out from studies published from 2007 to 2020 following the general guidelines of 1194 

“systematic literature review” (Vesterinen et al., 2014) which are based on the PRISMA flow charts 1195 

and guidelines (Liberati et al., 2009). Online databases, including Web of Science, Scopus, 1196 

PubMed, and Google Scholar, were used for the literature review, combining the following 1197 

keywords: “arginine”, “sow”, “gilt”, “gestating”, “gestation” and “litter”. A total of 105 publications 1198 

were identified. Publications having the following criteria were excluded; a) reviews and book 1199 

chapters; b) duplicates; c) conference papers; d) meeting abstracts; e) full article not available; f) 1200 

written in a language other than English; a total of 53 peer-reviewed articles were retained. 1201 

Furthermore, to be included in the meta-analysis articles had a) to report at least one of the 1202 

parameters listed in Table 1; b) not supplying Arg only during lactation; c) report the diet 1203 

composition. A total of 19 articles were chosen (Fig. 1; Supplementary Table 1). For each article, 1204 

the following information was identified and extrapolated: 1205 

1) the experimental groups in each article were defined as control group (fed a basal diet) or as 1206 

treated group (fed the control diet but supplemented with additional Arg). The information 1207 

regarding the dose of SID Arg in the diets is reported in Table 2. For all the studies included in the 1208 

meta-analysis, the chemical composition of the diet was recalculated using EvaPig® (2020), based 1209 

on the table of composition published by Sauvant et al. (2004). This step was carried out since 1210 
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several articles did not report the analysis of the nutrient composition of the diet; therefore, to 1211 

obtain it and to deal with the error in estimating the nutrient composition of the diets, it was 1212 

recalculated on the bases of a single database (Van Milgen et al., 2012; Luise et al., 2021; Oliveira 1213 

Telesca Camargo et al., 2023). Determining the nutrient composition of the diets allowed 1214 

determining the percentages of standardized ileal digestible Lys (SID Lys) and SID Arg which were 1215 

basic data needed to carry out the statistical analysis required by the present meta-analysis. To 1216 

determine the additional supplementation doses of SID Arg for all the treated groups within each 1217 

study, the variable Additional SID Arg was calculated using the following equation: 1218 

Additional SID Arg = (SID Arg Treated – SID Arg Control) / SID Arg Control * 100 1219 

This procedure was adopted because it considerably reduced variation among experiments in the 1220 

database (Andretta et al., 2016; Luise et al., 2021; Oliveira Telesca Camargo et al., 2023). 1221 

2) the parity of the sows in each article was divided into two classes as follows: A= 1222 

multiparous sows and B= primiparous sows. 1223 

3) the duration of Arg supplementation ranged from a minimum of 11,5 days to a maximum of 1224 

114 days. The period of Arg supplementation was divided into three categories as follows: 1 = Arg 1225 

supplementation during the first 60 days of gestation; 2 = Arg supplementation between days 61 and 1226 

114 of gestation and 3 = Arg supplementation during the entire gestation period. 1227 

4) the daily feed intake (FI) was divided into two classes as follows: low FI (L) if the sows 1228 

were fed ≤ 2 kg of feed per day; high FI (H) if the sows were fed > 2 kg per day. 1229 

5) All the data selected regarding sow performance at farrowing and at weaning were 1230 

expressed as relative values to those observed in the control group, by applying the same equation 1231 

used for calculating the Additional SID Arg (Andretta et al., 2016; Luise et al., 2021; Oliveira 1232 

Telesca Camargo et al., 2023). When not available, individual and litter bodyweight, and average 1233 

daily gain (ADG) were calculated using the data provided in the articles. PE was obtained by 1234 
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dividing the placental weight by the total number of piglets born. The loss of sow backfat thickness 1235 

was extrapolated or calculated and expressed as the difference between the value for backfat at the 1236 

beginning of the trial and the value at the end of the trial (mm). The plasma concentration of urea, 1237 

free Arg and of the AA connected to the Arg metabolism, including Pro and Orn, at the end of the 1238 

period of Arg supplementation was extrapolated. For all the articles, except one, AA and urea were 1239 

analyzed within 2 h following the last meal of the sows. Colostrum and milk composition were also 1240 

determined in some experiments; however, the number of records available was scarce and not 1241 

enough to be statistically analyzed. 1242 

Statistical analysis 1243 

The heterogeneity on both the SID Arg and SID Arg / SID Lys ratio among the diets in the different 1244 

studies was measured statistically using the metafor (Viechtbauer, 2010) package of RStudio. The 1245 

risk ratio (RR) for both SID Arg and SID Arg / SID Lys ratio in control and treated groups and their 1246 

95% CI were evaluated. Studies with more than one treated group were numbered (author, 1, year 1247 

of publication) and (author, 2, year of publication). The inclusion of sows or gilts was indicated 1248 

with A or B, respectively. Results were visualized using a forest plot. Data were fitted using a linear 1249 

and quadratic mixed model followed by an ANOVA analysis on Minitab®18 Statistical Software 1250 

(Minitab®, LLC, 2018). To apply a quadratic model, the Additional SID Arg2 factor was created as 1251 

follows: 1252 

Additional SID Arg2 = Additional SID Arg * Additional SID Arg 1253 

For data regarding sow performance at farrowing, the model included the Additional SID Arg 1254 

(linear and quadratic models), the class of parity (A or B), the period of Arg supplementation (1, 2 1255 

or 3) and the categories of daily FI of the sows (L or H) as fixed factors; the quantity of SID Lys 1256 

and SID Arg of the control groups were included as covariates, and reference (general encoding 1257 

referred to the study) was included as the random factor. For the data regarding sow performance at 1258 

weaning, the piglets’ birthweight and the number of live born piglets were included as covariates in 1259 
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addition to the factors described in the previous model; however, they were not significant. The 1260 

variations across and within studies for the other AA were not relevant and were therefore not 1261 

included as factors in the statistical analysis. After a first analysis, non-significant factors, namely 1262 

the period of Additional SID Arg administration, SID Lys and SID Arg levels in the control diet, and 1263 

references were removed. The results of the quadratic model were removed when that model 1264 

explained less than the linear model. The data were analyzed to estimate the Additional SID Arg 1265 

level needed to maximize sow performance at farrowing and weaning by regression analysis using 1266 

the quadratic models. To determine the level of Additional SID Arg needed to maximize sow 1267 

performance, the following equation was utilized: Additional SID Arg optimum dose = (-b)/(2 *a) 1268 

where b was the coefficient of the linear effect and a was the coefficient of the quadratic effect. 1269 

Both coefficients were obtained using statistical analysis for each response parameter. The effects 1270 

were considered to be significant when P ≤ 0.05 whereas, when P > 0.05 but ≤ 0.10, the differences 1271 

were considered to indicate a trend towards a significant effect. 1272 

Results 1273 

The amount of SID Arg in the control groups ranged from 4.20 to 8.90 g/kg of feed whereas the 1274 

quantity of SID Arg in the treated groups ranged from 9.0 to 21.0 g/kg of feed. The minimum and 1275 

the maximum of the ratio SID Arg / SID Lys in the control groups were equal to 0.64 and 1.46, 1276 

respectively whereas, for the treated groups, they were equal to 1.16 and 3.88, respectively. As 1277 

concerns the Additional SID Arg, the minimum, the median and the maximum were equal to 0.115, 1278 

1.330 and 2.452- fold respectively (Table 3). Forest plot in Fig. 1 shows absence of statistical 1279 

heterogeneity in the RR for the effect of SID Arg supplementation during sows’ gestation (Q= 0.04; 1280 

P= 1.00; I2= 0.0%). The effect of Arg supplementation, parity, and FI on sow performance at 1281 

farrowing are reported in Table 4. The number of stillborn piglets was removed due to the low 1282 

number of studies in which it was analyzed, and the low prediction obtained by applying both the 1283 

linear and quadratic models. The Additional SID Arg did not affect the placenta weight, either the 1284 
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total or the live litter birthweight, or piglet birthweight. Conversely, the Additional SID Arg 2 1285 

affected PE (P = 0.003; a= 0.0019), the number of piglets born (P = 0.027; a= -0.0003) and the 1286 

number of live born (P = 0.005; a= -0.0006) tended to reduce the backfat thickness loss during 1287 

gestation (P = 0.057; a= 0.0029). The quadratic model estimated that the Additional SID Arg which 1288 

maximized the response to Arg supplementation for PE, backfat, number of piglets born and 1289 

number of live born were 0.6 fold (R2 Adj,%= 55.8), 0.86 fold (R2 Adj,%= 37.6), 1.125 fold (R2 1290 

Adj,%= 21.5) and 1.25 fold (R2 Adj,%= 34), respectively, compared to the SID Arg value in the 1291 

control group. Considering that the average value of SID Arg in the control groups included in the 1292 

meta-analysis was 6.98 g/Kg, these percentages corresponded to additional doses of 4.19 g/kg, 6.00 1293 

g/kg, 7.85 g/kg and 8.73 g/kg of SID Arg to the control dose in the feed to maximize PE, backfat, 1294 

number of piglets born and live born, respectively. The class of parity did not affect the parameters 1295 

investigated but tended to increase the litter birthweight (P= 0.056; A=7.00; B= 3.64) and live litter 1296 

birthweight (P= 0.077; A= 7.75; B= 5.54). The class of FI tended to affect the live litter birthweight 1297 

(P= 0.054; H= 5.01; L= 8.28) and the piglet birthweight (P= 0.051; H= -0.37; L= 2.44). Moreover, 1298 

the number of piglets born increased the litter birthweight (P < 0.001) and the number of live born 1299 

piglets increased the live litter birthweight (P < 0.001). Table 5 shows the effects of the Additional 1300 

SID Arg and of the period of its supplementation on the blood parameters of the sows at the end of 1301 

the period of Arg supplementation. The Additional SID Arg increased linearly the concentration of 1302 

Pro (P= 0.004; b= 0.120), Orn (P= 0.002; b= 0.284) and Arg (P= 0.001; b= 0.425) and decreased 1303 

linearly the concentration of urea (P= 0.037; b= -0.063) in the blood of the sows. The gestation 1304 

period was significant only for the concentration of urea (P= 0.005; 1= -11.77; 2= 9.15). Litter size 1305 

at weaning, pig weaning weight, litter weaning weight and ADG were not affected by the 1306 

Additional SID Arg (Table 6). No effects of parity were observed on any of the parameters 1307 

analyzed. 1308 

Discussion 1309 
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 1310 

A meta-analysis is a powerful tool for obtaining information from the literature regarding a specific 1311 

topic by having a statistical support to justify the effects observed (Haidich, 2010; Gopalakrishnan 1312 

and Ganeshkumar, 2013). In the present meta-analysis, the effects of SID Arg supplementation on 1313 

sow productive performances were investigated. This meta-analysis highlighted that the SID Arg 1314 

requirement to maximize sow productive performance is higher than the value reported by the NRC 1315 

(2012). In fact, all the studies included in the present dataset used a SID Arg / SID Lys ratio of 1316 

between 0.64 and 1.46 in the control groups, which is greater than the average value suggested by 1317 

the NRC (2012) which is 0.53. The supplementation of SID Arg to the sow diet can increase the 1318 

number of piglets born and the number of live born piglets at farrowing regardless of the time of 1319 

supplementation in dose dependent way. This result was in contrast with Wu et al. (2013) who 1320 

reported that the period of Arg supplementation was statistically significant and affected productive 1321 

performance of sows at farrowing; the lack of a significant effect of the period of Arg 1322 

supplementation in the present study could have been due to the limited number of studies. The 1323 

increased number of live born piglets could improve sow productivity, resulting in improved 1324 

economic return for swine production (Amer et al., 2014). Therefore, improving embryonic 1325 

implantation and development during the peri-implantation period of pregnancy and proper 1326 

intrauterine development of the fetus is of great interest (Bazer et al., 2010; Wang et al., 2012). 1327 

These traits can be influenced by non-genetic factors, including the management and feeding of 1328 

gilts and sows (Lawlor and Lynch, 2007). Hou et al. (2016) reported that supplementing gestating 1329 

sows with functional AA including Arg, Gln, Glu, Gly and Pro, improved fetal survival and growth. 1330 

The positive effect of dietary SID Arg observed in the present meta-analysis on the number of live 1331 

born piglets could have been due to its involvement in the antioxidative pathways for the promotion 1332 

of placental growth (including vascularization) and uteroplacental blood flow (Wu et al., 2013). 1333 

Moreover, during pregnancy, utero-placental blood flow increases and, to support it, placental 1334 
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angiogenesis increases from the first to the second and the third trimesters of gestation until the last 1335 

days of gestation (Wu et al., 2013). An impaired placental blood flow can affect the growth and 1336 

survival of the fetus, therefore compromising litter size at birth (Wu, 2009; Wu et al., 2013). This 1337 

meta-analysis confirmed the positive effects of SID Arg supplementation on PE which could be 1338 

related to the increase in the placental blood flow as reported by Elmetwally et al. (2022). As 1339 

exhaustively reviewed by Wu (2013) and Wu et al. (2013), Arg is a physiologically versatile AA 1340 

which can be catabolized to synthetize several bioactive molecules, including polyamines, NO, 1341 

creatine and Orn, which are involved in placental angiogenesis. Overall, NO acts as a vasodilator 1342 

(Wu et al., 2017), promoting placental angiogenesis, dilation and the dimensions of the blood 1343 

placental vessels, increasing the blood flow as shown by Li et al. (2014), and stimulates cell 1344 

proliferation. NO is also involved in the embryonic implantation process and in the ratio of locally 1345 

produced progesterone and estradiol (Luo et al., 2021). Polyamines derived from Arg (putrescine, 1346 

spermine and spermidine), can positively influence placental angiogenesis and placental 1347 

vascularization, resulting in a better utero-placental blood flow (Reynolds et al., 2006; Elmetwally 1348 

et al., 2022). The same trend has been observed in mice by Zeng et al. (2008) who reported that Arg 1349 

sup- plementation during the entire gestation period, or between days 1 and 7 of gestation, increased 1350 

embryonic survival and birth litter size by 30% as compared to mice in the control group. The 1351 

estimated peak response for the number of live born piglets was at 1.25 fold of the SID Arg as 1352 

compared to the doses of SID Arg used in the control groups. Considering that the average SID Arg 1353 

in the control groups was 6.98 g/kg, the estimated SID Arg to maximize the number of live born 1354 

piglets would be 15.71 g/kg (6.98 g/kg + 8.725 g/kg which is the 1.25 fold). Therefore, considering 1355 

that the average feed intake at this stage of production is 2.5 kg/day, the daily dose per sow would 1356 

correspond to 39.28 g/sow/day. An additional increase in SID Arg would lead to a lesser or even a 1357 

negative effect on the number of live born piglets. This result could be due to the interference of 1358 

such high Arg levels on the intestinal absorption or metabolism of other essential AA, including a 1359 

competition for the intracellular transport between Arg and Lys (Luiking and Deutz, 2007) as 1360 
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reported for growing pigs (Hagemeier et al., 1983). However, a high dietary Arg dose, up to 2.14 1361 

g/kg body weight, is well tolerated by pregnant sows (Wu et al., 2007). Moreover, it has been 1362 

reported in other species that Arg induced an overstimulation of the NO synthesis pathway, causing 1363 

an excessive production of reactive oxygen species, NO-mediated vasodilation, hypotension and 1364 

hemodynamic instability (Luiking and Deutz, 2007). However, NO synthesis is difficult to measure 1365 

because it is a very labile compound which is rapidly oxidized to nitrite and nitrate in blood 1366 

(Luiking and Deutz, 2007). The estimated peak response for the number of total piglets born was 1367 

1.125 fold of the SID Arg in the control groups resulting in a dose of 7.89 g/kg of SID Arg, 1368 

therefore the estimated SID Arg to maximize the number of total piglets born would be 14.83 g/kg. 1369 

This estimated dose is lower than that found to maximize the number of live born piglets. This may 1370 

be explained by the inclusion of stillborns in the total number of piglets born; in fact, as stated 1371 

before, Arg is not only required for protein synthesis but also for Pro, Orn, Gln and Glu syntheses 1372 

which are essential for fetal growth (Deutz, 2008; Wu et al., 2007). Placental efficiency represents 1373 

an important physiological target for sustaining fetal development. The calculated Additional SID 1374 

Arg needed to maximize the response to Arg supplementation for PE was 0.60 fold to the SID Arg 1375 

used in control groups of the studies included in the meta-analysis. Considering that the average 1376 

SID Arg in the control groups was 6.98 g/kg, the estimated peak response would be 11.17 g/kg SID 1377 

Arg feed (6.98 g/kg plus 4.19 g/kg which is the 0.60 fold) which is less than the dose needed to 1378 

increase the number of live born piglets. This could mean that, to optimize placental 1379 

vascularization, less Arg than that required to maximize the oocyte implantation, or to sustain fetal 1380 

growth and development is required. However, the results obtained for PE should be considered 1381 

carefully since the number of studies reporting this characteristic was lower than the number of 1382 

studies reporting the number of live born piglets per litter. Arg supplementation above the suggested 1383 

requirements could improve litter birthweight without any estimated peak response. In fact, the 1384 

quadratic model was not significant, and it was not possible to determine the dose needed to 1385 

maximize the response. The increase in litter weight at birth is related to the increase in the total 1386 
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number of piglets born and/or the number of piglets born live. Interestingly, an increase in SID Arg 1387 

did not increase piglet birthweight but neither did it reduce piglet birthweight, which could also be 1388 

expected. In fact, an increase in litter size is related to a decreased birthweight (Milligan et al., 1389 

2002). Furthermore, Arg supplementation could increase piglet litter size without compromising 1390 

birthweight. This is important because a low birthweight results in an increase in terms of piglet 1391 

morbidity and mortality rates, and reduced growth performance (Boulot et al., 2008; Sˇkorput et al., 1392 

2018). Increasing dietary SID Arg reduced backfat thickness loss. Supplying gestating sows with 1393 

Arg doses higher than those suggested by the NRC (2012) could reduce the mobilization of 1394 

subcutaneous fat which results in a lesser difference between the initial backfat thickness and the 1395 

final backfat thickness of gestating sows. In this regard, it has been shown that Arg is involved in 1396 

the regulation of fat metabolism (Hu et al., 2020), and its supplementation decreases body fat 1397 

accumulation in pigs (Tan et al., 2009). Furthermore, dietary Arg supplementation increases the 1398 

expression level of the gene related to lipolysis (hormone-sensitive lipase) and simultaneously 1399 

decreases the expression level of the gene related to lipogenesis in subcutaneous adipose tissue 1400 

(acetyl-CoA carboxylase; Tan et al., 2011). However, these studies refer to growing pigs and not to 1401 

gestating sows which have to recover from the loss of the backfat occurring during lactation. 1402 

According to Wu (2013) and Wu et al. (2013), Arg is a physiologically versatile AA which can be 1403 

converted into several different AA. In the present meta-analysis, it was possible to evaluate the 1404 

effect of Arg supplementation on the plasma concentration of AA related to the Arg metabolism, 1405 

including Orn and Pro. Wu (2009) asserted that Arg was transported into the enterocytes and 1406 

converted into Orn, Pro and urea. These compounds were then transported to the portal vein and 1407 

thereafter into the blood stream. This explained why the increase in nutritional Arg increased the 1408 

plasma levels of Pro, Orn and Arg in plasma, confirming that Arg could be used as precursor for Pro 1409 

and Orn in gestating sows. Moreover, the typical Arg catabolism pathway is initiated by arginase to 1410 

produce Orn which is then used as precursor for the synthesis of Pro and other compounds, such as 1411 

polyamines, Gln and Glu (Morris, 2006; Wu, 2013). Regarding urea, the increase in SID Arg 1412 
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reduced its concentration in the blood. Urea can be produced during the catabolism of Arg to Orn 1413 

(Wu, 2009). The negative relationship between dietary Arg and the urea levels in sow plasma could 1414 

be due to an improvement in the efficiency of nutrient utilization for enhancing tissue protein 1415 

synthesis due to Arg supplementation (Kim et al., 2004). Since urea is one of the main nitrogenous 1416 

products of AA catabolism, this explains why its plasma concentration is lower when dietary Arg is 1417 

increased. The same negative correlation between Arg supplementation and urea levels in plasma 1418 

has been observed in premature infants (Zamora et al., 1997) and in piglets (Kim et al., 2004). The 1419 

additional SID Arg did not affect sow performance parameters during lactation and at weaning. This 1420 

result may have been due to the limited number of studies included in the meta-analysis and 1421 

highlighted the need for additional studies to evaluate the effects of Arg supplementation during 1422 

both gestation and lactation on sow and litter performance at weaning. Moreover, the performance 1423 

parameters at weaning depend on several factors and, for this reason, can be considered challenging 1424 

phenotypes. Sow daily FI, colostrum and milk quality and quantity, the availability of creep feed, 1425 

piglet weaning age and ambient temperature are just some of the aspects which impact performance 1426 

at weaning (Turpin et al., 2016; Hojgaard et al., 2020; Rauw et al., 2020; Amatucci et al., 2022). 1427 

Conclusions 1428 

Overall, although this meta-analysis has some limitations due to the limited number of studies for 1429 

some response parameters and the statistical approach that did not estimate heterogeneity for all 1430 

response parameters, the results underline the importance and relevant role that Arg may have in 1431 

pregnant sows. The Arg supplementation in diets for gestating sows improved the productive 1432 

performance of both sows and piglets, especially in terms of litter size at birth and backfat loss, 1433 

confirming the key role of this amino acid in supporting the physiological modification of the sows 1434 

during pregnancy as well as the impact on fetal development. In addition, this meta-analysis 1435 

highlighted the issues which deserve additional investigation including the effect of Arg 1436 

supplementation on colostrum and milk quality and sow performance at weaning. Finally, there was 1437 
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no complete correspondence between the SID Arg requirements reported by 1.56-3.03 g/kg, 1438 

respectively and the amount of SID Arg used in the control groups of the studies included in the 1439 

meta-analysis (4.20–8.90 g/kg). According to the present meta-analysis, the total estimated 1440 

requirements of SID Arg for improving placental efficiency, reducing backfat thickness loss, 1441 

increasing the total number of piglets born, and number of live born are 11.17 g/kg, 13.03 g/kg, 1442 

14.83 g/kg and 15.71 g/kg of feed, respectively. Care should be taken for the results obtained 1443 

regarding placental efficiency and backfat thickness because of the low number of studies included 1444 

in the model. 1445 
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Table 1. The parameters required for inclusion of the study into the dataset for the meta-analysis. 1668 

Parameters required 

Backfat thickness of sows 

Placental weight and efficiency 

Total number of piglets born 

Total number of live born piglets 

Number of stillborn piglets 

Litter birth and weaning weight 

Piglet birth and weaning weight 

Colostrum or milk composition 

Free AA or urea concentration in the sow plasma 

  1669 



 

85 
 

Table 2. Dose of SID Arginine in the diets of the groups included in the meta-analysis and observed 1670 

parameters. 1671 

Reference Group SID Arg g/kg feed Parameters observed 

Mateo et al., 2007 
Control 5.9 Backfat thickness, litter and piglets performance 

at birth, plasma concentration of AAs  Treated 16.1 

Mateo et al., 2008 
Control 5.9 Litter and piglets performance at birth and at 

weaning 
Treated 15.9 

Li et al., 2010 

Control 6.2 Placenta weight, urea concentration in plasma 

Treated 10.2 

Treated 14.2 

Gao et al., 2012 

Control 7.5 Placenta weight, backfat thickness, litter and 

piglets performance at birth, plasma concentration 

of AAs Treated 17 

Liu et al., 2012 
Control 7.8 Litter and piglets performance at birth, plasma 

concentration of AAs 
Treated 17.5 

Wu et al., 2012 
Control 7.7 Litter and piglets performance at birth 

Treated 17.5 

Che et al., 2013 

Control 7.3 Litter and piglets performance at birth, plasma 

concentration of AAs Treated 17.3 

Treated 17.3 

Li et al., 2014 

Control 6.2 Placenta weight 

Treated 10.2 

Treated 14.2 

Quesnel et al., 2014 
Control 6.5 Backfat thickness, litter and piglets performance 

at birth and at weaning Treated 14.3 

Garbossa et al., 

2015 

Control 8.1 Backfat thickness, litter and piglets performance 

at birth and at weaning 
Treated 18 

Li et al., 2015; 

(trial 1)  

Control 7.7 Backfat thickness, litter and piglets performance 

at birth 
Control 7.7 

Treated 21 

Treated 21 

Li et al., 2015; 

(trial 2) 

Control 7.7 Backfat thickness, litter and piglets performance 

at birth, plasma concentration of AAs  Treated 21 

Treated 21 

Treated 21 

Guo et al., 2016 
Control 8.7 Placenta weight, litter and piglets performance at 

birth, plasma concentration of AAs and urea Treated 9.7 

Bass et al., 2017; 

(trial 1) 

Control 8.1 Placenta weight, litter and piglets performance at 

birth and at weaning, plasma concentration of 

urea 
Treated 18.1 

Bass et al., 2017; 

(trial 2) 

Control 6.4 Litter and piglets performance at birth 

Treated 16.4 
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Li et al., 2018 
Control 7 Placenta weight, piglets performance at birth, 

plasma concentration of AAs Treated 17 

Hines et al., 2019 

Control 4.2 Litter and piglets performance at birth and at 

weaning Treated 14.5 

Treated 14.5 

Treated 14.5 

Oksbjerg et al., 

2019 

Control 7.6 Piglets performance at birth and at weaning 

Treated 19.3 

Hong et al., 2020 

Control 6.9 Placenta weight, backfat thickness, litter and 

piglets performance at birth and at weaning, 

plasma concentration of AAs and urea 
Treated 9.7 

Treated 14.8 

Luise et al., 2020 
Control 6.5 Placenta weight, litter and piglets performance at 

birth and at weaning Treated 9 

Moreira et al., 2020 
Control 8.9 Placenta weight, backfat thickness, litter and  

piglets performance at birth Treated 17.7 

SID Arg, standardized ileal digestible Arginine; Treated, group supplemented with SID Arg. Studies 1672 

by Che et al. (2013), Li et al. (2015) and Hines et al. (2019) supplemented the same dose of SID 1673 

Arg in the treated groups but in different periods of gestation.  1674 
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Table 3. Results of descriptive analysis based on data extrapolated from the 19 studies selected. 1675 

Variable Mean SEM StDev Minimum Median Maximum 

Arg supplementation (days) 47.24 4.31 30.78 11.00 30.00 114.00 

SID Arg Control group, g/kg 6.988 0.159 1.149 4.20 7.30 8.90 

SID Lys Control group, g/kg 5.704 0.222 1.063 4.10 5.30 8.40 

SID Arg/ SID Lys, Control 

group 
1.277 0.044 0.212 0.64 1.43 1.46 

SID Arg Treated group, g/kg 15.997 0.653 3.574 9.00 16.70 21.00 

SID Lys Treated group, g/kg 5.737 0.195 1.070 4.10 5.50 8.40 

SID Arg/ SID Lys, Treated 2.882 0.145 0.794 1.15 2.76 3.88 

Additional SID Arg, fold 1.368 0.103 0.566 0.11 1.33 2.45 

SID Arg, standardized ileal digestible Arginine. 1676 
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Table 4. Effects of Arginine supplementation on sows’ productive performance at farrowing. 1677 

 

n 
R2 Adj, 

% 

P-value 
Coefficients 

b a 

Additional 

SID Arg 

Additional 

SID Arg 2 
Parity 

Feed 

Intake 

Number of 

piglets born 

Live born 

piglets 

Additional 

SID Arg 

Additional 

SID Arg2 

Placental weight 9 48.24 0.388 0.467 0.914 0.908 -- -- 0.165 -0.001 

PE 7 60.16 0.004 0.003 0.366 -- -- -- -0.237 0.0019 

Backfat loss 8 41.49 0.038 0.057 0.586 0.252 -- -- -0.519 0.0029 

Total number of 

piglets born 
17 39.85 0.005 0.027 0.372 0.120 -- -- 0.094 -0.0003 

Total number of 

live born piglets 
16 38.20 0.001 0.005 0.904 0.244 -- -- 0.145 -0.0006 

Litter birthweight 17 82.86 0.024 -- 0.056 0.639 <0.001 -- 0.019 -- 

Live litter 

birthweight 
16 82.08 0.319 -- 0.077 0.054 -- <0.001 0.008 -- 

Piglet birthweight 18 20.85 0.682 0.487 0.278 0.051 -- -- -0.009 0.000 

PE: placental efficiency was obtained by dividing the placental weight by the total number of piglets born 1678 

n: number of studies that include the parameter 1679 

R2 Adj, %: R2 of the Mixed Linear Model 1680 

SID Arg, standardized ileal digestible ArginineAdditional SID Arg was obtained by the equation: (SID Arg Treated – SID Arg Control) / SID Arg 1681 

Control x 100 1682 

Additional SID Arg2 was obtained by the equation: Additional SID Arg x Additional SID Arg 1683 

Parity: primiparous (gilts) or multiparous (sows) 1684 

Feed Intake: the quantity of feed supplemented in sows during gestation: L= ≤2 kg of feed per day; H= >2 kg of feed per day 1685 
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The total number of piglets born was used as a covariate regarding litter birthweight. 1686 

The total number of live born piglets was used as a covariate regarding live litter birthweight 1687 

b: coefficient of the linear effect 1688 

a: coefficient of the quadratic effect 1689 
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Table 5. The effects of Arginine supplementation on the concentration of free amino acids and urea 1690 

in the plasma of sows during the final period of Arg supplementation. 1691 

 

n R2 Adj, % 

P-value 
 Coefficient 

Item 

 b 

Additional 

SID Arg 

Gestation 

period 
 

Additional SID 

Arg 

Proline 8 35.34 0.004 0.657  0.120 

Ornithine 7 38.61 0.002 0.438  0.284 

Arginine 7 53.66 0.001 0.505  0.425 

Urea 8 51.02 0.037 0.005  -0.063 

n: number of studies which included the parameter 1692 

R2 Adj, %: R2 of the Mixed Linear Model 1693 

SID Arg, standardized ileal digestible ArginineAdditional SID Arg was obtained by equation (SID 1694 

Arg Treated – SID Arg Control) / SID Arg Control x 100; the quadratic effect was never statistically 1695 

significant and was excluded. 1696 

Gestation period: period of Arg supplementation during gestation: 1= Arg was supplemented during 1697 

the first 60 days of gestation; 2= Arg was supplemented between days 61 and 114 of gestation; 3= 1698 

Arg was supplemented during the entire gestation period. 1699 

b: coefficient of the linear effect.1700 

  1701 
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Table 6. The effects of Arginine supplementation on piglet productive performance at weaning. 1702 

 

n 

R-sq 

Adj, 

% 

P-value  Coefficients 

  b a 

 Additi

onal 

SID 

Arg 

Additio

nal SID 

Arg 2 

Piglet 

birth 

weight 

Parity 

Live 

born 

Piglets 

 

Additio

nal SID 

Arg 

Addition

al SID 

Arg2 

Litter size at 

weaning 
6 11.66 0.369 0.376 -- 0.609 0.912  0.034 -0.000 

Pig weaning 

weight 
7 5.46 0.202 0.283 0.333 0.736 --  0.073 -0.000 

Litter weaning 

weight 
5 18.59 0.748 0.563 0.599 0.669 --  -0.053 0.001 

Piglet ADG 5 17.34 0.903 0.918 -- 0.727 0.775  0.060 -0.000 

n: number of studies which included the parameter 1703 

R-sq Adj, %: Squared of the Mixed Linear Model 1704 

SID Arg, standardized ileal digestible ArginineAdditional SID Arg was obtained using the equation 1705 

(SID Arg Treated – SID Arg Control) / SID Arg Control x 100 1706 

Additional SID Arg 2 was obtained using the equation: Additional SID Arg x Additional SID Arg 1707 

Piglet birthweight was used as a covariate for pig weaning weight and litter weaning weight 1708 

Parity class: primiparous (gilts) or multiparous (sows) 1709 

b: coefficient of the linear effect 1710 

a: coefficient of the quadratic effect 1711 

1712 
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Figures 1713 

 1714 

Figure 1. Flow chart for the selection of the articles included in the meta-analysis. 1715 

1716 
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 1717 

Figure 2. Forest plot of meta-analysis of Arg supplementation in gestating sows’ diet. 1718 

The square shown for each study (first author and year of publication) is in the risk ratio (RR) for 1719 

SID Arg (standardize ileal digestible Arginine) and SID Arg / SID Lys ratio in control and treated 1720 

groups, and the corresponding horizontal line is the 95% CI. Studies with more than one treated 1721 

group were numbered (author, 1, year of publication) and (author, 2, year of publication). The 1722 

inclusion of sows or gilts was indicated with A or B, respectively. Che et al. (2013), Li et al. (2015) 1723 

and Hines et al. (2019) supplemented the same dose of SID Arg in the treated groups but in different 1724 

periods of gestation.  1725 
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Supplementary Table 1. List of the nineteen references published between 2007 and 2020 chosen 1726 

to conduct the meta-analysis. 1727 
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Abstract 1812 

Background 1813 

The prolificacy of sows (litter size at birth) has markedly increased, leading to higher post-natal 1814 

mortality. Arginine plays an important role in several physiological pathways; its effect on gestating 1815 

sows can depend on the period of supplementation. This study evaluated the effects of arginine 1816 

supplementation on the productive performance and physiological status of sows during different 1817 

gestation periods and seasons, using a multi-omics approach. 1818 

Methods 1819 

A total of 320 sows were divided into 4 groups over 2 seasons (warm/cold); a control group (CO) 1820 

received a standard diet (including 16.5 g/d of arginine) and 3 other groups received the standard diet 1821 

supplemented with 21.8 g/d of arginine (38.3 g/d of arginine) either during the first 35 d (Early35), 1822 

the last 45 d (Late45) or throughout the entire gestation period (COM). The colostrum was analyzed 1823 

for nutritional composition, immunoglobulins and metabolomic profile. Urine and feces were 1824 

analyzed on d 35 and 106 for the metabolomic and microbial profiles. Piglet body weight and 1825 

mortality were recorded at birth, d 6, d 26, and on d 14 post-weaning. 1826 
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Results 1827 

Interactions between arginine and season were never significant. The Early35 group had a lower 1828 

percentage of stillborn (P < 0.001), mummified (P = 0.002) and low bodyweight (LBW) piglets (P 1829 

= 0.02) than the CO group. The Late45 group had a lower percentage of stillborn piglets (P = 0.029) 1830 

and a higher percentage of high birthweight piglets (HBW; P < 0.001) than the CO group. The COM 1831 

group had a higher percentage of LBW (P = 0.004) and crushed piglets (P < 0.001) than the CO 1832 

group. Arginine supplementation modifies the metabolome characterization of colostrum, urine, and 1833 

feces. Creatine and nitric oxide pathways, as well as metabolites related to microbial activity, were 1834 

influenced in all matrices. A slight trend in the beta diversity index was observed in the microbiome 1835 

profile on d 35 (P = 0.064). 1836 

Conclusions 1837 

Arginine supplementation during early gestation reduced the percentage of stillborn and LBW piglets, 1838 

while in the last third of pregnancy, it favored the percentage of HBW pigs and reduced the percentage 1839 

of stillbirths, showing that arginine plays a significant role in the physiology of pregnant sows. 1840 

Keywords: Colostrum, Feces, Microbiota, Piglets’ birth weight, Stillborn, Urine. 1841 

Introduction 1842 

During the last decade, prolificacy in terms of litter size at birth has markedly increased in sows [1]. 1843 

However, their uterine capacity is not commensurate with the current litter size, in terms of both 1844 

physical space and the availability of nutrients [2]. This leads to a greater number of low birthweight 1845 

(LBW) piglets [3], a trait positively correlated with litter size [4]. These factors cause higher pre- and 1846 

post-natal mortality, impacting the revenue of farmers, especially during the warm season. In fact, 1847 

heat stress (HS) leads to a series of adaptive metabolic and behavioral changes, including a reduction 1848 

in the daily feed intake (FI), alterations in follicular development and oocyte quality, decreased luteal 1849 

size and compromised embryo development [5]. In addition, oxidative stress, exacerbated by HS 1850 

during gestation, leads to a decrease in colostrum, and milk quality and yield [6].  1851 
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In this scenario, some nutrients can play a pivotal role. Amino acids (AAs) serve both as building 1852 

blocks for proteins, and as essential functional and signaling molecules in the body. They play a 1853 

crucial role in supporting animal health and performance [7, 8]. Clarifying the nutrient requirements 1854 

of the sows can minimize the aforementioned negative aspects and can help achieve the sow’s genetic 1855 

potential. In particular, arginine (Arg) is involved in several biological processes, including immunity 1856 

and skeletal muscle function, energy and protein metabolism, insulin sensitivity, and growth hormone 1857 

production [9]. Moreover, its involvement in protein synthesis and in the activation of the mTOR 1858 

(mechanistic Target of Rapamycin) [10] could have a positive effect by reducing the loss in loin depth 1859 

which occurs when sows are affected by HS. It plays a crucial role in maintaining the intestinal 1860 

microbial balance by serving as a source of microbial carbon, nitrogen, and energy [11, 12]. This, in 1861 

turn, affects the growth, differentiation, and metabolic activity of microbes. Thus, the 1862 

supplementation of AAs from the Arg family, such as proline and glutamine, can play a pivotal role 1863 

in the development of the placenta and fetuses [13], and has been considered a conditionally essential 1864 

AA for sows by the National Research Council (NRC) since 2012 [14]. According to the NRC [14], 1865 

Arg requirements for gestating sows depend on period of gestation, class of parity, body weight (BW) 1866 

at insemination, and estimated litter size. Based on these variables, the recommendations for Arg are 1867 

6.35 g/d, 5.5 g/d, and 4.68 g/d for the second, third, and fourth classes of parity, respectively. 1868 

However, when considering the increase in litter size due to the evolution of the breed line which has 1869 

occurred in recent years [1], Arginine requirements may be greater than those estimated by the NRC 1870 

[14], as suggested by a recent meta-analysis by Virdis et al. [15]. Recently, limited data have become 1871 

accessible for estimating Arg requirements in gestating sows in order to maximize their performance; 1872 

however, the role of Arg in addressing the issues related to HS remains unclear. 1873 

Arginine has had different effects on gestating sows based on the timing of supplementation during 1874 

gestation. Arginine supplementation in early gestation can regulate angiogenesis and vascular 1875 

development, improving placental efficiency, and enhancing the supply and the availability of 1876 

nutrients and oxygen from the sow to the fetus [16, 17]; it also seems to increase the number of fetuses 1877 
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[18]. In late gestation, Arg supplementation increases the birth weight of piglets and improves litter 1878 

uniformity [19, 20]. However, the impact of Arg on sow prolificacy is still under debate, with some 1879 

studies suggesting that it could negatively affect litter uniformity [21]. Therefore, taking this 1880 

background into account, the aim of this study was to evaluate the effects of Arg supplementation on 1881 

the productive and physiological status of sows during different stages of gestation and different 1882 

seasons. The present study adopted a multi-omic approach, coupled with fecal microbial analysis, to 1883 

investigate the effect of Arg on sow physiology, using metabolomics to analyze colostrum, urine and 1884 

feces. 1885 

Material and methods 1886 

Experimental design 1887 

The study enrolled a total of 320 sows (Topigs TN70) which had been fed the same diet and reared 1888 

under the same conditions before the start of the study. At the beginning of gestation, the sows were 1889 

divided into four experimental groups (80 sows/group), based on BW and parity: 1) Control (CO) 1890 

group, fed with a standard gestation diet; 2) Early35 group, fed with the CO diet supplemented with 1891 

21.8 g/d of top Arg for the first 35 d of gestation; 3) Late45 group, fed with the CO diet supplemented 1892 

with 21.8 g/d of on top Arg for the last 45 d of gestation; 4) COM group, fed with the CO diet 1893 

supplemented with 21.8 g/d of on top Arg throughout the entire gestation period. Furthermore, the 1894 

study was carried out during two distinct periods, representing different seasons; the warm season 1895 

covered the pregnancy phase from July to October, and the cold season covered it from November to 1896 

January. The distribution of the sows during the two seasons for the CO, Early35, Late45 and COM 1897 

groups corresponded to 40, 37, 40 and 31 sows, respectively during the warm season and 40, 42, 39 1898 

and 48 sows, respectively during the cold season.  1899 

The sows were classified into three different classes based on their parity order: old (7th and 8th order), 1900 

mid (4th, 5th and 6th order) and young (2nd and 3rd order). Primiparous sows were not included in this 1901 

study.  1902 
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During gestation, the sows were reared in groups of approximately 70 animals and were fed using an 1903 

automatic feeder Schauer Compident station (Schauer, Austria) endowed with an animal 1904 

identification system; all the sows were fed according to a specific feeding curve depending on the 1905 

season. During the warm season, the sows received a daily dose of 2.5 kg between days 1 and 41, 2.0 1906 

kg between d 42 and 109 and 2.7 kg from d 110 until farrowing; during the cold season, they received 1907 

2.4 kg between d 1 and 84 and 2.8 kg from d 85 until farrowing. The basal diet formulation and 1908 

calculated composition are reported in Table 1. The Arg content of the CO diet was equal to 16.5 g/d. 1909 

The inclusion of an additional 21.8 g/d of Arg, on top of that in the CO diet was chosen to reach a 1910 

total amount of 38.3 g/d of Arg, based on the results obtained by the meta-analysis carried out by 1911 

Virdis et al. [15]. The sows had ad-libitum access to water during both gestation and lactation.  1912 

One week before farrowing, the sows were moved into the farrowing unit in which each feeder was 1913 

served by an independent duct. The feed distribution in the farrowing unit was carried out using a 1914 

Spotmix (Schauer, Austria) equipped with a small tank which allowed providing the Arg to the sows 1915 

belonging to the Late45 and COM groups, even during the last week of gestation. 1916 

Collection of samples 1917 

The sows were weighed on d 5±3 and on d 106±4 of gestation when they were moved to the farrowing 1918 

unit. On d 35 of gestation (the last day of Arg supplementation for the Early35 group), a sample of 1919 

urine was collected from 14 sows [7 sows supplemented with Arg (Early35 and COM) and 7 sows 1920 

not supplemented with Arg on d35 (CO and Late45)] over a 1.5-2.5-hour timespan after their last 1921 

meal. Urine was collected in a sterile tube and immediately frozen in liquid nitrogen for metabolomic 1922 

analysis; it was collected only during the warm season.  1923 

On d 35 and d 106, a total of 64 fecal samples/timepoint (16 sows/group, 8 sows /season/group) were 1924 

collected from the sows. Feces were collected in a sterile tube and immediately frozen in liquid 1925 

nitrogen for short-chain fatty acid (SCFA; only d 106), metabolomic (only d 106) and microbial 1926 

analyses.  1927 
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At farrowing, after the birth of the first piglet and within 4 piglets farrowed, a total of 96 samples of 1928 

colostrum (24 samples/group, 12 samples/season/group) were obtained by milking all functional teats 1929 

as reported by Luise et al. [22] to characterize the colostrum composition and analyze the 1930 

concentration of immunoglobulins (Igs) A, G and M. Moreover, from each sample, an aliquot of 1931 

colostrum was snap-frozen in liquid nitrogen and stored at -80°C until the metabolomic analysis.  1932 

At farrowing, the number of total piglets born, born alive and stillborn, mummified, and crushed was 1933 

recorded for each sow. The number of stillborn and mummified piglets was expressed as a percentage 1934 

of the total number of piglets born, while the number of crushed piglets was expressed as a percentage 1935 

of the number of piglets born alive. At farrowing (d 0), the piglets were identified with a numbered 1936 

ear tag and weighed (after colostrum consumption), and the coefficient of variation (CV) of the birth 1937 

weights within the litter was calculated. From 52 litters per group, the BW at birth of all piglets born 1938 

(including stillborn, mummified, and crushed) was collected. The pigs born alive were classified 1939 

according to their birth BW into three classes: low body weight (LBW < 1 kg), normal BW (< 1.7 kg 1940 

NBW > 1.00 kg) or high BW (HBW > 1.7 kg). Cross-fostering of piglets was carried out within 48 1941 

hours after farrowing among sows belonging to the same experimental group in order to standardize 1942 

litter size, to match the sow’s rearing capacity with litter size, and to ensure that all the piglets could 1943 

access a functional teat. All the male piglets were castrated within the first week of life, as in the usual 1944 

routine breeding practices and caudectomy was not performed. The piglets were then individually 1945 

weighed at 6 d of life (d 6 ± 1), at weaning (d 26 ± 2), and at 14 d post-weaning (d 14pw) and the 1946 

relative average daily gain (ADG) was calculated. 1947 

Mortality rate and the number of removals were recorded at each timepoint based on the experimental 1948 

groups.  1949 

Colostrum chemical composition and immunoglobulins concentration 1950 

Colostrum samples were diluted 1:1 with water and were then analyzed using the Milkoscan FT2 to 1951 

determine the composition in terms of fat, protein, lactose, casein and urea [23]. The colostrum 1952 
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samples were prepared for metabolomic and Ig concentration analysis as reported by Picone et al.  1953 

[24]. Briefly, 1.5 mL of colostrum was diluted 1:1 with pure water and 0.02 % of sodium azide. The 1954 

diluted samples were centrifuged at 4°C for 30 minutes at 1,500 x g to obtain the defatted colostrum. 1955 

The Ig concentration analysis was carried out using ELISA (enzyme-linked immunosorbent assay), 1956 

using the goat anti-pig IgA/IgM/IgG-affinity purified and goat anti-pig IgA/IgM/IgG HRP conjugate 1957 

antibodies (BETHYL Laboratories, Montgomery, TX) and Pig Immunoglobulin Reference Serum 1958 

RS107-4 (BETHYL Laboratories, Montgomery, TX) as specific standard. Absorbance was measured 1959 

at 405 nm using a plate reader (MultiskanTM FC Microplate Photometer – Thermo Fisher Scientific). 1960 

The concentration values, expressed as µg/mL, were calculated using a five-point parametric curve. 1961 

The colostrum defatted samples were previously diluted 1:50,000, 1:10,000, and 1:500,000 for IgA, 1962 

IgM, and IgG analysis as reported by Luise et al. [25]. 1963 

NMR spectroscopy analysis for identifying metabolomes from urine, feces, and colostrum 1964 

The metabolomic profiles of the urine, feces, and defatted colostrum samples were investigated 1965 

following the procedure described by Brugaletta et al. [26].  1966 

Analysis of the short-chain fatty acids and ammonia present in the feces 1967 

A total of 64 samples of feces from d 106 were analyzed for ammonia and SCFAs (lactate, acetate, 1968 

propionate, isobutyrate, butyrate, isovalerate, and valerate). 1969 

For the determination of ammonia in fecal samples, 1 g of feces was thawed, and was then diluted 1970 

with deionized water at a weight/volume ratio of 1:10. After vertexing, the samples were centrifuged 1971 

at 7,000 rpm at 4°C for 10 minutes. The ammonia content of the fecal supernatant was determined 1972 

using an enzymatic colorimetric assay according to the manufacturer's protocol (Urea/BUN-Color; 1973 

BioSystems S.A., Barcelona, Spain); the results were expressed as μmol/g feces. 1974 

The analyses of the SCFAs in the sow feces were carried out by adapting the method of Trevisi et al. 1975 

[27], using high-performance liquid chromatography (HPLC).  1976 
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Microbiome analysis 1977 

Microbial DNA was extracted from the feces samples using the FastDNATM Spin Kit for Soil (MP 1978 

Biomedicals Europe, LLC). The DNA quality and quantity were determined by quantification using 1979 

Nanodrop, and an agarose gel load and run. The DNA was then used to characterize the sows’ 1980 

microbial profile by sequencing the V3-V4 hypervariable regions of gene 16S rRNA as described by 1981 

Luise et al. [28]. Briefly, the standard protocol for the MiSeq Reagent Kit v3 was used to prepare the 1982 

libraries.  The libraries were sequenced on the MiSeq platform (Illumina Inc., San Diego, CA, USA). 1983 

Bioinformatic analysis was carried out using the DADA2 pipeline [29], and taxonomy was assigned 1984 

using the Silva database (release 138.1) [30]. 1985 

Statistical and bioinformatic analysis 1986 

Statistical analyses were carried out using RStudio v4.3 (RStudio, PBC, Boston, MA) with “jmv” 1987 

[31], “car” [32], “emmeans” [33], and “lme4” [34]. The data were fitted using a linear mixed model 1988 

in which the experimental diet (CO vs. Early35 vs. Late45 vs. COM), the season (warm vs. cold), and 1989 

the class of parity (old vs. mid vs. young) were included as factors; while, regarding piglets’ growing 1990 

performance, the age of the piglets when being weighed, litter size and BW at the previous timepoint 1991 

were included as covariates. The sow was included as a random factor for the analysis of the piglets’ 1992 

growing performance (e.g., piglet weight at d 0, d 6, and d 26, and the relative ADGs). The interaction 1993 

between experimental diets and seasons was tested, and was then removed when not significant. The 1994 

distribution of data was tested using the Shapiro-test and the “LaplacesDemon” [35] package, and 1995 

was corrected when it was not normal. Comparisons between dietary groups and seasons were tested 1996 

using a post-hoc test (Tukey test).  1997 

The results were expressed as least-square means and standard error of the mean (SEM). A difference 1998 

was declared significant when P was ≤ 0.05 and marginally significant when 0.05 < P ≤ 0.10. 1999 

For the mortality and the removal rate, a Fisher test was carried out with contrasts calculated using 2000 

the “RVAideMemoire” [36] package on RStudio v4.3 (RStudio, PBC, Boston, MA). 2001 
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The statistical analysis of the metabolomic data involved two parts. First, metabolomic datasets were 2002 

analyzed with a multivariate approach using MetaboAnalyst 6.0 [37]; the metabolites were then 2003 

analyzed using an ANOVA model on RStudio v4.3 (RStudio, PBC, Boston, MA). In the multivariate 2004 

analysis, the data were normalized using sum and log transformation to account for systematic 2005 

differences between samples. After the normalization, data were analyzed using Partial least squares-2006 

discriminant analysis (PLS-DA) on MetaboAnalyst 6.0, the variable importance projection (VIP) 2007 

scores were determined for diet and season. For the univariate analyses, the data of the colostrum and 2008 

feces were fitted using a linear mixed model which included diet and season as fixed factors. Since 2009 

urine was collected on d 35, only two dietary groups were present at that timepoint: the CO group 2010 

(samples from CO and Late45 groups) and the ARG group (samples from Early35 and COM groups). 2011 

Regarding the microbial data, the statistical analyses of alpha diversity indices (Chao, Shannon, 2012 

InvSimpson indices), beta diversity (calculated as Bray Curtis distance matrix), and taxonomic 2013 

composition were carried out with RStudio v4.3 using “phyloseq” [38], “vegan” [39], “lme4” [34] 2014 

packages. Alpha diversity indices were analyzed for both timepoints (d35 and d106 of gestation) 2015 

using an ANOVA model (“Adonis” procedure) which included experimental group, season, and class 2016 

of parity as fixed factors. For beta diversity, the Bray Curtis distance matrix was calculated and plotted 2017 

using a non-metric multidimensional scaling plot; the differences were tested using a PERMANOVA 2018 

(Adonis) model with 9999 permutations, including diet, season, and their interaction as factors. For 2019 

the differential analysis of the taxa, the LEfSe algorithm [40] was used at the genus level.  A linear 2020 

discriminant analysis (LDA) score > 3 and P. adj < 0.05 were considered to identify taxa differentially 2021 

expressed between the dietary groups and seasons.  2022 

Results 2023 

Since the effect of season was not the main objective of the present study, only the most significant 2024 

interactions between diet and season will be discussed in the following sections. However, the results 2025 

related to the season will be provided in order to guarantee complete information to the reader. 2026 
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Growth performance of sows during gestation 2027 

A total of three sows, one from each of the Early35, Late45 and COM groups, were removed from 2028 

the study as a result of aborting. 2029 

Gestation length did not differ between the experimental groups, having an average of 116 d. 2030 

Table 2 reports the effects of Arg and season on sow growth performance. The interaction between 2031 

group and season was never significant. Bodyweight on d 0 did not differ among the experimental 2032 

groups, while on d 106, diet affected the BW (P = 0.023). In addition, it tended to affect the ADG 2033 

from d 0 to d 106 (P = 0.056). In detail, the COM group had a higher BW and ADG than the CO 2034 

group (298 vs. 292 kg, P = 0.003; 503 vs. 445 g/d, P = 0.040, respectively). No differences were 2035 

observed in the other groups.  2036 

Litter and piglet performance.  2037 

Table 3 reports the effects of Arg and season on sow performance at farrowing. The interaction 2038 

between group and season was never significant. The total number of piglets born and the number of 2039 

piglets born alive were not affected by diet. The percentage of mummified piglets was higher in the 2040 

COM group as compared with the Early35 (P = 0.002) and the Late45 (P = 0.049) groups. The 2041 

percentage of stillborn piglets did not differ between the CO and the COM groups. The CO group had 2042 

a higher stillborn percentage than the Early35 group (10.39 vs. 8.11%, P < 0.001) and the Late45 2043 

(10.39 vs. 9.04%, P = 0.029) groups, whereas this percentage was lower in the Early35 as compared 2044 

with the COM group (8.11 vs. 9.70%, P = 0.004). The COM group showed the highest percentage of 2045 

crushed piglets at birth (P < 0.001). Furthermore, some performance parameters of the sows at 2046 

farrowing were influenced by season. In brief, the total number of piglets born (P = 0.003) and the 2047 

percentage of mummified piglets (P < 0.001) was lower in the warm season. Moreover, it tended to 2048 

reduce the percentage of stillborn piglets (P = 0.081) while it increased the percentage of crushed 2049 

piglets (P < 0.001). 2050 
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Table 4 reports the effects of Arg and season on the growing performance of piglets from birth until 2051 

14 d post-weaning. There was no significant interaction between group and season regarding the 2052 

measurements collected on d 0. 2053 

At birth, the BW and the CV of the total number of piglets born, the total weight of the litter, the BW 2054 

and CV of the piglets born alive as well as the weight of the alive litter were not affected by diet. The 2055 

percentage of LBW piglets was lower in the Early35 group as compared with the Late45 (P < 0.001), 2056 

the COM (P < 0.001), and the CO (P = 0.020) group, and was lower in the CO group as compared 2057 

with the Late45 (P = 0.050) and the COM (P < 0.001) groups. The percentage of HBW piglets was 2058 

higher in the Late45 group as compared with the CO (P < 0.001), the Early35 (P = 0.042), and the 2059 

COM (P < 0.001) groups, and was higher in the Early35 group as compared with the COM (P = 2060 

0.046) group. The percentage of NBW piglets was not influenced by diet.  2061 

On d 0, the BW of the total piglets born (P = 0.054), the CV at birth of the total number of piglets 2062 

born (P = 0.087), and the total weight of the litter (P = 0.092) tended to be lower during the warm 2063 

season. The BW of piglets born alive was lower during the warm season (p=P = 0.006). During the 2064 

warm season, the weight of the alive litter tended to be lower than in the cold season (P = 0.063). 2065 

Furthermore, the percentage of LBW piglets was higher during the warm season (P < 0.001) and the 2066 

percentage of HBW piglets was lower during the warm season (P < 0.001), while no difference in 2067 

the percentage of NBW piglets due to season was observed.  2068 

Bodyweight on d 6 and the ADG from d 0-d 6 and d 6-d 26, were not affected by diet or by season. 2069 

Moreover, these variables showed no interaction.  2070 

Bodyweight at weaning (d 26) was influenced by the interaction between diet and season (P = 0.035); 2071 

however, the contrasts did not show any differences among the groups. Diet did not affect BW at d26 2072 

or the ADG from d 6 to d 26 and from d 0 to d 26, respectively. Season did not affect BW on d 26 or 2073 

the ADG from d 6 to d 26, while the ADG from d 0 to d 26 was higher during the cold season (P = 2074 

0.006).  2075 



 

110 
 

Bodyweight on d 14 post weaning (pw) and the ADG from d 26 to d 14pw were not influenced by 2076 

the interaction between diet and season, while the ADG from d 0 to d 14pw tended to be influenced 2077 

by the interaction between diet and season (P = 0.070); the Late45 group had a higher ADG from d 2078 

0 to d 14pw compared with the CO group (P = 0.070) only during the warm season. In addition, BW 2079 

on d 14pw, the ADG from weaning to d 14pw and the ADG from d 0-d 14pw (P < 0.001) were 2080 

influenced by season, and were higher in the cold than the warm season. 2081 

The mortality and exclusion rates of piglets based on diet are reported in Fig. 1. On d 3, the mortality 2082 

and exclusion rates were higher in the COM group as compared with the CO (P = 0.020) and the 2083 

Late45 (P = 0.027) groups. On d 6, the mortality and exclusion rates were higher in the COM and 2084 

Early35 groups as compared with the CO group (P < 0.001 and P = 009, respectively) and tended to 2085 

be higher in the COM group as compared with the Late45 group (P = 0.055). At d 26, the COM group 2086 

had higher mortality and exclusion rates than the CO (P = 0.010) and the Late45 (P = 0.033) groups 2087 

and tended to be higher than the Early35 group (P = 0.070). On d 14pw, the COM group had higher 2088 

mortality and exclusion rates than the Late45 group (P = 0.028). Based on season, the mortality and 2089 

exclusion rates were higher during the warm season on d 6 (P < 0.001), d 26 (P < 0.001) and d 14pw 2090 

(P < 0.001) (data not shown). 2091 

Composition of colostrum 2092 

Table 5 reports the effect of diet and season on the proximal composition and Ig concentration of 2093 

colostrum. The proximal composition of colostrum was not influenced by diet, season or by their 2094 

interaction, except for the quantity of lactose which was higher during the cold season (P = 0.001). 2095 

The concentration of IgM and IgA were not affected by diet, season or their interaction, while the 2096 

concentration of IgG was higher in the CO group as compared with the other groups (P < 0.001), and 2097 

it was higher during the warm season (P < 0.001). 2098 

Metabolomic profile of colostrum 2099 

A total of 29 metabolites were identified in the sow colostrum.  2100 
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A PLS-DA was applied to it to investigate the differences in the metabolome profile between the 2101 

dietary groups and the seasons. Considering the dietary groups, the principal components 1 (PC1), 2 2102 

(PC2), 3 (PC3) and 4 (PC4) represented 12.3%, 8.7%, 11.0% and 5.8%, respectively of the colostrum 2103 

spectra variance (Fig. 2A and 2B); although the four groups overlapped, a separation between the 2104 

COM and the CO groups for PC1 could be observed. The sources of variation for the ten most 2105 

influential metabolites among the dietary groups were displayed based on their VIP scores (VIP > 2106 

1.0) for PC1 (Fig. 2C) and PC2 (Fig. 2D). The CO group was characterized by a concentration of 2107 

creatine phosphate notably higher (PC1: VIP score = 1.94; PC2: VIP score = 1.62) than the other 2108 

groups, and by a notably higher concentration of Trimethylamine N-oxide (TMAO) (PC1: VIP score= 2109 

1.66; PC2: VIP score = 1.33) which was the lowest in the Late45 group. The Early35 group was 2110 

characterized by a notable concentration of Uridine diphosphate (UDP) galactose (PC1: VIP score = 2111 

1.26), especially when compared with the COM group, and by a high concentration of succinate (PC2: 2112 

VIP score = 1.51), betaine (PC2: VIP score = 1.34) and O-phosphocholine (PC2: VIP score = 1.27), 2113 

especially when compared with the Late45 group.  2114 

The Late45 group was characterized by a higher valine concentration (PC1: VIP score = 2.30; PC2: 2115 

VIP score = 1.83), especially when compared with the Early35 group. The COM group was 2116 

characterized by a high lactate concentration (PC1: VIP score = 1.92; PC2: VIP score = 1.53), 2117 

especially when compared with the Early35 group.  2118 

Supplementary Table 1 reports the effect of diet and season on the metabolites identified in the 2119 

colostrum samples.  2120 

The CO group had more uridine than the Early35 group (P < 0.001), more UDP galactose than the 2121 

Late45 (P < 0.001) and the COM (P < 0.001) groups, more UDP glucuronate than the Early35 group 2122 

(P < 0.001), more UDP- n-acetylglucosamine (P < 0.001) than all the other groups, more sn-Glycero-2123 

3-P-Choline than the COM group (P < 0.001), more citrate than the Early35 (P < 0.001) and the 2124 

COM (P < 0.001) groups, more succinate and more pyruvate than the Late45 group (P < 0.001), and 2125 

more O-Acetylcarnitine than COM group (P < 0.001). 2126 
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The Early35 group had the highest concentration of UDP galactose (P < 0.001); it tended to have 2127 

more UDP glucose than the COM group (P = 0.060), more sn-Glycero-3-P-Choline than all the other 2128 

groups (P < 0.001), more succinate than the CO (P < 0.001) and the Late45 groups (P < 0.001), more 2129 

pyruvate than all the other groups (P < 0.001), more O-Acetylcarnitine than the CO (P < 0.001) and 2130 

the COM groups (P < 0.001), and more acetate than the CO group (P < 0.001). 2131 

The Late45 group had the highest concentrations of formate (P < 0.001) and of uridine (P < 0.001), 2132 

more UDP galactose than the COM group (P < 0.001), more UDP glucuronate than the CO (P = 2133 

0.005) and the Early35 groups (P < 0.001), more UDP- n-Acetylglucosamine than the Early35 group 2134 

(P < 0.001), more sn-Glycero-3-P-Choline than the CO (P < 0.001) and the COM (P < 0.001) groups, 2135 

more choline than the Early35 group (P = 0.005), the highest concentrations of citrate (P < 0.001) 2136 

and O-Acetylcarnitine (P < 0.001), more acetate than the CO (P < 0.001) and the COM groups (P = 2137 

0.019), and more valine than the CO (P = 0.001) and the Early35 (P = 0.002) groups.  2138 

The COM group had more formate than the CO (P = 0.002) and the Early35 groups (P = 0.003), 2139 

more uridine than the Early35 group (P < 0.001), more UDP than the CO and the Early35 groups (P 2140 

< 0.001), more UDP- n-Acetylglucosamine than the Early35 group (P < 0.001), more citrate than the 2141 

Early35 group (P < 0.001), the highest concentrations of succinate (P = 0.010), more pyruvate than 2142 

the Late45 group (P < 0.001), more acetate than the CO group (P = 0.001), the highest concentrations 2143 

of alanine (P = 0.005) and lactate (P < 0.001), and more valine than the CO and the Early35 groups 2144 

(P < 0.001). 2145 

The colostrum metabolic profile was also influenced by season as shown using a PLS-DA model and 2146 

ANOVA analysis in Supplementary Fig. 1 and Supplementary Table 1. Briefly, according to the PLS-2147 

DA analysis, the two seasons were separated along the PC2 with the warm season being characterized 2148 

by a higher concertation of uridine (PC1: VIP score = 2.35; PC2: VIP score = 2.10), UDP-glucuronate 2149 

(PC1: VIP score = 1.35), O-phosphocholine (PC1: VIP score = 1.27) and sn-glycero-3-2150 

phosphocholine (PC2: VIP score = 1.35). Conversely, O-acetylcarnitine (PC1: VIP score = 1.93; PC2: 2151 

VIP score = 1.62) and succinate (PC1: VIP score = 1.51; PC2: VIP score = 1.27) were higher during 2152 



 

113 
 

the cold season. According to the ANOVA, in addition to the above-mentioned metabolites, the warm 2153 

season had a higher concentration of citrate (P < 0.001) and lactate (P = 0.025), and more UDP 2154 

galactose (P < 0.001), UDP glucose (P = 0.018), myo-Inositol (P = 0.027), pyruvate (P < 0.001), O-2155 

Acetylcarnitine (P < 0.001), and acetate (P < 0.001) than in the cold season. 2156 

Metabolomic profile of sow urine 2157 

A total of 61 metabolites were identified in the sow urine on d 35 of gestation.  2158 

A PLS-DA was applied to investigate the differences in the metabolome composition of the urine 2159 

between CO (CO + Late45) and ARG (Early35 + COM) groups. The PC1, PC2, PC3 and PC4 2160 

represented 25.4%, 24.2%, 7.1% and 3.2%, respectively of the colostrum spectra variance (Fig. 3A 2161 

and 3B). Although the groups partially overlapped, a separation could be observed between them 2162 

along PC1. The metabolites which, for the most part, determined this separation were searched for by 2163 

calculating their VIP scores (VIP > 1.0) for PC1 (Fig. 3C) and PC2 (Fig. 3D). The CO group had 2164 

higher scores for dimethylamine (PC1: VIP score = 2.08; PC2: VIP score = 1.85), 5-Hydroxymethyl-2165 

4-methyluracil (PC1: VIP score = 1.74; PC2: VIP score = 1.62), and allantoin (PC1: VIP score = 1.44; 2166 

PC2: VIP score = 1.40), while the ARG group had higher scores for formate (PC1: VIP score = 1.90; 2167 

PC2: VIP score = 1.77), acetate (PC1: VIP score = 1.85; PC2: VIP score = 1.74), betaine (PC1: VIP 2168 

score = 1.70; PC2: VIP score = 1.50), N,N-Dimethylglycine (PC1: VIP score = 1.61; PC2: VIP score 2169 

= 1.73), TMAO (PC1: VIP score = 1.57; PC2: VIP score = 1.37), hippurate (PC1: VIP score = 1.42), 2170 

and tiglyglycine (PC1: VIP score = 1.41).  2171 

Supplementary Table 2 reports the identification of the metabolites, their relative concentrations in 2172 

urine samples on d 35 of gestation and the effect of the Arg supplementation according to the ANOVA 2173 

analysis. When compared with the ARG group, the CO group had higher concentrations of 4-2174 

Hydroxyphenylacetate (P = 0.002), cis-Aconitate (P < 0.001), allantoin (P < 0.001), glucuronate (P 2175 

< 0.001), arabinose (P = 0.031), ascorbate (P < 0.001), gluconate (P < 0.001), glycine (P < 0.001), 2176 

creatine (P < 0.001), 5-Hydroxymethyl-4-methyluracil (P = 0.043), N-Acetylglucosamine (P = 2177 
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0.040),  N-Acetylglutamate (P = 0.017), lysine (P < 0.001), lactate (P < 0.001), 2,3-Butanediol (P = 2178 

0.048), leucine (P < 0.001), and N-Isovaleroylglycine (P = 0.029). Conversely, the ARG groups had 2179 

higher concentrations of formate (P = 0.010), isobutyrate, (P < 0.001), tyrosine (P < 0.001), cytosine 2180 

(P < 0.001), glucose (P < 0.001), xylose (P < 0.001), betaine (P < 0.001), mannitol (P = 0.009), 2181 

TMAO (P < 0.001), N,N-Dimethylglycine (P < 0.001), 5-Aminopentanoate (P = 0.001) and acetate 2182 

(P < 0.001). 2183 

Metabolomic profile of the sow feces 2184 

A total of 59 metabolites were identified in the sow feces on d 35 of gestation.  2185 

The PLS-DA was applied to investigate the differences in the metabolome composition of the fecal 2186 

samples between the CO (CO + Late45) and the ARG (Early35 + COM) groups. The PC1, PC2, PC3 2187 

and PC4 of the model represented 27.4%, 22.0%, 9.5%, and 9.2%, respectively (Fig. 4A and 4B). 2188 

Although the groups partially overlapped, a separation could be observed between them along PC1 2189 

(Fig. 4A). The metabolites which, for the most part, led to this separation were searched for by 2190 

calculating their VIP scores (VIP > 1.5) for PC1 (Fig. 4C) and PC2 (Fig. 4D). The CO group was 2191 

characterized by higher scores for acetate (PC1: VIP score = 1.38), 3-hydroxybutyrate (PC2: VIP 2192 

score = 1.49), and fumarate (PC2: VIP score = 1.40). The ARG groups showed higher scores for 2193 

methanol (PC1: VIP score = 3.19; PC2: VIP score = 2.63), aspartate (PC1: VIP score = 2.08; PC2: 2194 

VIP score = 1.56), threonine (PC1: VIP score = 2.01; PC2: VIP score = 1.58), myo-inositol (PC1: VIP 2195 

score = 1.81; PC2: VIP score = 1.38), betaine (PC1:VIP score = 1.80; PC2: VIP score = 1.67) and 2-2196 

Methyl-3-ketovalerate (PC1: VIP score = 1.57). 2197 

Supplementary Table 3 reports the metabolites identified, their relative concentrations, and the effect 2198 

of diet and season on the fecal samples on d 35 of gestation. The CO group had higher concentrations 2199 

of uracil (P = 0.004) and galactose (P = 0.028), while the ARG group had more methanol (P = 0.025) 2200 

and tended to have more 2-Oxoisocaproate (P = 0.071). 2201 
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A total of 61 metabolites were identified in the sow fecal samples collected on d 106 of gestation. 2202 

The PLS-DA analysis did not detect specific clusters linked to diet (Supplementary Fig. 2); similarly, 2203 

the ANOVA analysis did not evidence differences in the concentrations of the metabolites owing to 2204 

the diet (Supplementary Table 4).  2205 

However, differences linked to season were observed. According to the season, the PC1, PC2, PC3, 2206 

and PC4 represented 43.9%, 12%, 5.7% and 5% of the fecal spectra variance, respectively 2207 

(Supplementary Fig. 3). A separation between them along PC1 and PC2 could be observed. In the 2208 

warm season, isobutyrate (PC1: VIP score = 1.79; PC2: VIP score =1.45), isovalerate (PC1: VIP score 2209 

= 1.68), levulinate (PC1: VIP score = 1.36; PC2: VIP score = 1.87), acetoin (PC1: VIP score = 1.36; 2210 

PC2: VIP score = 1.98), 3-Hydroxybutyrate (PC2: VIP score = 1.59) and acetoacetate (PC2: VIP score 2211 

= 1.39) were higher than in the cold season. The samples collected in the cold season  scored higher 2212 

for thymine (PC1: VIP score = 2.33; PC2: VIP score = 1.58), hypoxanthine (PC1: VIP score = 1.99), 2213 

uracil (PC1: VIP score = 1.92), fumarate (PC1: VIP score = 1.91), betain (PC1: VIP score = 1.81), 2214 

myo-inosytol (PC1: VIP score = 1.55), glutamate (PC1: VIP score = 1.45) and lactate (PC1: VIP score 2215 

= 1.38).  2216 

Considering the ANOVA models, the samples collected in the warm season showed higher 2217 

concentrations of phenylacetate (P = 0.005), threonine (P = 0.029), isobutyrate (P = 0.002), 2218 

acetoacetate (P = 0.017), acetoin (P = 0.007), thymine (P < 0.001), cadaverine (P = 0.022) and 2219 

isovalerate (P = 0.013), and a tendency towards higher concentrations of 3-hydroxyphenylacetate (P 2220 

= 0.071), valerate (P = 0.078), fucose (P = 0.099) and 3-hydroxybutyrate (P = 0.057). During the 2221 

cold season, higher concentrations were observed for hypoxanthine (P = 0.007), fumarate (P < 2222 

0.001), uracil (P = 0.014), lactate (P = 0.040) and betaine (P = 0.003), while a tendency towards 2223 

higher concentrations was observed for myo-inositol (P = 0.071) and glutamate (P = 0.078).  2224 

Fecal microbiota of sows 2225 
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Fig. 5 reports the effects of diet and season on the alpha and beta diversity indices of the fecal samples 2226 

collected on d 35 and d 106. Diet, and the interaction between diet and season did not affect the 2227 

Chao1, Shannon, and InvSimpson indices at any timepoint. On d 35, the InvSimpson index was higher 2228 

during the warm season (P = 0.001) while on d 106, the InvSimpson index tended to be higher during 2229 

the warm season (P = 0.085).  2230 

The interaction between diet and season did not affect the beta diversity. The beta diversity tended to 2231 

be affected by diet (Fig. 5A, R2 = 0.069; P = 0.064) on d 35 and was not affected by diet on d 106 2232 

(Fig. 5B). Season influenced the beta diversity on d 35 (Fig. 5C, R2 = 0.061; P = 0.002) and d 106 2233 

(Fig. 5D, R2 = 0.104; P < 0.001). 2234 

No difference in the taxa abundance due to diet was found by the LefSE analyses on d 35 and d 106, 2235 

while a total of 24 taxa on d 35 (Supplementary Table 5) and 83 taxa on d 106 (Supplementary Table 2236 

6) were influenced by season.  2237 

Short chain fatty acid and ammonia concentrations in sow feces 2238 

Table 6 reports the effects of diet and season on the SCFA and ammonia concentrations in the sow 2239 

feces on d 106 of gestation. The interaction between diet and season did not affect the SCFA and the 2240 

ammonia concentrations.  2241 

The CO group had a concentration of acetic acid higher than all the other groups (P = 0.020); it had 2242 

more butyric acid than the Late45 and the COM groups (P < 0.001), had more valeric acid than the 2243 

Early35 and the COM groups (P < 0.001). The Early35 group had more isobutyric acid than all the 2244 

other groups (P < 0.001), and more butyric acid than the Late45 (P < 0.001) and the COM (P = 2245 

0.001) groups. The Late45 group had more lactic acid than the COM group (P < 0.001), and more 2246 

valeric acid than the Early35 (P < 0.001) and the COM groups (P = 0.002). The COM group had 2247 

more ammonia than the Early35 (P = 0.001) and the Late45 (P = 0.012) groups, while it had more 2248 

butyric acid than the Late45 group (P < 0.001). 2249 
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The samples collected during the warm season had more butyric (P < 0.001), isovaleric (P = 0.032) 2250 

and valeric acids (P = 0.008). During the cold season, the concentration of ammonia tended to be 2251 

higher (P = 0.079), while higher concentrations of lactic (P = 0.001), acetic (P < 0.001), propionic 2252 

(P = 0.005) and isobutyric acids (P < 0.001) were observed. 2253 

Discussion 2254 

This study highlighted the different effects of the top dressed Arg on sow reproductive performance. 2255 

The interaction between diet and season was never significant, except for a few tendencies regarding 2256 

litter growth. For the most part, this result led to discussing the outcomes obtained from the 2257 

supplementation of Arg irrespective of season, suggesting that the dose of Arg used was not capable 2258 

of alleviating heat stress in sows. In terms of productive performance, the results suggested differing 2259 

effects of Arg, depending on the period of supplementation.  2260 

The positive effect of Arg supplementation in early gestation is widely stated in the literature [41, 42]. 2261 

This study confirmed the potential interest in and the pivotal role of Arg at the initial stage of 2262 

gestation. In fact, although the total number of piglets born and born alive did not increase in the 2263 

Early35 group, the percentage of stillborn and mummified piglets was reduced as compared with the 2264 

unsupplemented group. Furthermore, the Early35 group had a lower percentage of LBW piglets as 2265 

compared with all the other groups. Since the literature reports a higher rate of fetal mortality during 2266 

d 12-15 and on d 30 of gestation [43], these positive effects could be attributed to the improvement 2267 

in the placental angiogenesis and fetal implantation obtained via the use of additional crystalline Arg 2268 

[17] in the first 35 d of gestation. The lack of any effect on the part of the Early35 group in improving 2269 

the number of total number of piglets born, born alive and their BW is in agreement with the findings 2270 

of Li et al. [42] whose study found that a total dose of 48.61 g/d of Arg during the first 30 d of 2271 

gestation did not affect the litter size and the BW at birth. Although Arg supplementation in the first 2272 

35 d did not lead to an increase in piglet BW, it did reduce the percentage of LBW piglets which is 2273 
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an emerging problem for highly-prolific sows, since they are weaker than NBW piglets and have a 2274 

higher mortality rate or a slower growth rate during the suckling and the post-weaning periods [27].  2275 

On the other hand, the use of Arg in the last 45 d of gestation reduced the number of stillborn piglets 2276 

and increased the percentage of HBW piglets in agreement with the findings of Nuntapaitoon et al. 2277 

[19] who gave a total dose of 46.75 g/d of Arg during late gestation (from d 85 until farrowing). These 2278 

effects can be attributed to the role of Arg in regulating placental-fetal blood flow by improving 2279 

nutrients and oxygen transfer to the fetuses via the umbilical cord [44]. Placental vascularization 2280 

reaches near peak by d 70 of gestation [45], and fetuses grow rapidly, with approximately 60% of 2281 

their growth occurring during the final third of gestation [46]. Therefore, the increase in the placental-2282 

fetal blood flow due to Arg supplementation in this latter period could have contributed to better 2283 

growth of the fetuses. Moreover, during late gestation, the development of fetus muscle is mainly 2284 

characterized by hypertrophy [47]. This process is governed by the mTOR pathway and is facilitated 2285 

by insulin-like growth factor 1. As stated by Takahara et al. [48], Arg is known to potently activate 2286 

the mTOR pathway. Nevertheless, the present results suggested that the improvement in nutrients and 2287 

oxygen transfer derived from Arg was not equally distributed across the fetuses since no general 2288 

increase in birth weight was observed but rather an increase in the percentage of pigs with an HBW 2289 

was observed. However, the total daily dose of 38.3 g/d of Arg during late gestation did not affect 2290 

piglet BW at birth. The lack of a general increase in piglet BW at birth in the Late45 group was in 2291 

contrast with previous studies by Hong et al. [21] and Wu et al. [49], who administered a total dose 2292 

of 39.56 g/d and 33.4 g/d of Arg, respectively to the sows. However, it agreed with the study of Bass 2293 

et al. [50] who administered a total of 42.5 g/d of Arg. These discrepancies in terms of Arg effects 2294 

could be due to the composition of the basal diet, the management of the farm or the genetics of sows 2295 

involved in the trials. The anticipated effects of Arginine supplementation on pregnant sows, such as 2296 

increased litter size and birth weight, were based on studies such as those by Gao et al. [51]. In their 2297 

research, the total dose of Arg was 34.2 g/d from days 22 to 89 of gestation and 51.3 g/d from d 90 to 2298 

farrowing. Similarly, da Silva Fonseca et al. [52] provided a total dose of 43.7 g/d of Arg between d 2299 
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30-60 and 80-114 of gestation. The present results were not in agreement with these previous studies. 2300 

In fact, the group which received the additional Arg during the entire period of gestation did not show 2301 

an increase in the total number of piglets born and piglets born alive or an increase in the birth body 2302 

weight of the piglets. Moreover, an increase in the percentages of LBW and crushed piglets was 2303 

observed; LBW piglets are weaker than NBW piglets and have inadequate thermoregulation 2304 

capability [53]. For this reason, they are more likely to stay close to the sow and consequently to be 2305 

crushed, increasing pre-weaning mortality [54, 55]. In addition, the COM group had a numerically 2306 

higher number of piglets alive at birth which could be partially related to the higher percentage of 2307 

crushed piglets. Furthermore, this numeric increase in alive piglets could partially justify the increase 2308 

in the sow ADG and BW observed in the COM group on d 106. This result contrasted with the findings 2309 

of Mateo et al. [56] in which a total dose of 29.4 g/d of Arg fed to sows showed no effect on their 2310 

BW. However, the dose in the study by Mateo et al. [56] was lower than the total 38.3 g/d dose used 2311 

in the present study. 2312 

Except for a higher ADG from birth to 14 d after weaning in the Late45 group, only during the warm 2313 

season, the growth performance of the piglets was not affected by diet. Similar to the ADG, sows’ 2314 

diet did not have any positive effect on mortality and culling. These results were consistent with the 2315 

meta-analysis the Authors published last year regarding the effects of Arg supplementation on 2316 

gestating sows [15]. Arginine is rapidly metabolized in several pathways [57] which could explain 2317 

why it is difficult to observe a residual effect during lactation when supplementation occurs only 2318 

during the gestation period. In addition, when considering the lack of a significant effect of Arg 2319 

supplementation on the proximal composition of colostrum, no difference in growth performance or 2320 

mortality of piglets was expected during the suckling period. The lack of a significant effect of Arg 2321 

on the sows’ colostrum composition agreed with the finding of Hong et al. [21] (39.56 g/d of total 2322 

Arg). Unexpectedly, in the present study, Arg supplementation led to a reduction in the colostral 2323 

concentration of IgG, contrary to the observations of Nuntapaitoon et al. [19]. Even though the 2324 
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colostrum yield was not assessed, this reduction was likely a consequence of an increase in colostrum 2325 

production [58]. 2326 

Although Arg supplementation had a limited impact on the colostrum composition, the metabolomic 2327 

analysis of this matrix revealed important effects. Furthermore, the application of the metabolomic 2328 

technique to the other matrices analyzed, such as feces and urine, allowed studying the effects which 2329 

Arg supplementation may have on the physiology and metabolism of sows as well the possible 2330 

reverberation on their litters in greater depth. Arginine plays an important role in the regulation of the 2331 

nutrient metabolism; however, the mechanisms have not yet been clearly understood. An effect of 2332 

Arg on the creatine and the nitric oxide (NO) pathways was observed in both colostrum and urine; 2333 

the CO group was characterized by a higher concentration of creatine and creatinine phosphate in the 2334 

colostrum. Arginine is converted to creatine in several steps; however, the first reaction is controlled 2335 

by the enzyme L-arginine:glycine amidinotransferase [59]. To initiate the reaction, this enzyme 2336 

requires adequate levels of glycine and minimal concentrations of creatine which can have a negative 2337 

feedback on this pathway, thereby facilitating the use of arginine in the NO pathway [59]. Therefore, 2338 

the metabolic results in the colostrum of the Late45 and the COM groups suggested a limitation in 2339 

the use of Arg in the pathway for creatinine production, leading to a greater use of Arg in the NO 2340 

production pathway. This pathway may also have been favored by the imbalance between the amount 2341 

of Arg and glycine in the Arg supplemented groups. Glycine was not detected in the colostrum; 2342 

however, a higher concentration of glycine and creatine was observed in urine on d 35 in the CO 2343 

group as compared with the ARG group. Furthermore, according to Xu et al. [60], a high 2344 

concentration of milk glycine, creatine phosphate, TMAO, and UDP-galactose, along with other 2345 

metabolites, are associated with a negative energy balance in lactating cows. Interestingly, these 2346 

metabolites were found in lower concentrations in the colostrum of the Late45 and the COM groups, 2347 

suggesting a better energy status of these groups. On the contrary, these two groups had a higher 2348 

concentration of colostrum valine and lactate, both associated with a good energy balance [60]. 2349 
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Furthermore, this result is consistent with the higher BW and ADG of the sows receiving Arg 2350 

throughout gestation.  2351 

In addition, the Late45 group was characterized by a higher concentration of choline and a lower 2352 

concentration of betaine; as described by [61], choline and betaine pathways are closely related since 2353 

betaine can be produced by animals from choline by means of a two-step oxidation via the 2354 

intermediate, betaine aldehyde, and the involvement of two enzymes (choline dehydrogenase and 2355 

betaine aldehyde dehydrogenase). However, betaine can also be produced by microorganisms, both 2356 

via betaine aldehyde and by a three-step methylation of glycine [61]. The low availability of glycine 2357 

due to the Arg-to-creatine pathway may have reduced the production of betaine; in fact, as observed 2358 

by Meadows and Wargo [62], the low concentration of betaine and TMAO is a consequence of the 2359 

low concentration of carnitine observed in the colostrum. Moreover, the supplementation of Arg 2360 

during late gestation significantly altered the metabolic pathways within TCA cycle. Indeed, while 2361 

the concentration of pyruvate was reduced, the metabolic flux was redirected towards the production 2362 

of acetate, leading to a subsequent increase in citrate concentration [63]. This shift in metabolic focus 2363 

underscores the crucial role of Arg in modulating energy metabolism. Interestingly, the 2364 

supplementation of Arg throughout the entire gestation altered the normal TCA cycle, promoting the 2365 

production of alanine, lactate, and valine. The production of these metabolites instead of the classic 2366 

TCA cycle intermediates is not entirely clear to the authors. In fact, the same metabolic pathway was 2367 

observed by Hasegawa et al. [64]. Nonetheless, we believe that further investigation is necessary to 2368 

deepen our understanding of the effects of Arg supplementation during sows’ gestation and its impact 2369 

on metabolome. In addition to the effect of Arg on the carnitine pathway, a change in the protein 2370 

metabolism involving intestinal microbial activity was observed in the urine. Arginine 2371 

supplementation increased the concentrations of formate, acetate, TMAO, hippurate, betaine, and 2372 

N,N-dimethylglycine in the urine. These metabolites were previously associated with intestinal 2373 

microbial activity and abundance. Hippurate is derived from the microbial degradation of flavonol 2374 

products [65]; TMAO is derived from the renal and hepatic oxidation of TMA which, in turn, can be 2375 
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derived from the microbial conversion of choline, carnitine, or betaine [66]. Formate and acetate are 2376 

known end-products of various bacterial families deriving from the glucose and the AA metabolisms 2377 

[67]. The bacteria present in the lumen of the small intestine also convert some dietary Arg into 2378 

ornithine, proline, and polyamines (putrescine, spermine and spermidine) [68]. Therefore, the 2379 

gastrointestinal microbiota can influence both the availability of Arg and the health of the host [69]. 2380 

For example, in post-weaning pigs the intestinal catabolism of Arg decreases the amount of dietary 2381 

Arg that enters in the portal vein [69]. According to the study conducted by Wu et al. [70], about 40% 2382 

of the Arg is involved in catabolism and protein synthesis by the small intestine in adult pigs. 2383 

However, although these results suggest a strong involvement of Arg in the microbiome metabolism, 2384 

only a slight trend in the beta diversity index was observed in the microbiome profile on d 35. 2385 

Furthermore, no difference was observed in the microbiome profile and the abundance of specific 2386 

microbiome taxa on d 106 of gestation. Previous studies had shown a slight effect of Arg on the fecal 2387 

microbial profile of sows during gestation and lactation; however, even in these studies, the effect on 2388 

the microbial composition was mild [8, 25]. To explain this effect, one can consider that the microbial 2389 

profile of sows is considered to be stable as compared with that of younger animals. 2390 

Consistent with the urinary metabolomic profile, the fecal metabolomic profile, especially on d 35 of 2391 

gestation, was influenced by Arg administration. Specifically, an increase in fecal AAs, especially 2392 

aspartate, threonine, tyrosine, serine, and phenylalanine, was observed in the Arg group. This increase 2393 

in different fecal AAs could be related to the increased availability of Arg-derived NO and its effect 2394 

on some microorganisms. In fact, NO is known to alter the metabolism of bacteria [71]. The reduction 2395 

in microbial activity could therefore have reduced AA catabolism in the intestinal lumen, justifying 2396 

the higher fecal AA concentration as suggested by He et al. [72]. This effect on AAs, clearly observed 2397 

on d 35, did not maintain its clarity until d 106. This apparently controversial result could have been 2398 

due to the ability of the intestinal microbiota to shape its metabolism and adapt to the diet according 2399 

to its evolutionary capacity [73]. Alternatively, it is equally possible that the different physiological 2400 

situations of the sow between d 35 and 106 of gestation could have contributed to the diversity 2401 



 

123 
 

observed in the fecal metabolome at the two timepoints. In addition, although the fecal AA profile 2402 

was not affected, the group receiving the Arg during the entire gestation period had a higher fecal 2403 

ammonia concentration on d 106, suggesting an increase in nitrogen loss due to high Arg 2404 

supplementation. The results obtained regarding the concentration of SCFAs are specific to each of 2405 

the dietary groups tested which made it difficult to draw a robust conclusion, especially in the absence 2406 

of any effect on the fecal microbiota from which they are derived. However, it is possible to observe 2407 

that all three groups supplemented with Arg were characterized by a lower concentration of acetate, 2408 

suggesting an involvement of Arg in the microbial production of these SCFAs, or in their absorption 2409 

and utilization by the sows. 2410 

Finally, the present study showed that season could strongly influence both the productive 2411 

performance of sows, and their physiological status and fecal microbiota. 2412 

In the cold season, the average weight of all the experimental groups was higher than in the warm 2413 

season. It should be emphasized that season refers to the period during which the sows were gestating, 2414 

so that piglets born from sows which gestated in the warm season grew in cold season and vice versa. 2415 

This explains why piglets have a better growth performance in the cold season. During the warm 2416 

season, the total number of piglets born decreased as compared with the cold season. As widely 2417 

reported in the literature, this depends on the exposure of sows to suboptimal environmental 2418 

conditions, such as high temperatures, which leads to heat stress, decreased productive performance 2419 

and physiological alterations [74, 75]. Even if these aspects were not the main topic of the present 2420 

study, the results herein obtained could be fundamental for the development of appropriate nutritional 2421 

strategies in different environmental situations, leading to a nutritional approach with precision. 2422 

Conclusion 2423 

In conclusion, the present study highlighted the effects of Arg administration during different periods 2424 

of gestation. Specifically, the use of 38.3 g/d of Arg in the first third of gestation reduced the 2425 

percentage of stillborn and LBW pigs, while its administration in the last third of pregnancy favored 2426 
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the percentage of pigs born with HBW and reduced the percentage of stillbirths. These differences 2427 

could be attributed to the different metabolic fates of Arg during gestation and its involvement in 2428 

placental efficiency. The present study emphasized the significant role of Arg in the physiology of 2429 

pregnant sows and demonstrated the potential of metabolomics to elucidate physiological 2430 

mechanisms. The complexity of Arg involvement in metabolic pathways was evident, so that partially 2431 

contradicting outcomes hinder a straightforward explanation. Additional investigation is needed to 2432 

fully understand Arg involvement during the gestation of sows. 2433 
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Table 1 – Basal diet formulation fed to sows during gestation and lactation. 2671 

Ingredients Gestation Lactation 

Barley, % 15.00 15.00 

Corn, grounded, % 14.98 11.50 

Corn 8% CP, % 10.80 15.00 

Triticale, % 10.00 10.00 

Wheat, % 10.00 -- 

Wheat bran, % 7.33 3.17 

Sunflower meal 35% CP, % 7.00 3.00 

Beet pulp, % 6.00 3.00 

Sorghum, % 5.00 -- 

Sunflower oil, % 3.00 1.67 

Grease, % 2.00 1.67 

Oat, % 1.67 3.17 

Soybean 48% CP, % 1.50 15.10 

Sugar cane molasses, % 1.50 2.33 

Soybean, % 1.33 7.50 

Soybean hulls, % -- 1.67 

Bakery meal, % -- 2.50 

Calcium carbonate, % 0.87 0.97 

Monocalcium phosphate, % 0.48 0.65 

Sodium chloride, % 0.47 0.38 

Mineral mix, % 0.40 0.40 

Magnesium oxide, % -- 0.20 

Liquid Lysine 50%, % 0.39 0.65 

Liquid Choline 75%, % 0.10 0.13 

Threonine, % 0.08 0.16 

HiPhosphate, % 0.10 0.10 

Methionine, % -- 0.04 

Tryptophan, % -- 0.02 

Vitamine E, % -- 0.02 

Chemical composition 

Dry matter, % 87.79 87.80 

Protein, % 12.27 17.97 

Lipids, % 7.5 6.80 

Crude fiber, % 5.26 5.01 

Ash, % 4.74 5.65 

Calcium, % 0.7006 0.7948 

Phosphorus, % 0.4512 0.4978 

P.AS.SUS, % 0.3112 0.3550 

NDF, % 2.422 14.1506 

Linoleic acid, % 3.0429 2.9498 

Starch, % 41.0527 33.3894 

Sugar, % 3.5196 5.0205 

NA, % 0.2211 0.1995 

K, % 0.5734 0.8838 

Cl, % 0.3887 0.3601 

Lys, % 0.6243 1.1727 

Met, % 0.2488 0.3458 

Met+Cys, % 0.4799 0.6443 
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Trp, % 0.137 0.2309 

Thr, % 0.4769 0.7795 

Arg, % 0.6876 1.1165 

SID Lys, ED/Mcal 2.20 4.42 

ED pigs, kcal/kg 3.300 3.363 

EM pigs, kcal/kg 3.188 3.210 

EN pigs, kcal/kg 2.461 2.365 

  2672 
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Table 2 – Effect of Arg supplementation and seasons on growing performance of sows during gestation. 2673 

Items 
Diet1 Season2 p-value 

CO Early35 Late45 COM SEM warm cold SEM Diet Season 

BW d 0, kg 245 249 249 249 2.72 241Z 254Y 1.94 0.704 < 0.001 

BW d 106, kg 292B 295AB 296AB 298A 1.46 299Y 292Z 1.06 0.023 < 0.001 

ADG, g/d 445B 470AB 486AB 503A 15.28 528Y 423Z 10.9 0.056 < 0.001 

BW, body weight 2674 

ADG, (BW d 106 – BW d 0) ÷ 106 2675 

1 A total of 320 sows were divided into 4 experimental groups: CO, fed with a basal diet; Early35, fed with the CO diet with 21.8 g/d on-top Arg 2676 

during the first 35 d of gestation; Late45, fed with the CO diet with 21.8 g/d on-top Arg during the last 45 d of gestation; COM, fed with the CO diet 2677 

with 21.8 g/d on-top Arg during all gestation. 2678 

2 The trial was performed during two seasons: warm, sows performed gestation between July and September; cold, sows performed gestation 2679 

between November and January. 2680 

The interaction between the diet and the season was tested and removed from the statistical model if not statistically significant. 2681 

Means within a row with different superscripts differ for diets’ contrasts AB P < 0.05 and ab P < 0.10; for seasons’ contrast YZ P < 0.05 and  yz P < 2682 

0.10.  2683 
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Table 3 – Effect of Arg supplementation and seasons on the performance of sows at farrowing. 2684 

Items 
Diet1 Season2 p-value 

CO Early35 Late45 COM SEM warm cold SEM Diet Season 

Total born, n 18.0 17.4 17.7 18.7 0.39 17.3Z 18.5Y 0.28 0.108 0.003 

Total born alive, n 15.5 15.6 15.6 16.3 0.35 15.5 16.0 0.25 0.400 0.106 

Mummified, % 1.86AB 1.43B 1.62B 2.17A 0.15 1.27Z 2.40Y 0.11 0.002 < 0.001 

Stillborn, % 10.39A 8.11B 9.04B 9.70A 0.33 8.98y 9.57z 0.12 < 0.001 0.081 

Crushed, % 1.74B 1.74B 1.82B 3.15A 0.18 2.39Y 1.74Z 0.11 < 0.001 < 0.001 
1 A total of 320 sows were divided into 4 experimental groups: CO, fed with a basal diet; Early35, fed with the CO diet with 21.8 g/d on-top Arg 2685 

during the first 35 d of gestation; Late45, fed with the CO diet with 21.8 g/d on-top Arg during the last 45 d of gestation; COM, fed with the CO diet 2686 

with 21.8 g/d on-top Arg during all gestation. 2687 

2 The trial was performed during two seasons: warm, sows performed gestation between July and September; cold, sows performed gestation 2688 

between November and January. 2689 

Means of stillborn and mummified were expressed as a percentage of the total born piglets. Means of crushed were expressed as a percentage of the 2690 

total born alive. 2691 

The interaction between the diet and the season was tested and removed from the statistical model if not statistically significant. 2692 

Means within a row with different superscripts differ for diets’ contrasts AB P < 0.05 and ab P < 0.10; for seasons’ contrast YZ P < 0.05 and  yz P < 2693 

0.10.  2694 
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Table 4 – Effect of Arg supplementation and season on the growing performance of piglets from birth to 14 d after weaning. 2695 

Items 
Diet1 Season2 p-value 

CO Early35 Late45 COM SEM warm cold SEM Diet Season 

d 0 

BW of total born3, g 1366 1375 1366 1319 26.48 1329z 1384y 19.85 0.420 0.054 

CV of BW of total born4, g 22.9 22.4 22.1 23.4 0.96 21.8z 23.6y 0.721 0.740 0.087 

Total litter weight5, g 24177 24073 24278 23287 484 23508z 24399y 362 0.436 0.092 

BW of born alive6, g 1411 1411 1406 1351 26.4 1355Z 1434Y 19.75 0.289 0.006 

CV of BW of born alive7, g 19.1 19.4 19.0 20.0 0.79 19.5 19.2 0.59 0.798 0.745 

Alive litter weight8, g 21623 22180 21856 21038 562 21105z 22244y 421 0.518 0.063 

LBW9, % 10.07B 8.41C 11.70A 12.94A 1.04 12.55Y 9.12Z 1.17 < 0.001 < 0.001 

NBW10, % 68.8 64.8 63.5 64.2 2.83 67.1 63.5 2.12 0.529 0.244 

HBW11, % 15.96BC 16.95B 18.73A 15.03C 1.03 14.30Z 19.30Y 1.03 < 0.001 < 0.001 

d 6 

BW12, g 2438 2446 2485 2450 32.2 2456 2453 23.15 0.747 0.937 

ADG d 0-d 613 147 150 155 144 5.28 145 153 3.82 0.502 0.131 

d 26 

BW14, g 6467 6429 6463 6319 163 6146Z 6692Y 73.2 0.204 0.004 

ADG d 6-d 2615 226 227 222 218 6.39 216 230 6.58 0.567 0.102 

ADG d 0-d 26 203 206 204 197 5.91 192Z 212Y 3.04 0.403 0.006 

d 14 post-weaning  

BW16, g 9430 9749 9531 9562 152 9122Z 10015Y 134 0.385 < 0.001 

ADG d 26-d 14 pw 172 187 179 177 8.54 151Z 207Y 7.04 0.543 < 0.001 

ADG d 0-d 14 pw 185 197 194 187 5.40 176Z 205Y 4.81 0.098 < 0.001 
1 A total of 320 sows were divided into 4 experimental groups: CO, fed with a basal diet; Early35, fed with the CO diet with 21.8 g/d on-top Arg 2696 

during the first 35 days of gestation; Late45, fed with the CO diet with 21.8 g/d on-top Arg during the last 45 days of gestation; COM, fed with the 2697 

CO diet with 21.8 g/d on-top Arg during all gestation. 2698 
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2 The trial was performed during two seasons: warm, sows performed gestation between July and September; cold, sows performed gestation 2699 

between November and January. 2700 

Parity order was included as covariate for the all the BW, CV, litter weights and for the body categories percentages: old (7th and 8th order); mid (4th, 2701 

5th and 6th order); young (2nd and 3rd order). Parity order affected the CV of total born4 (old vs. young, P = 0.027), total litter weight5 (P = 0.077; 2702 

coefficient = 5.13), alive litter weight8 (old vs. young, P = 0.002), NBW percentage10 (old vs. mid, P < 0.001; mid vs. young, P < 0.001), HBW 2703 

percentage11 (old vs. young, P < 0.001; mid vs. young, P < 0.001), BW at d 2614 (old vs. mid, P < 0.001; old vs. young, P < 0.001), BW d 14 pw16 2704 

(old vs. young, P < 0.001; mid vs. young, P < 0.001). 2705 

Litter size was included as covariate for the pre-weaning performance and was significant for the BW of total born3 (P < 0.001; coefficient = 2706 

141.54), the CV of total born4 (P < 0.001; coefficient = 61.59), total litter weight5 (P < 0.001; coefficient = 85.81), BW of born alive6 (P < 0.001; 2707 

coefficient = 130.37), CV of born alive7 (P < 0.001; coefficient = 46.63), alive litter weight8 (P < 0.001; coefficient = 22.22), LBW percentage9 (P < 2708 

0.001; coefficient = 1080.70), NBW percentage10 (P < 0.001; coefficient = 25.93), HBW percentage11 (P < 0.001; coefficient = 1144.37), BW d 612 2709 

(P < 0.001; coefficient = 80.18), ADG d 0- d 613 (P = 0.027; coefficient = 4.90), ADG d 6- d 2615 (P = 0.077; coefficient = 3.12). 2710 

The interaction between the diet and the season was tested and resulted statistically significant for the BW at d 26 (P = 0.035) and tended to be 2711 

statistically different for the ADG from d 0-d 14pw (P = 0.07). 2712 

Means within a row with different superscripts differ for diets’ contrasts ABC P < 0.05 and abc P < 0.10; for seasons’ contrast YZ P < 0.05 and  yz P < 2713 

0.10.BW, Body Weight 2714 

CV, Coefficient of Variation 2715 
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LBW, Low Body Weight: piglets’ birth BW < 1 kg 2716 

NBW, Normal Body Weight; piglets’ birth BW  2717 

HBW, High Body Weight 2718 

d 0, birth 2719 

d 26, weaning 2720 

d 14 pw, 14 days after weaning  2721 
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Table 5 – Effect of Arg supplementation and season on the proximal composition of sows’ colostrum 2722 

Items 
Diet1 Season2 p-value 

CO Early35 Late45 COM SEM warm cold SEM Diet Season 

Fat, g/100 mL 4.48 4.77 5.12 4.8 0.27 4.65 4.93 0.2 0.437 0.337 

Protein, g/100 mL 16.7 16.8 16.7 15.9 0.38 16.4 16.7 0.28 0.304 0.337 

Lactose, g/100 mL 2.64 2.6 2.68 2.82 0.1 2.51Z 2.86Y 0.07 0.368 0.001 

Casein, g/100 mL 12.1 12.1 12.1 11.5 0.28 11.7 12.1 0.21 0.328 0.232 

Urea, mg/100 mL 135 139 131 134 3.83 136 133 2.85 0.524 0.581 

IgG, mg/mL 105.6A 58.0C 83.9B 79.0B 2.0 92.8Y 68.7Z 1.02 < 0.001 < 0.001 

IgA, mg/mL 7.48 8.28 9.01 7.21 0.88 7.79 8.2 0.76 0.461 0.738 

IgM, mg/mL 2.23 2.36 2.15 2.28 1.16 2.43 2.09 1.13 0.971 0.425 
1 A total of 320 sows were divided into 4 experimental groups: CO, fed with a basal diet; Early35, fed with the CO diet with 21.8 g/d on-top Arg 2723 

during the first 35 days of gestation; Late45, fed with the CO diet with 21.8 g/d on-top Arg during the last 45 days of gestation; COM, fed with the 2724 

CO diet with 21.8 g/d on-top Arg during all gestation. 2725 

2 The trial was performed during two seasons: warm, sows performed gestation between July and September; cold, sows performed gestation 2726 

between November and January. 2727 

The interaction between the diet and the season was tested and removed from the statistical model if not statistically significant. 2728 

Means within a row with different superscripts differ for diets’ contrasts ABC P < 0.05 and abc P < 0.10; for seasons’ contrast YZ P < 0.05 and  yz P < 2729 

0.10.  2730 
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Table 6 – Effect of Arg supplementation and season on the concentration of SCFA and ammonia in sows’ feces at d 106 of gestation 2731 

Items 
Diet1 Season2 p-value 

CO Early35 Late45 COM SEM warm cold SEM Diet Season 

Lactic ac., µmol/g  11.38AB 9.59AB 16.50A 11.57B 0.83 10.7Z 13.5Y 0.63 < 0.001 0.001 

Acetic ac., µmol/g 264A 246B 248B 245B 4.00 239Z 263Y 2.91 0.002 < 0.001 

Propionic ac., µmol /g 68.2 78.3 72.9 97.5 10.1 64.7Z 93.8Y 7.26 0.186 0.005 

Isobutyric ac., µmol /g 60.9B 121.4A 63.2B 57.2B 2.30 62.7Z 82.5Y 1.54 < 0.001 < 0.001 

Butyric ac, µmol /g 116.5A 109.2A 81.0C 95.7B 2.62 106.3Y 93.4Z 1.84 < 0.001 < 0.001 

Isovaleric ac., µmol /g 12.2 10.0 10.7 13.5 1.28 13.0Y 10.2Z 0.92 0.209 0.032 

Valeric ac., µmol /g 7.94A 3.09B 6.46A 3.67B 0.63 5.70Y 4.23Z 0.41 < 0.001 0.008 

Ammonia, µmol/g 20.0AB 17.6B 18.5B 23.5A 1.13 2.93z 3.04y 0.041 < 0.001 0.079 
1 A total of 320 sows were divided into 4 experimental groups: CO, fed with a basal diet; Early35, fed with the CO diet with 21.8 g/d on-top Arg 2732 

during the first 35 d of gestation; Late45, fed with the CO diet with 21.8 g/d on-top Arg during the last 45 d of gestation; COM, fed with the CO diet 2733 

with 21.8 g/d on-top Arg during all gestation.  2734 

2 The trial was performed during two seasons: warm, sows performed gestation between July and September; cold, sows performed gestation 2735 

between November and January. 2736 

Concentrations are expressed in µmol/g. 2737 

The interaction between the diet and the season was tested and removed from the statistical model if not statistically significant. 2738 

Means within a row with different superscripts differ for diets’ contrasts AB P < 0.05 and ab P < 0.10; for seasons’ contrast YZ P < 0.05 and  yz P < 2739 

0.10. 2740 
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Figures 2741 

 2742 

Figure 1. Effect of the diet on the mortality and exclusion rate of piglets during the study. A 2743 

total of 320 sows were divided into 4 experimental groups: CO, fed with a basal diet; 2744 

Early35, fed with the CO diet with 21.8 g/d on-top Arg during the first 35 d of gestation; 2745 

Late45, fed with the CO diet with 21.8 g/d on-top Arg during the last 45 d of gestation; COM, 2746 

fed with the CO diet with 21.8 g/d on-top Arg during all gestation. At d 3, mortality was 2747 

higher in the COM group if compared to the CO (P = 0.020) and the Late45 group (P = 2748 

0.027). At d 6 the CO group had a lower mortality rate compared to the Early35 (P = 0.009) 2749 

and to the COM group (P < 0.001), while tended to be lower in the Late45 group if compared 2750 

to the COM group (P = 0.055). At d 26 COM had a higher mortality rate than the CO (P = 2751 

0.010) and the Late45 group (P = 0.033), while tended to be higher in COM group if 2752 

compared to the Early35 (P = 0.070). At d 14 pw the COM group had a higher mortality rate 2753 

than the Late45 group (P = 0.028).  2754 
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 2755 

Figure 2. Effect of Arg supplementation on the metabolome characterization on the total 2756 

colostrum spectra according to the experimental groups. A total of 320 sows were divided 2757 

into 4 experimental groups: CO, fed with a basal diet; Early35, fed with the CO diet with 21.8 2758 

g/d on-top Arg during the first 35 d of gestation; Late45, fed with the CO diet with 21.8 g/d 2759 

on-top Arg during the last 45 d of gestation; COM, fed with the CO diet with 21.8 g/d on-top 2760 

Arg during all gestation. PLS-DA was applied to investigate differences in the metabolome 2761 

profile. Score plots of the PC were reported. Although the overlapping of the experimental 2762 

groups, a separation between COM and CO groups under the PC1 can be observed (A). The 2763 

sources of variation for the most influential metabolites were displayed based on their VIP 2764 

scores (C and D). The colored boxes on the right indicate the concentrations of the 2765 

corresponding metabolite in each experimental group.   2766 
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 2767 

Figure 3. Effect of Arg supplementation on the metabolome characterization on the total 2768 

urine spectra at d 35 of gestation, according to the experimental groups. Scores plot of PLS-2769 

DA between components 1 and 2 (A) and components 3 and 4 (B) on the total urine spectra 2770 

based on the experimental groups: CO (CO + Late45) vs ARG (Early35 + COM). Important 2771 

features identified by PLS-DA in components 1 (C) and 2 (D), respectively. The colored 2772 

boxes on the right indicate the relative concentrations of the corresponding metabolite in each 2773 

group under study: CO (CO + Late45) vs ARG (Early35 + COM).  2774 
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 2775 

Figure 4. Effect of the Arg supplementation on the metabolome characterization on the total 2776 

fecal spectra at d 35 of gestation, according to the experimental groups. Scores plot of PLS-2777 

DA between components 1 and 2 (A) and components 3 and 4 (B) on the total fecal spectra 2778 

based on the experimental groups: CO (CO + Late45) vs ARG (Early35 + COM). Important 2779 

features identified by PLS-DA in principal components 1 (C) and 2 (D), respectively. The 2780 

colored boxes on the right indicate the relative concentrations of the corresponding 2781 

metabolite in each group under study: CO (CO + Late45) vs ARG (Early35 + COM).  2782 
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 2783 

Figure 5. Effect of Arg supplementation on alpha and beta diversity indices of sows feces at d 35 and d 106 of gestation.  2784 
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No differences were observed between the groups at d 35 of gestation (Fig. A). InvSimpson index at d 35 (Fig. A) was higher during the warm 2785 

season if compared to the cold season (P = 0.001), while at d 106 (Fig. B) tended to be higher during the warm season if compared to the cold one 2786 

(P = 0.085). Beta diversity tended to be affected by the diet at d 35 (Fig. C, R2 = 0.069; P = 0.064), but not at d 106 (Fig. D, R2 = 0.041). 2787 

Different superscripts differ for diets’ contrasts AB P < 0.05 and ab P < 0.10; for seasons’ contrast YZ P < 0.05 and yz P < 0.10. 2788 
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Supplementary tables 2789 

Supplementary Table 1 – Effect of Arg supplementation and season on the concentration of the identified metabolites in sow’s colostrum 2790 

Metabolite, µmol/l 
Diet1 Season2 p-value 

CO Early35 Late45 COM SEM warm cold SEM Diet Season 

Formate 1.42C 1.44C 11.79A 3.80B 0.58 3.36 2.85 0.37 < 0.001 0.225 

UMP   720 677 623 706 60 719 643 44.0 0.659 0.221 

Uridine  87.2B 65.0C 114.1A 83.8B 2.80 112.4Y 65.5Z 2.0 < 0.001 < 0.001 

cis Aconitate  43.0 47.5 46.4 39.3 3.10 46.2 41.8 2.27 0.216 0.170 

UDP galactose  1846B 2199A 1756C 1407D 12.5 1562Z 2027Y 9.0 < 0.001 < 0.001 

UDP glucuronate  363C 257D 390B 416A 5.68 408Y 301Z 4.0 < 0.001 < 0.001 

UDP glucose  1019ab 1297a 1091ab 939b 99.0 965Z 1209Y 72.5 0.059 0.018 

UDP n-Acetylglucosamine   428A 313D 363C 382B 5.7 365 373 4.1 < 0.001 0.148 

Ribose  62.8 62.2 63.3 59.9 2.30 64.2y 60.0z 1.75 0.716 0.078 

myo Inositol   7326 7380 7600 7330 273 7096Z 7722Y 200 0.874 0.027 

Betaine  470 496 369 449 44.7 476 416 32.8 0.199 0.200 

Taurine  791 758 724 712 82.3 780 713 60.2 0.901 0.433 

Lactose   72232 69152 70111 73610 2592 69674 72879 1900 0.596 0.233 

TMAO  388 322 278 283 40.3 317 319 29.6 0.178 0.952 

sn Glycero-3-P-Choline  2368C 3115A 2902B 2220D 15.0 2756Y 2501Z 11.1 < 0.001 < 0.001 

O Phosphocholine  815 873 736 756 94.9 885y 705z 69.4 0.723 0.067 

Choline  151AB 142B 159A 148AB 3.62 155Y 145Z 2.65 0.010 0.007 

Creatine phosphate  410 347 351 300 30.0 354 350 23.5 0.105 0.909 

Creatine  1363 1270 1306 1225 67.5 1313 1269 49.5 0.508 0.522 

Dimethylamine  69.7 63.3 62.6 61.1 4.84 65.9 62.4 3.54 0.585 0.481 

Citrate  675B 389D 937A 618C 7.61 742Y 525Z 5.44 < 0.001 < 0.001 

Carnitine  194 211 177 175 23.8 170 209 17.9 0.669 0.108 

Succinate  468C 545B 397D 574A 6.32 424Z 569Y 4.77 < 0.001 < 0.001 

Pyruvate  224B 296A 147C 222B 4.24 206Z 225Y 3.15 < 0.001 < 0.001 

O Acetylcarnitine  317C 362B 388A 277D 5.23 259Z 428Y 3.93 < 0.001 < 0.001 

Acetate  82.3C 102.8AB 110.4A 98.5B 3.01 90.5Z 106.0Y 2.12 < 0.001 < 0.001 

Alanine  19.7B 20.0B 19.5B 26.3A 1.41 20.8 21.6 0.99 0.001 0.528 

Lactate  48.0B 45.3B 52.1B 109.3A 2.54 61.9Y 56.9Z 1.44 < 0.001 0.025 
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Valine 8.06B 8.40B 13.33A 15.70A 1.00 11.9y 10.0z 0.71 < 0.001 0.051 
1 A total of 320 sows were divided into 4 experimental groups: CO, fed with a basal diet; Early35, fed with the CO diet with 21.8 g/d on-top Arg 2791 

during the first 35 d of gestation; Late45, fed with the CO diet with 21.8 g/d on-top Arg during the last 45 d of gestation; COM, fed with the CO diet 2792 

with 21.8 g/d on-top Arg during all gestation. 2793 

2 The trial was performed during two seasons: warm, sows performed gestation between July and September; cold, sows performed gestation 2794 

between November and January. 2795 

Concentrations are expressed in mmol/L. 2796 

Means within a row with different superscripts differ for diets’ contrasts ABCD P < 0.05 and abcd P < 0.01; for seasons’ contrast YZ P < 0.05 and  yz P < 2797 

0.10.  2798 



 

152 
 

Supplementary Table 2 – Effect of Arg supplementation on the concentration of the identified 2799 
metabolites of sows’ urine at d 35 of gestation 2800 

Metabolite, µmol/l 
Diet1 p-value 

CO ARG SEM Diet 

1-Methylnicotinamide 16.9 16.0 4.10 0.880 

Formate 315B 526A 57.2 0.010 

Hippurate 5550B 6681A 31.7 < 0.001 

Tyrosine 320B 360A 7.54 < 0.001 

4-Hydroxyphenylacetate 40.6A 30.0B 2.50 0.002 

trans-Aconitate 71.6 82.0 15.5 0.647 

Cytosine 8.85B 15.36A 1.43 < 0.001 

Xanthosine 61.8 46.5 10.2 0.300 

cis-Aconitate 79.5A 51.5B 3.6 < 0.001 

Allantoin 641A 466B 10.10 < 0.001 

Glucuronate 311A 156B 6.55 < 0.001 

Glucose 63.2B 203.6A 4.59 < 0.001 

Xylose 14.6B 32.4A 2.05 < 0.001 

Arabinose 334A 312B 7.61 0.031 

Ascorbate 119.4A 92.1B 4.27 < 0.001 

Trigonelline 36.8 43.2 6.74 0.507 

Tartrate 135 125 4.7 0.161 

Gluconate 85.5A 51.7B 3.5 < 0.001 

Betaine 116B 532A 6.83 < 0.001 

Xylitol 311 245 41.95 0.268 

Mannitol 83.3B 98.0A 3.82 0.009 

N-Phenylacetylglycine 1548 1241 148 0.149 

Glycine 254A 158B 5.91 < 0.001 

myo-Inositol 257 244 43.3 0.844 

Methanol 89.5 88.0 4.67 0.825 

Taurine 971 691 147 0.185 

TMAO 229B 416A 7.21 < 0.001 

sn-Glycero-3-phosphocholine 7.69 8.18 1.27 0.790 

Dimethyl sulfone 54.4 43.7 8.29 0.370 

Creatinine 8997 8158 1192 0.625 

Creatine 226.1A 61.8B 5.1 < 0.001 

N,N-Dimethylglycine 37.6B 65.7A 5.34 < 0.001 

Dimethylamine 141 108 14.95 0.127 

Citrate 46.9 51.3 10.12 0.762 

beta-Alanine 106.3 91.5 12.45 0.410 

Glutamine 38.6 43.0 2.63 0.249 

Succinate 6.85 6.88 1.08 0.989 

Pyruvate 4.06 3.85 0.298 0.623 

5-Hydroxymethyl-4-methyluracil 823A 573B 85.9 0.043 

5-Aminopentanoate 15.4B 24.1A 1.80 0.001 

Biotin 89.6 89.1 3.87 0.927 

Sebacate 50.2 49.7 7.86 0.924 

O-Acetylcarnitine 3.77 5.72 1.4 0.333 

N-Acetylglucosamine 33.7A 27.2B 2.29 0.040 

N-Acetylglutamate 43.3A 34.4B 2.60 0.017 

N6-Acetyllysine 19.0 15.9 1.73 0.215 
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Acetate 33.3B 46.8A 2.41 < 0.001 

Tiglyglycine 8.3 11.4 2.0 0.275 

Lysine 396A 270B 7.63 < 0.001 

Alanine 26.3 26.8 4.81 0.944 

2-Hydroxyisobutyrate 35.9 34.8 3.84 0.844 

Lactate 23.7A 12.3B 1.74 < 0.001 

3-Hydroxyisovalerate 8.93 13.94 3.12 0.265 

Fucose 41.1 32.2 5.66 0.275 

3-Aminoisobutyrate 4.38 5.51 1.92 0.684 

2,3-Butanediol 8.34A 5.44B 1.10 0.048 

Methylsuccinate 11.15 8.83 1.31 0.202 

3-Hydroxyisobutyrate 7.59 9.30 2.05 0.564 

Leucine 29.7A 17.5B 2.05 < 0.001 

N-Isovaleroylglycine 74.1A 53.4B 6.56 0.029 

Pantothenate 24.5 20.1 1.96 0.107 
1 A total of 320 sows were divided into 4 experimental groups: CO, fed with a basal diet; Early35, 2801 

fed with the CO diet with 21.8 g/d on-top Arg during the first 35 d of gestation; Late45, fed with the 2802 

CO diet with 21.8 g/d on-top Arg during the last 45 d of gestation; COM, fed with the CO diet with 2803 

21.8 g/d on-top Arg during all gestation. Urine samples collected were split into two different 2804 

groups: CO (samples from sows belonging to groups CO and Late45) and ARG (samples from sows 2805 

belonging to groups Early35 and COM). 2806 

Concentrations are expressed as µmol/L. 2807 

Means within a row with different superscripts differ: AB P < 0.05; ab P < 0.10. 2808 
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Supplementary Table 3 – Effect of Arg supplementation on the identified metabolites of sow’ 2809 
feces at d 35 of gestation 2810 

Metabolites, µmol/l 
Diet 1 

SEM 
p-value 

CO ARG Diet 

Formate 1.08 1.06 0.47 0.974 

Hypoxanthine 2.27 2.12 0.95 0.597 

Xanthine 1.88 1.84 0.32 0.940 

Phenylalanine 3.06 2.92 0.33 0.776 

Phenylacetate 16.1 14.7 1.87 0.605 

3-Phenylpropionate 22.8 20.9 2.18 0.573 

Tyrosine 2.49 2.32 0.24 0.630 

3-Hydroxyphenylacetate 6.53 5.80 0.99 0.641 

Fumarate 0.518 0.733 0.39 0.704 

Uracil 4.21A 2.24B 0.45 0.004 

Glucose 12.3 12.3 1.68 0.991 

Galactose 4.82A 3.81B 0.30 0.028 

Xylose 9.87 7.43 1.85 0.392 

Arabinose 5.95 4.62 0.90 0.338 

1,3-Dihydroxyacetone 0.432 0.382 0.273 0.902 

Lactate 0.038 0.046 0.008 0.537 

Serine 4.86 4.08 0.88 0.531 

Betaine 0.669 0.936 0.15 0.249 

myo-Inositol 3.54 3.97 0.24 0.242 

Threonine 3.60 4.58 1.0 0.476 

Glycerol 13.0 12.5 1.54 0.855 

Glycine 2.90 3.55 0.48 0.377 

Methanol 0.39B 0.53A 0.04 0.025 

Proline 2.10 1.97 0.42 0.833 

Carnitine 0.282 0.264 0.02 0.558 

Choline 1.03 1.19 0.12 0.410 

Dimethyl sulfone 0.303 0.384 0.06 0.403 

Malonate 0.95 1.02 0.14 0.764 

Lysine 5.86 5.82 0.75 0.968 

2-Oxoglutarate 1.17 1.47 0.56 0.729 

Aspartate 7.60 8.33 0.79 0.552 

Methionine sulfoxide 0.548 0.548 0.08 1.000 

Methionine 2.42 2.16 0.69 0.796 

Succinate 1.66 1.88 0.18 0.416 

Isobutyrate 52.2 53.5 3.35 0.745 

Pyruvate 0.005 0.013 0.008 0.484 

Glutamate 11.0 13.0 1.52 0.404 

Acetoacetate 0.791 0.840 0.14 0.823 

Acetoin 2.26 2.20 0.31 0.907 

Levulinate 3.03 3.01 0.34 0.962 

Acetate 1059 1028 118 0.866 

Thymine 1.18 1.19 0.21 0.977 

Alanine 5.60 7.26 0.99 0.293 

Cadaverine 7.23 5.61 1.00 0.313 

2-Hydroxyisobutyrate 0.579 0.579 0.35 0.999 

Valerate 86.7 94.5 12.4 0.981 
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Fucose 0.668 0.987 0.29 0.475 

3-Hydroxybutyrate 3.54 2.79 0.37 0.187 

Isopropanol 0.345 0.142 0.11 0.235 

3-Methyl-2-oxovalerate 0.479 0.430 0.11 0.771 

2-Methyl-3-ketovalerate 0.258 0.239 0.08 0.870 

Methylsuccinate 1.42 1.33 0.08 0.440 

Propionate 517 532 62.5 0.877 

Isoleucine 2.25 2.42 0.33 0.728 

Valine 2.56 3.18 0.46 0.391 

Leucine 3.66 3.69 0.41 0.960 

2-Oxoisocaproate 0.87b 1.12a 0.09 0.071 

Isovalerate 34.2 33.0 4.0 0.847 

Butyrate 181 180 24.0 0.965 
1 A total of 320 sows were divided into 4 experimental groups: CO, fed with a basal diet; Early35, 2811 

fed with the CO diet with 21.8 g/d on-top Arg during the first 35 d of gestation; Late45, fed with the 2812 

CO diet with 21.8 g/d on-top Arg during the last 45 d of gestation; COM, fed with the CO diet with 2813 

21.8 g/d on-top Arg during all gestation. Urine samples collected were split into two different 2814 

groups: CO (samples from sows belonging to groups CO and Late45) and ARG (samples from sows 2815 

belonging to groups Early35 and COM). 2816 

Concentrations are expressed as µmol/L. 2817 

Means within a row with different superscripts differ: AB P < 0.05; ab P < 0.10. 2818 
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Supplementary Table 4 –   Effect of Arg supplementation and season on the identified metabolites concentrations in sows’ feces at d 106 of 2819 
gestation. 2820 

Metabolite, µmol/l 
Diet1 Season2 p-value 

CO Early35 Late45 COM SEM warm cold SEM Diet Season 

Formate 0.618 0.517 0.536 0.479 0.07 0.509 0.566 0.05 0.597 0.448 

Hypoxanthine 2.20 2.64 2.59 2.66 0.27 2.15Z 2.90Y 0.19 0.578 0.007 

Xanthine 2.09 1.96 2.18 2.15 0.44 1.84 2.38 0.32 0.983 0.241 

Phenylalanine 4.01 3.69 3.76 3.64 0.57 3.94 3.61 0.42 0.972 0.580 

Phenylacetate 11.0 13.3 11.0 11.1 1.0 13.1Y 10.2Z 0.74 0.310 0.005 

3-Phenylpropionate 11.4 13.6 12.2 14.5 1.07 12.9 12.9 0.76 0.183 0.991 

Tyrosine 2.61 2.24 2.24 2.29 0.46 2.49 2.20 0.35 0.924 0.538 

3-Hydroxyphenylacetate 3.43 3.45 3.29 4.30 0.58 4.16y 3.11z 0.39 0.598 0.071 

Fumarate 0.333 0.293 0.356 0.272 0.03 0.255Z 0.372Y 0.02 0.198 < 0.001 

Uracil 4.28 4.53 4.61 4.44 0.44 3.91Z 5.02Y 0.32 0.953 0.014 

Glucose 8.61 9.66 10.00 10.27 0.90 9.43 9.80 0.67 0.568 0.701 

Galactose 2.79 2.70 2.24 2.65 0.24 2.48 2.71 0.18 0.384 0.365 

Xylose 5.69 5.57 5.45 4.83 0.48 5.50 5.26 0.36 0.610 0.630 

Arabinose 3.19 3.58 2.72 3.11 0.53 3.30 2.98 0.38 0.718 0.558 

1,3-Dihydroxyacetone 0.255 0.287 0.260 0.266 0.03 0.268 0.266 0.02 0.847 0.926 

Lactate 1.64 3.13 3.02 2.17 0.85 1.59Z 3.39Y 0.61 0.551 0.040 

Serine 5.54 5.06 5.14 4.97 0.38 5.18 5.18 0.28 0.706 0.995 

Betaine 0.853 0.864 0.894 0.829 0.08 0.732Z 0.988Y 0.06 0.956 0.003 

myo-Inositol 2.95 2.44 2.97 2.48 0.25 2.47z 2.95y 0.19 0.260 0.071 

Threonine 5.95 5.48 5.74 6.15 0.26 6.12Y 5.54Z 0.19 0.267 0.029 

Glycerol 6.82 8.67 7.69 8.55 0.76 8.10 7.77 0.56 0.274 0.674 

Glycine 7.53 6.43 7.11 7.21 0.78 7.07 7.04 0.58 0.769 0.969 

Methanol 0.787 0.876 0.926 0.872 0.29 0.890 0.838 0.21 0.990 0.858 

Proline 4.33 3.65 4.01 3.95 0.45 4.13 3.84 0.32 0.726 0.502 
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Carnitine 0.149 0.161 0.188 0.145 0.02 0.163 0.158 0.01 0.176 0.762 

Choline 0.629 0.649 0.613 0.580 0.04 0.589 0.646 0.03 0.590 0.140 

Dimethyl sulfone 0.520 0.486 0.412 0.491 0.21 0.522 0.433 0.16 0.986 0.683 

Malonate 1.04 1.58 1.27 1.48 0.34 1.53 1.15 0.25 0.681 0.274 

Lysine 6.74 7.63 7.37 7.47 0.28 7.16 7.45 0.20 0.121 0.317 

2-Oxoglutarate 2.07 1.93 1.82 2.22 0.18 2.05 1.97 0.14 0.395 0.662 

Aspartate 6.56 5.75 6.54 5.94 0.51 6.04 6.36 0.38 0.563 0.548 

Methionine sulfoxide 0.640 0.534 0.604 0.625 0.05 0.601 0.601 0.03 0.434 0.999 

Methionine 2.39 2.34 2.28 2.18 0.44 2.31 2.28 0.33 0.989 0.938 

Succinate 3.13 2.24 2.85 3.17 0.50 3.16 2.53 0.38 0.507 0.230 

Isobutyrate 36.0 41.8 40.5 44.4 4.20 47.3Y 34.1Z 3.10 0.545 0.002 

Pyruvate 0.575 0.383 0.640 0.433 0.22 0.429 0.576 0.16 0.795 0.491 

Glutamate 16.2 15.7 17.1 15.6 1.17 15.1z 17.2y 0.85 0.780 0.078 

Acetoacetate 0.762 0.879 0.915 0.886 0.08 0.954Y 0.767Z 0.06 0.485 0.017 

Acetoin 2.30 2.25 2.11 1.88 0.44 2.85Y 1.59Z 0.30 0.907 0.007 

Levulinate 2.42 2.13 2.43 2.06 0.46 2.55 1.99 0.34 0.917 0.246 

Acetate 547 746 701 668 81.5 720 611 59.7 0.337 0.198 

Thymine 1.86 1.95 1.81 1.87 0.22 1.49Y 2.25Z 0.16 0.972 < 0.001 

Alanine 17.0 16. 17.6 16.1 1.32 16.0 17.7 1.0 0.896 0.225 

Cadaverine 5.33 6.56 5.41 6.36 0.77 6.83Y 5.00Z 0.56 0.552 0.022 

2-Hydroxyisobutyrate 0.360 0.404 0.403 0.383 0.05 0.403 0.372 0.04 0.911 0.544 

Valerate 62.6 73.6 62.1 68.7 6.66 72.8y 60.7z 4.90 0.557 0.078 

Fucose 2.23 2.02 1.47 2.12 0.29 2.20y 1.72z 0.20 0.238 0.099 

3-Hydroxybutyrate 1.92 2.34 2.77 1.71 0.46 2.62y 1.76z 0.34 0.348 0.057 

Ethanol 0.849 1.081 0.759 1.125 0.39 0.982 0.901 0.21 0.770 0.782 

Isopropanol 0.602 0.956 1.086 1.022 0.27 0.736 1.085 0.21 0.534 0.227 

3-Methyl-2-oxovalerate 1.39 1.17 1.20 1.56 0.20 1.38 1.28 0.15 0.448 0.610 

2-Methyl-3-ketovalerate 0.830 0.809 0.848 0.912 0.28 0.837 0.861 0.21 0.994 0.936 
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Methylsuccinate 0.840 1.024 1.060 0.914 0.30 1.107 0.825 0.22 0.950 0.348 

Propionate 268 372 372 353 41.0 342 341 29.0 0.179 0.642 

Isoleucine 5.77 5.73 5.71 5.18 0.69 5.56 5.62 0.51 0.915 0.928 

Valine 7.91 7.90 8.17 7.24 0.81 7.47 8.13 0.60 0.858 0.437 

2-Aminobutyrate 0.624 0.523 0.438 0.451 0.21 0.482 0.527 0.15 0.917 0.837 

Leucine 6.67 6.76 6.65 6.05 0.74 6.43 6.61 0.55 0.896 0.817 

2-Oxoisocaproate 1.75 1.32 1.77 1.74 0.36 1.46 1.83 0.28 0.770 0.341 

Isovalerate 23.8 28.4 25.0 29.0 3.35 30.9Y 22.3Z 2.45 0.615 0.013 

Butyrate 98.1 157.7 121.8 151.1 21.1 140 124 15.3 0.153 0.459 
1 A total of 320 sows were divided into 4 experimental groups: CO, fed with a basal diet; Early35, fed with the CO diet with 21.8 g/d on-top Arg 2821 

during the first 35 d of gestation; Late45, fed with the CO diet with 21.8 g/d on-top Arg during the last 45 d of gestation; COM, fed with the CO diet 2822 

with 21.8 g/d on-top Arg during all gestation. 2823 

2 The trial was performed during two seasons: warm, sows performed gestation between July and September; cold, sows performed gestation 2824 

between November and January. 2825 

Concentrations are expressed in µmol/L. 2826 

Means within a row with different superscripts differ for diets’ contrasts ABCD P < 0.05 and abcd P < 0.01; for seasons’ contrast YZ P < 0.05 and  yz P < 2827 

0.10.  2828 
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Supplementary Table 5 – Microbial identifying differentially abundant taxa at d 35 of gestation in 2829 

the two seasons. 2830 

Marker Species Season ef_lda p-value padj 

marker1 Clostridium sensu< stricto 1_s__ W 4.60812 1.80E-02 1.80E-02 

marker2 Christensenellaceae R-7 group_s__ W 3.78504 3.54E-02 3.54E-02 

marker3 Romboutsia_s__ W 3.77638 2.78E-02 2.78E-02 

marker4 butyricum W 3.65512 1.80E-02 1.80E-02 

marker5 Rikenellaceae RC9 gut group_s__ W 3.53252 1.55E-02 1.55E-02 

marker6 Ruminococcus_s__ W 3.48232 4.93E-02 4.93E-02 

marker7 Lachnospiraceae_g___s__ W 3.48116 1.94E-02 1.94E-02 

marker8 Lachnospiraceae NK4A136 group_s__ W 3.19379 2.38E-03 2.38E-03 

marker9 disporicum W 3.18565 4.33E-02 4.33E-02 

marker10 Phascolarctobacterium_s__ W 3.00511 3.56E-03 3.56E-03 

marker11 Lachnospiraceae AC2044 group_s__ W 2.90758 2.33E-02 2.33E-02 

marker12 Paludibacteraceae_g___s__ W 2.83871 1.12E-03 1.12E-03 

marker13 dgA-11 gut group_s__ W 2.58633 2.73E-02 2.73E-02 

marker14 Rhodospirillales_f___g___s__ W 2.23604 3.08E-03 3.08E-03 

marker15 Ligilactobacillus_s__ W 2.19777 2.37E-02 2.37E-02 

marker16 p-1088-a5 gut group_s__ W 2.00954 3.73E-03 3.73E-03 

marker17 Streptococcus_s__ C 5.05039 7.96E-05 7.96E-05 

marker18 alactolyticus C 3.86835 1.63E-04 1.63E-04 

marker19 pycnus C 3.0595 2.14E-03 2.14E-03 

marker20 ventriculi C 2.69346 1.67E-02 1.67E-02 

marker21 [Eubacterium] hallii group_s__ C 2.66465 3.20E-02 3.20E-02 

marker22 Alloprevotella_s__ C 2.46134 1.15E-02 1.15E-02 

marker23 Lactobacillales_f___g___s__ C 2.09128 4.18E-02 4.18E-02 

marker24 Erysipelotrichaceae UCG-003_s__ C 2.03806 2.17E-02 2.17E-02 

The seasons included W (warm) and C (cold).  2831 
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Supplementary Table 6 – Microbial identifying differentially abundant taxa at d 106 of gestation 2832 

in the two seasons. 2833 

Marker Species Season ef_lda p-value padj 

marker1 Christensenellaceae R-7 group_s__ W 4.313293 8.83E-05 8.83E-05 

marker2 UCG-002_s__ W 4.16999 5.95E-05 5.95E-05 

marker3 Methanobrevibacter_s__ W 3.924161 4.35E-04 4.35E-04 

marker4 Clostridia UCG-014_f___g___s__ W 3.862944 1.51E-02 1.51E-02 

marker5 Escherichia-Shigella_s__ W 3.856009 8.81E-06 8.81E-06 

marker6 
[Eubacterium] 

coprostanoligenesgroup_g___s__ 
W 3.829545 4.73E-05 4.73E-05 

marker7 tertium W 3.813002 4.60E-03 4.60E-03 

marker8 Romboutsia_s__ W 3.781248 3.62E-02 3.62E-02 

marker9 UCG-010_g___s__ W 3.484085 3.39E-02 3.39E-02 

marker10 Christensenellaceae_g___s__ W 3.458016 1.52E-02 1.52E-02 

marker11 Lachnospiraceae XPB1014 group_s__ W 3.318315 1.68E-02 1.68E-02 

marker12 plebeius W 3.309414 2.01E-02 2.01E-02 

marker13 RF39_f___g___s__ W 3.260888 8.35E-05 8.35E-05 

marker14 Clostridia vadinBB60 group_f___g___s__ W 3.260777 1.03E-02 1.03E-02 

marker15 togonis W 3.18529 7.29E-04 7.29E-04 

marker16 cecorum W 3.142775 4.12E-02 4.12E-02 

marker17 champanellensis W 3.129775 4.33E-03 4.33E-03 

marker18 Oscillospirales_f___g___s__ W 3.119563 1.33E-03 1.33E-03 

marker19 ventriculi W 3.110506 4.59E-02 4.59E-02 

marker20 choerinum W 3.006581 1.36E-02 1.36E-02 

marker21 Turicibacter_s__ W 2.985012 3.34E-06 3.34E-06 

marker22 Candidatus Soleaferrea_s__ W 2.944798 1.75E-02 1.75E-02 

marker23 Monoglobus_s__ W 2.92382 1.07E-02 1.07E-02 

marker24 delbrueckii W 2.788345 2.04E-04 2.04E-04 

marker25 Limosilactobacillus_s__ W 2.78147 4.15E-04 4.15E-04 

marker26 Acetitomaculum_s__ W 2.763379 1.74E-03 1.74E-03 

marker27 hyointestinalis W 2.558173 6.78E-05 6.78E-05 

marker28 Clostridia_o___f___g___s__ W 2.545523 1.68E-04 1.68E-04 

marker29 vulgatus W 2.528135 1.06E-03 1.06E-03 

marker30 Papillibacter_s__ W 2.474783 1.18E-03 1.18E-03 

marker31 Peptococcaceae_g___s__ W 2.439123 2.56E-03 2.56E-03 

marker32 RumEn M2_s__ W 2.431272 1.48E-02 1.48E-02 

marker33 [Eubacterium] saphenum group_s__ W 2.399823 3.40E-03 3.40E-03 

marker34 Izemoplasmatales_f___g___s__ W 2.392974 5.80E-03 5.80E-03 

marker35 Actinomyces_s__ W 2.339013 1.18E-03 1.18E-03 

marker36 [Anaerorhabdus] furcosa group_s__ W 2.234251 3.56E-02 3.56E-02 

marker37 Pyramidobacter_s__ W 2.180416 3.41E-02 3.41E-02 

marker38 [Ruminococcus] torques group_s__ W 2.160879 4.67E-02 4.67E-02 

marker39 variabile W 2.110314 1.38E-03 1.38E-03 

marker40 Cerasicoccus_s__ W 2.098492 3.24E-02 3.24E-02 

marker41 Candidatus Stoquefichus_s__ W 2.052589 1.21E-02 1.21E-02 

marker42 Citrobacter_s__ W 2.046529 1.62E-02 1.62E-02 

marker43 Butyricimonas_s__ W 2.020578 3.69E-03 3.69E-03 

marker44 Lachnospiraceae UCG-010_s__ W 2.000044 1.19E-02 1.19E-02 

marker45 Streptococcus_s__ C 5.090741 2.24E-08 2.24E-08 
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marker46 HT002_s__ C 4.384758 1.87E-06 1.87E-06 

marker47 butyricum C 3.630122 3.06E-02 3.06E-02 

marker48 alactolyticus C 3.609553 1.94E-08 1.94E-08 

marker49 Prevotellaceae NK3B31 group_s__ C 3.544073 4.40E-02 4.40E-02 

marker50 Prevotella_s__ C 3.537332 1.07E-02 1.07E-02 

marker51 Methanosphaera_s__ C 3.533622 2.01E-03 2.01E-03 

marker52 p-251-o5_g___s__ C 3.39225 2.58E-02 2.58E-02 

marker53 Fibrobacter_s__ C 3.229276 1.03E-05 1.03E-05 

marker54 Muribaculaceae_g___s__ C 3.22158 6.68E-03 6.68E-03 

marker55 Selenomonadaceae_g___s__ C 3.124566 6.29E-03 6.29E-03 

marker56 Prevotellaceae UCG-003_s__ C 3.101741 2.87E-03 2.87E-03 

marker57 flavefaciens C 3.098443 1.02E-02 1.02E-02 

marker58 disporicum C 3.082411 3.99E-02 3.99E-02 

marker59 Corynebacterium_s__ C 3.079656 1.47E-02 1.47E-02 

marker60 dgA-11 gut group_s__ C 2.930317 1.25E-02 1.25E-02 

marker61 Roseburia_s__ C 2.911227 1.39E-02 1.39E-02 

marker62 Lachnospiraceae UCG-007_s__ C 2.778974 3.92E-02 3.92E-02 

marker63 catus C 2.675361 4.40E-03 4.40E-03 

marker64 Bacteria_p___c___o___f___g___s__ C 2.662817 9.63E-03 9.63E-03 

marker65 Streptococcaceae_g___s__ C 2.642712 2.78E-03 2.78E-03 

marker66 Ligilactobacillus_s__ C 2.629705 7.85E-04 7.85E-04 

marker67 prausnitzii C 2.598476 4.03E-03 4.03E-03 

marker68 Butyricicoccus_s__ C 2.589847 5.03E-03 5.03E-03 

marker69 Prevotella_7_s__ C 2.581019 4.10E-02 4.10E-02 

marker70 Lachnoclostridium_s__ C 2.530305 9.62E-03 9.62E-03 

marker71 Butyricicoccaceae_g___s__ C 2.49178 3.93E-02 3.93E-02 

marker72 Rhodococcus_s__ C 2.414192 2.78E-03 2.78E-03 

marker73 Lachnospiraceae NK4B4 group_s__ C 2.387078 3.54E-02 3.54E-02 

marker74 Shuttleworthia_s__ C 2.296563 4.81E-02 4.81E-02 

marker75 Succinivibrionaceae UCG-001_s__ C 2.257574 1.08E-02 1.08E-02 

marker76 Akkermansia_s__ C 2.244781 3.05E-04 3.05E-04 

marker77 T34_g___s__ C 2.230921 6.98E-04 6.98E-04 

marker78 obeum C 2.167063 2.10E-02 2.10E-02 

marker79 CAG-873_s__ C 2.117961 9.71E-03 9.71E-03 

marker80 Dietzia_s__ C 2.100879 1.08E-02 1.08E-02 

marker81 bornimense C 2.098241 4.01E-02 4.01E-02 

marker82 Clostridiaceae_g___s__ C 2.090023 1.98E-02 1.98E-02 

marker83 Schwartzia_s__ C 2.072611 5.08E-04 5.08E-04 

The seasons included W (warm) and C (cold). 2834 
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 2835 

Supplementary Figure 1. Effect of Arg supplementation on the metabolome characterization on 2836 

the total colostrum spectra according to the seasons. 2837 

A total of 320 sows were divided during 2 seasons (warm vs cold) into 4 experimental groups: CO, 2838 

fed with a basal diet; Early35, fed with the CO diet with 21.8 g/d on-top Arg during the first 35 d of 2839 

gestation; Late45, fed with the CO diet with 21.8 g/d on-top Arg during the last 45 d of gestation; 2840 

COM, fed with the CO diet with 21.8 g/d on-top Arg during all gestation. 2841 

PLS-DA was applied to investigate differences in the metabolome profile according to the season. 2842 

Score plots of the PC were reported. Although the overlapping of the seasons, a separation between 2843 

them under the PC2 can be observed (A).   2844 
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 2845 

Supplementary Figure 2. Effect of Arg supplementation on the metabolites’ identification in sows’ 2846 

feces at d 106 of gestation. A total of 320 sows were divided into 4 experimental groups: CO, fed 2847 

with a basal diet; Early35, fed with the CO diet with 21.8 g/d on-top Arg during the first 35 d of 2848 

gestation; Late45, fed with the CO diet with 21.8 g/d on-top Arg during the last 45 d of gestation; 2849 

COM, fed with the CO diet with 21.8 g/d on-top Arg during all gestation. PLS-DA was applied to 2850 

investigate differences in the metabolome profile according to the experimental group. Score plots 2851 

of the PC were reported. No differences were observed in any of the components (A and B).   2852 
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 2853 

Supplementary Figure 3. Effect of the season on the metabolites’ identification in sows’ feces at d 2854 

106 of gestation. 2855 

A total of 320 sows were divided during 2 seasons (warm vs cold) into 4 experimental groups: CO, 2856 

fed with a basal diet; Early35, fed with the CO diet with 21.8 g/d on-top Arg during the first 35 d of 2857 

gestation; Late45, fed with the CO diet with 21.8 g/d on-top Arg during the last 45 d of gestation; 2858 

COM, fed with the CO diet with 21.8 g/d on-top Arg during all gestation. 2859 

PLS-DA was applied to investigate differences in the metabolome profile according to the season. 2860 

Score plots of the PC1 were reported.  2861 
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 2862 

Supplementary Figure 4. Beta diversity based on the season at d35 (A) and d106 (B) of gestation.  2863 

A total of 320 sows were divided during 2 seasons (warm vs cold) into 4 experimental groups: CO, 2864 

fed with a basal diet; Early35, fed with the CO diet with 21.8 g/d on-top Arg during the first 35 d of 2865 

gestation; Late45, fed with the CO diet with 21.8 g/d on-top Arg during the last 45 d of gestation; 2866 

COM, fed with the CO diet with 21.8 g/d on-top Arg during all gestation. Beta diversity was 2867 

affected by the season at d 35 (Fig. A, R2 = 0.061; P = 0.002) and at d 106 (Fig. B, R2 = 0.104; P < 2868 

0.001).  2869 
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Abstract 2885 

A total of 90 sows (Line 241, DNA Genetics, Columbus, NE) were used to determine the effect on 2886 

farrowing kinetics, milk composition, and sow and litter performance of increasing the standardized 2887 

ileal digestible (SID) Arginine:Lysine ratio in transition and lactation diets fed to mixed-parity 2888 

sows. Sows were blocked by parity and body weight (BW) on approximately d 108 of gestation and 2889 

allotted to 1 of 3 dietary treatments of increasing SID Arg:Lys (90, 105, or 120%). Sows received 2890 

approximately 2.5 kg/d of their treatment diet from d 109 of gestation until farrowing after which 2891 

they were allowed ad libitum access to their treatment diet. Litters were cross fostered within 48 h 2892 

after farrowing to equalize litter size. SID Arg:Lys did not impact (P > 0.10) sow BW or backfat 2893 

change during lactation, nor influence sow ADFI either pre farrow or during lactation. Average SID 2894 

Arg intake increased (linear, P < 0.001) with increasing SID Arg:Lys ratio as expected. Wean to 2895 

estrus interval decreased then increased (quadratic, P = 0.044) with increasing SID Arg:Lys ratio. 2896 

No differences were observed (P > 0.10) for the number of total piglets born or for the percentages 2897 

of total born alive, stillborn and mummified nor did treatment influence the litter size, litter weight, 2898 

or prewean mortality at any time point. At d10 the average BW of piglets tended to be lower in the 2899 
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120% SID Arg:Lys ratio treatment compared to the 90% SID Arg:Lys ratio treatment (P = 0.061). 2900 

Piglet ADG from d1 to d10 tended to be greater in the 90% SID Arg:Lys ratio group compared to 2901 

the 120% SID Arg:Lys ratio group (P = 0.051), while no differences in piglet performance were 2902 

observed from d 10 to wean or birth to wean. The SID Arg:Lys ratio did not affect (P > 0.10) 2903 

farrowing duration, colostrum yield, or colostrum intake. Increasing SID Arg:Lys ratio did not 2904 

affect (P > 0.10) the concentration of IgG in either colostrum and milk and did not impact milk 2905 

composition or BUN measured in the sow or piglet. This data suggests that increasing SID Arg:Lys 2906 

ratio from 90 to 120% will not impact farrowing kinetics or sow and litter performance. 2907 

Keywords: amino acids, swine, late gestation, colostrum yield, piglet growth  2908 

Implications 2909 

Arginine is a precursor of nitric oxide, polyamines, and proline. Increasing its concentration in sow 2910 

transition and lactation diets might partially overcome prolonged farrowing duration, reduced piglet 2911 

birthweight, and insufficient colostrum yield that are commonly observed in modern sow 2912 

production. In this study, it was shown that increasing dietary Arginine:Lysine ratio up to 120% 2913 

during transition and lactation did not benefit sow and litter performance. 2914 

 2915 

Introduction 2916 

Modern sows are characterized by larger litter size. As a consequence, prolonged farrowing 2917 

duration has been observed (van den Bosch et al., 2022). Farrowing duration is a key factor on 2918 

piglet vitality and peri-partum mortality (Rootwelt et al., 2013). In fact, prolonged farrowing leads 2919 

to a higher incidence of piglets with low vitality at birth and a higher stillbirth rate due to asphyxia 2920 

(van den Bosch et al., 2022: Schoos et al., 2023). Moreover, modern sows do not produce enough 2921 

colostrum and milk to meet larger litter requirements (Quesnel et al., 2012). Colostrum plays a 2922 

crucial role in piglets’ survival, and its inadequate intake is the main cause of mortality during the 2923 

first two days after birth, as it leads to hypoglycemia and, consequently, hypothermia (Villanueva-2924 
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García et al., 2021). To overcome these downsides, nutritional strategies like the use of functional 2925 

amino acids (AA) can be adopted in order to meet the higher performance standards and at the same 2926 

time maintain sows’ health and welfare (Hodkovicova et al., 2023). Arginine (Arg) is an AA 2927 

involved in the synthesis of nitric oxide (NO), creatine, proline, glutamate, and polyamines (Wu et 2928 

al., 2004). It can also influence insulin, growth hormone and prolactin secretion, and can stimulate 2929 

angiogenesis and placental growth, embryogenesis and fetal development (Liu et al., 2012; Palencia 2930 

et al., 2018). Some consider Arg a conditionally essential AA even though the NRC (2012) 2931 

requirement suggests the SID Arg:Lys ratio for gestating and lactating sows is approximately 52 to 2932 

58% while common corn/SBM diets result in an SID Arg:Lys of 90 to 100%. According to the 2933 

meta-analysis by Virdis et al. (2023), SID Arg should be increased up to 39.3 g/d (274.7% SID 2934 

Arg:Lys) during gestation to maximize productive performance of sows. Moreover, Wessels et al. 2935 

(2022) suggested an increase in the SID Arg:Lys ratio up to 110% from d 108 of gestation until 2936 

weaning (d 26) to improve piglets growth and average daily gain (ADG). 2937 

However, given the high cost of supplemental Arg, research on gestating and lactating sows with 2938 

lower and more economical levels would be beneficial. Moreover, literature highlights 2939 

inconsistencies about the effects of Arg supplementation in gestating and lactating sows. In fact, 2940 

while a number of studies have been published that suggest supplemental Arg will benefit gestating 2941 

and lactating sow performance (Moreira et al., 2018; Nuntapaitoon et al., 2018; Moreira et al., 2020 2942 

Wessels et al., 2022) others have not observed benefits from Arg supplementation (Dallanora et al., 2943 

2016; Hong et al., 2020). Furthermore, knowledge about the benefits of Arg supplementation during 2944 

transition is still lacking. Thus, the hypothesis was that supplementing dietary Arg could reduce 2945 

farrowing duration, increase quality and yield of colostrum and milk and improve the growth of 2946 

piglets. 2947 

Therefore, the aim of this study was to determine the effects of feeding increased Arg levels during 2948 

transition and lactation of sows on farrowing kinetics, colostrum and milk composition, and sow 2949 

and litter performance.   2950 
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Materials and methods 2951 

The protocol for this experiment was approved by the Kansas State University Institutional Animal 2952 

Care and Use Committee (Protocol 4942). The study was conducted at the Kansas State University 2953 

Swine Teaching and Research Center. All diets were manufactured at the Kansas State University 2954 

O.H. Kruse Feed Technology Innovation Center (Manhattan, KS).  2955 

Animal and diets 2956 

A total of 90 sows (Line 241, DNA Genetics, Columbus, NE) were used across three batch 2957 

farrowing groups from February to May 2024. Sows were group reared and received the same diet 2958 

before being moved to the farrowing unit. On approximately d108 of gestation, sows were moved 2959 

into the farrowing house and 2960 

housed in individual farrowing stalls measuring 1.8 × 2.4 m, weighed, blocked by body weight and 2961 

parity, and assigned to 1 of 3 dietary treatments. Two corn-soybean meal-based experimental diets 2962 

were formulated to achieve SID Arg:Lys levels of 90% or 120% with the high diet being achieved 2963 

by adding feed grade L-Arginine (CJ America, Downers Grove, IL) at the expense of corn. A Gestal 2964 

Quattro Opti feeder (Jyga Technologies, St-Lambert-de-Lauzon, Quebec, Canada) was used to 2965 

deliver feed to each sow and to blend the two diets at a 50:50 ratio (SID Arg:Lys of 105%) to form 2966 

an intermediate diet. Thus, the 3 treatments were SID Arg:Lys ratios of 90, 105 and 120%. Sows 2967 

were fed approximately 2.5 kg/day of their treatment diet from d109 of gestation until farrowing. 2968 

After farrowing, sows had ad libitum access to their treatment diet. However, individual feed intake 2969 

was measured by the Gestal Quattro Opti system. Lactation diets were formulated to meet or exceed 2970 

NRC (2012) nutrient requirement estimates (Table 1). 2971 

Sow body weight (BW) was measured on d 108 of gestation, after farrowing, and at 2972 

weaning. Sow caliper score was measured at the last rib, at d108 of gestation and at weaning. On 2973 

the same timepoints, backfat thickness (BT) and loin depth were measured at the last rib, 5 cm from 2974 
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the midline on the right side of the sow, using an IBEX Pro ultrasound machine (E.I. Medical 2975 

Imaging, Loveland, CO). 2976 

Sows were supervised 24h during farrowing. Farrowing duration was calculated considering 2977 

the time between the first and the last piglet born. At farrowing, approximately 15 samples of 2978 

colostrum per treatment were collected from the 3rd, 4th, and 5th functional teats on either side of the 2979 

udderline, and immediately frozen at -20°C for analysis of immunoglobulin (Ig) G concentration. 2980 

Colostrum yield was estimated utilizing the model developed by Theil et al. (2014) which utilized 2981 

the piglet birth weight and the ADG from birth to d 1 and considers the period of suckling as the 2982 

first 24 hours of life of the piglets. Piglets were individually ear tagged and weighed at birth, on d 1 2983 

(24 hours), d 10, and the day before weaning. To equalize litter size, piglets were cross fostered after 2984 

collecting d 1 weights but within 48 h from birth and within sow treatment. All instances of piglet 2985 

mortalities were recorded to determine pre-weaning mortality. 2986 

The day before weaning, milk and blood were collected. A total of 5 blocks per batch were 2987 

chosen considering either the sows from which colostrum samples were previously collected, and 2988 

the difference in the date of farrowing within ±1 day compared to the average of the batch. 2989 

However, milk collection of 1 sow failed because of mastitis, while another 3 sows were not 2990 

sampled since colostrum was not collected at farrowing. Milk was collected from the 3rd, 4th, and 5th 2991 

functional teats on either side of the udderline. Milk let down was achieved by utilizing a 0.5 ml 2992 

injection of Oxytocin via the ear vein. Milk samples were split into two aliquots and immediately 2993 

frozen at -20°C and analyzed for proximal composition, milk urea nitrogen (MUN) and IgG 2994 

concentration. Proximate composition and MUN concentration were performed on milk subsamples 2995 

by MQT Labs, Kansas City, MO. Blood was collected from the jugular vein of both sow and an 2996 

average weight barrow from the sow’s litter, centrifuged at 4°C for 30 minutes at 1,500 x g to 2997 

separate the plasma and frozen at -20°C until the plasma was analyzed for blood urea nitrogen 2998 

(BUN). 2999 
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IgG concentration analysis 3000 

A total of 41 samples of both colostrum and milk were analyzed for IgG concentration using a Pig 3001 

IgG ELISA kit (Bethyl Laboratories Inc., Montgomery, TX). Briefly, samples were first diluted with 3002 

dilution buffer as indicated by the kit (colostrum 1:1,000,000; milk 1:2,000), added in the 96-well 3003 

plate in duplicate and incubated for 1 hour at room temperature (RT). After this time, each plate was 3004 

washed and 100 µl of anti-IgG Detection Antibody were added to each well and incubated again at RT 3005 

for 1 hour. The plate was then washed again and incubated for 30 minutes at RT with 100 µl of HRP 3006 

Solution A in each well. Each plate was then washed for the last time, incubated for 30 minutes in the 3007 

dark at RT with 100 µl of TMB Substrate Solution in each well. Finally, 100 µl of Stop Solution were 3008 

added to each well and the absorbance was measured on a plate reader at 450 nm. 3009 

BUN concentration analysis 3010 

A total of 41 samples of blood from both sows and piglets were analyzed for BUN concentration 3011 

using a Urea Nitrogen Colorimetric Detection Kit (Arbor Assays Inc., Eisenhower, MI). Briefly, 50 µl 3012 

of diluted plasma (1:20) were pipetted in the 96-well plate in duplicate; 75 µl of Color reagent A and 3013 

then Color reagent B were added, then the plate was incubated at RM for 30 minutes. The absorbance 3014 

was measured at 450 nm.  3015 

Statistical analysis  3016 

Due to health issues, 3 sows were removed from the trial data set. Performance data for the sow 3017 

portion of the trial were analyzed using the lme4 package of R (Version 4.0.0, R Foundation for 3018 

Statistical Computing, Vienna, Austria) as a randomized complete block design. Blocking structure 3019 

accounted for parity and BW. Sow served as the experimental unit. Treatment was included as a 3020 

fixed effect and block was included as a random effect. Count data was analyzed using a Poisson 3021 

distribution using a log link function. Proportion data, including litter born alive, stillborn, born 3022 

mummified, and pre-weaning mortality were analyzed using a binomial distribution using a logit 3023 
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link function. Differences were considered significant at P  0.05 and marginally significant at 0.05 3024 

< P  0.10. 3025 

Results  3026 

In Table 2 are reported the sow performance. The BW at entry and weaning as well as sow 3027 

lactation BW loss did not differ based on SID Arg:Lys level offered to sows. Increasing SID 3028 

Arg:Lys did not affect sow BT, caliper score and loin depth upon entry into the farrowing house or 3029 

at weaning, nor the entry-to-wean change (P > 0.10). There were no linear or quadratic effects on 3030 

the sows’ ADFI both in the pre-farrow and farrow-to-wean periods (P > 0.10). Average SID Arg g/d 3031 

intake increased (linear, P < 0.001) with increasing SID Arg:Lys ratio as expected. Wean to estrus 3032 

interval (WEI) was shortest when sows were fed the intermediate SID Arg:Lys level (quadratic, P = 3033 

0.044). In Table 3 are reported the farrowing performance and the litter performance. The SID 3034 

Arg:Lys level diet did not affect farrowing duration (P > 0.10; Table 3). No differences were 3035 

observed for the number of total born (P > 0.10) or for the percentage of total born alive, stillborn 3036 

and mummified (P > 0.10). The diet did not affect the litter size nor the litter weight at any time 3037 

point (P > 0.10). Piglet and litter ADG tended to decrease (linear, P = 0.051; P = 0.076, 3038 

respectively) as the SID Arg:Lys level increased which resulted in a tendency for d 10 piglet BW to 3039 

also decrease (linear, P = 0.061) but this effect was not observed (P > 0.10) from d 10 to wean or 3040 

overall. 3041 

No differences between treatments were observed for preweaning mortality rate (P > 0.10). 3042 

Increasing SID Arg:Lys ratio did not affect colostrum yield and intake (P > 0.10; Table 4), or the 3043 

concentration of IgG in both colostrum and milk (P > 0.10). No differences were observed for milk 3044 

composition among the experimental treatments (P > 0.01). SID Arg:Lys  did not affect BUN 3045 

concentration in sows or piglets (P > 0.10). 3046 

Discussion 3047 
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Despite the high productive performance, hyper prolific sows are characterized by various 3048 

negative aspects such as longer farrowing durations, reduced piglet birth weight and increased 3049 

prewean mortality. The use of nutritional strategies can, in part, potentially overcome these 3050 

downsides. The NRC (2012) does not contain information about the nutritional requirements during 3051 

transition, but only the late gestation (>90 days) and lactation periods. Transition is the period that 3052 

occurs between gestation and lactation. However, its duration ranges between the last 5 to 7 days 3053 

prepartum until 3 to 5 days postpartum (Theil et al., 2022). During this short period, important 3054 

modifications in the physiology of sows occur, as well as changes about the nutritional requirements 3055 

(Theil et al., 2022). As examples, during the last 10 days prior farrowing, the mammary glands’ Lys 3056 

uptake increases (Krogh et al., 2017), the 35% of the increase in fetal weight occurs (McPherson et 3057 

al., 2004), as well as part of the colostrogenesis (Palombo et al., 2018). Given its involvement in 3058 

several metabolic pathways and the protein turnover, Arg may play a fundamental role during 3059 

transition. However, few data are available about the supplementation of Arg during transition 3060 

(Wessels et al., 2022).  3061 

According to the literature, Arg stimulates the mTOR (mechanistic target of rapamycin) 3062 

signaling pathway, which promotes the deposition of skeletal muscle protein (Zhou et al., 2024). As 3063 

a consequence, it is anticipated that Arg supplementation would impact sow loin depth change, but 3064 

no differences were observed among the groups. Moreover, a reduction in BT was observed in 3065 

previous studies when increasing SID Arg:Lys ratio up to 216% in growing-finishing pigs (Tan et 3066 

al., 2009). In fact, Arg increases the expression of lipogenic genes in skeletal muscle, promoting 3067 

lipid storage, while simultaneously decreasing lipogenic gene expression and increasing lipolytic 3068 

gene expression in white adipose tissue, leading to fat loss (Tan et al., 2011). These results are in 3069 

contrast with the findings of Nuntapaitoon et al. (2018) as they observed a reduction in the BT loss 3070 

of sows fed SID Arg:Lys ratio 265% during late gestation. However, in this study the increase in the 3071 

SID Arg:Lys ratio from d 109 of gestation and through lactation did not affect BT. Arginine 3072 

supplementation did not affect sows’ BW change during lactation which is in agreement with the 3073 
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results of Hong et al. (2020) in which study the SID Arg:Lys ratio in the supplemented groups 3074 

ranged between 135 and 203% during late gestation. 3075 

Arginine is a precursor of nitric oxide (NO), an endothelium-derived relaxing factor which 3076 

causes vascular dilation and regulates placental blood flow (Wu et al., 2021). As hypothesized by 3077 

van den Bosch et al. (2023), the increase of uterine blood flow due to the higher concentration of 3078 

NO may reduce the farrowing duration. However, in the present study we did not observe any 3079 

difference in farrowing duration as the dietary SID Arg:Lys increased.  3080 

Literature is not consistent regarding the effects of Arg supplementation on the litter 3081 

characteristics at birth. According to Nuntapaitoon et al. (2018), sows fed SID Arg:Lys ratio of 3082 

265% during late gestation had increased total born and Luise et al. (2020) observed an increase in 3083 

the number of total born and a tendency for the number of pigs born alive in sows fed SID Arg:Lys 3084 

109% during the whole gestation.  However, Hong et al. (2020) did not observe any significant 3085 

difference in either the total number of piglets born and born alive when the dietary SID Arg:Lys 3086 

was increased up to 203% in late gestation. These discrepancies in results might be due to the 3087 

different periods of supplementation, as well as the different doses of Arg that were fed. In the 3088 

present study increased Arg did not affect the litter characteristics at birth. Moreover, apart from a 3089 

tendency for the average BW of piglets at d 10 to be reduced with increasing Arg, no differences in 3090 

the growth performance of piglets were observed.  3091 

According to the literature, the increase in dietary Arg during late gestation, transition and/or 3092 

lactation of sows can impact colostrum and milk composition, especially in terms of fat, protein and 3093 

IgG concentration. Nuntapaitoon et al. (2018) observed an increase in the colostral concentration of 3094 

IgG when increasing the SID Arg:Lys up to 265% during late gestation. On the other hand, another 3095 

study showed a significant reduction in the colostral IgG when SID Arg:Lys 216% was 3096 

supplemented during early, late or throughout the gestation (Virdis et al., 2024). Even though in the 3097 

present study it was not possible to evaluate the proximal composition of colostrum, the 3098 

supplementation with Arg did not affect the IgG concentration in either colostrum or milk. 3099 
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According to Wessels et al. (2022), Arg supplementation (SID Arg:Lys 110% from d 108 of 3100 

gestation until weaning) tended to increase the colostral content of fat by raising the mobilization of 3101 

sow body fat. In the present study, the proximal composition of milk did not differ among the 3102 

experimental groups, not supporting this assumption. This result can be explained by the lack in 3103 

increasing body fat mobilization confirmed by the absence of effects on the sows’ BT.  3104 

Moreover, no differences were observed in terms of colostrum yield and intake. The absence 3105 

of differences in the colostrum and milk characteristics may partially explain the lack of benefit on 3106 

piglet growth performance. In fact, milk fat and lactose are the most important sources of energy for 3107 

piglet growth immediately after birth (Wessels et al., 2022). This hypothesis is supported by the 3108 

study by Moreira et al. (2018) in which the increase in SID Arg:Lys up to 168% during lactation of 3109 

sows increased the content of fat in milk, leading to improved piglet growth. 3110 

According to Berghaus et al. (2023), BUN concentration is a valid indicator for urinary 3111 

nitrogen excretion in pigs as these two parameters are positively correlated. However, limited 3112 

studies determined the impact of Arg supplementation on BUN. In a study by Bass et al. (2017) the 3113 

dietary SID Arg:Lys was 276.4% during late gestation, while in a recent study by Hong et al. (2020) 3114 

the SID Arg:Lys was 203% during late gestation. In both studies, no differences in terms of BUN 3115 

concentration were observed among the experimental groups. In agreement with these results, in 3116 

this study no difference was detected for the BUN concentration in either sows or piglets. The 3117 

absence of a change in the concentration of BUN suggests Arg did not influence nitrogen 3118 

metabolism in the sow. However, to the best of our knowledge there are not other studies that 3119 

investigate the effects of Arg supplementation during transition and lactation on the BUN 3120 

concentration.  3121 

According to the meta-analysis by Virdis et al. (2023), SID Arg should be increased up to 3122 

39.3 g/d (274.7% SID Arg:Lys) during gestation to maximize productive performance of sows. 3123 

However, Arg supplementation is expensive and therefore, the aim of this study was to test lower, 3124 

more economical levels of Arg supplementation on sow and litter performance. In this study, the 3125 
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increase in SID Arg:Lys ratio from 90 to 105 and 120% was a compromise between cost and 3126 

potential benefits. Moreover, the SID Arg:Lys ratio of the control group (90%) was already higher 3127 

than the ratio suggested by the NRC (2012) for late gestation and lactation (53 and 55%, 3128 

respectively). Many of the previously mentioned published data sets that observed benefits from 3129 

Arg supplementation utilized much higher levels of Arg supplementation (some more than 250% of 3130 

SID Lys). Consequently, the inability of our trial to observe beneficial effects might be because the 3131 

level of supplementation was lower than needed to elicit a response. 3132 

Conclusion 3133 

In conclusion, increasing the level of Arginine fed to sows during transition (beginning at d 109 of 3134 

gestation) and lactation did not result in meaningful differences in sow or litter performance. 3135 
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Tables 3253 

Table 1. Diet composition (as-fed basis)1 

Ingredient, % Control High Arginine 

Corn  72.85 72.55 

Soybean meal, 46.5% CP 22.05 22.05 

Soybean oil 1.00 1.00 

Calcium carbonate 1.15 1.15 

Monocalcium P, 21.5% P 1.23 1.23 

Sodium chloride 0.50 0.50 

L-Lys-HCl 0.43 0.43 

DL-Met 0.08 0.08 

L-Thr 0.17 0.17 

L-Trp 0.03 0.03 

L-Val 0.03 0.03 

KSU Sow VTM w/ Phytase 0.50 0.50 

L-Arginine -- 0.32 

Total 100.00 100.00 

Calculated analysis   

SID AA, %   

Lys 1.05 1.05 

Ile:Lys 56 56 

Leu:Lys 125 125 

Met:Lys 30 30 

Met and Cys:Lys 53 53 

Thr:Lys 64 65 

Trp:Lys 19 19 

Val:Lys 65 65 

His:Lys 38 38 

Arg:Lys 90 120 

SID Arg 0.95 1.26 

Total Lys, % 1.09 1.09 

Total Arg, % 1.03 1.34 

ME, kcal/kg 3,318 3,307 

NE, kcal/kg 2,507 2,498 

SID Lys:NE, g/Mcal 4.19 4.20 

CP, % 17.1 17.1 

Ca, % 0.81 0.81 

STTD P, % 0.50 0.50 
1Diets were fed from approximately d 109 of gestation until weaning. Control and high Arg 

diets were blended at a 50:50 ratio to form the intermediate treatment. 
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  3255 

Table 2. Effects of increasing Arginine in transition and lactation diets on sow performance 

 SID Arg:Lys ratio, %  P-value 

 90 105 120 SEM Linear Quadratic 

Count, n 29 29 29 --- --- --- 

Parity  2.29 2.1 2.00 0.31 0.445 0.905 

Lactation length, d 17.4 17.7 17.0 0.20 0.162 0.053 

Sow BW1, kg        

   Entry  231.3 233.5 233.9 6.15 0.245 0.616 

   Wean2 222.5 221.7 223.4 6.17 0.796 0.687 

Lactation change (entry to wean) -8.93 -11.3 -10.3 2.61 0.692 0.567 

Sow BT3, mm       

   Entry 12.9 12.7 13.8 0.54 0.249 0.272 

   Wean2  11.9 12.0 12.1 0.48 0.684 0.953 

Lactation change (entry to wean) -1.12 -0.75 -1.58 0.42 0.401 0.211 

Sow caliper score       

  Entry 15.7 15.9 16.1 0.30 0.252 0.910 

  Wean2 14.5 14.6 15.1 0.38 0.156 0.571 

Lactation change (entry to wean) -1.20 -1.24 -0.96 0.31 0.525 0.627 

Sow loin depth, mm       

Entry 55.1 55.9 56.4 0.92 0.306 0.867 

Wean2 53.9 55.2 55.2 0.88 0.306 0.532 

Lactation change (entry to wean) -1.14 -0.69 -1.21 1.11 0.965 0.724 

Sow ADFI4, kg       

  Pre-farrow 2.61 2.76 2.73 0.07 0.209 0.273 

  Farrow to wean2 7.76 7.60 7.61 0.19 0.521 0.676 

Average SID Arg intake, g/d 55.2 66.7 74.0 1.75 < 0.001 0.287 

WEI5, d 5.22 4.99 5.38 0.14 0.372 0.044 
1BW, body weight. 
2Weaning was performed on day 19 of the lactation. 
3BT, backfat thickness. 
4ADFI, average daily feed intake. 
5WEI, wean to estrus interval. 
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Table 3. Effects of increasing Arginine in transition and lactation diets on litter 

performance 

 SID Arg:Lys ratio, %  P-value 

 90 105 120 SEM Linear Quadratic 

Farrowing duration1, min 245.0 248.5 250.0 21.01 0.848 0.965 

Litter characteristics        

   Total born, n 16.0 16.4 16.2 0.75 0.819 0.749 

   Born alive, % 91.3 91.8 91.0 1.37 0.866 0.690 

   Stillborn, % 4.84 4.08 6.85 1.24 0.191 0.176 

   Mummy, % 3.61 3.89 2.00 1.00 0.130 0.211 

Litter size, n       

  d 0, BA2 14.6 15.0 14.8 0.72 0.864 0.679 

  d 1 14.5 14.9 14.5 0.72 0.972 0.648 

  d 10 14.1 14.5 14.2 0.71 0.917 0.673 

  Wean3 13.9 14.4 14.0 0.71 0.888 0.600 

Litter weight, kg       

  d 0, BA2 21.76 22.80 22.30 0.81 0.585 0.376 

  d 1 22.96 24.05 23.06 0.63 0.911 0.167 

d 10 47.85 48.84 45.15 1.34 0.121 0.119 

  Wean3  77.79 78.95 75.03 1.97 0.253 0.225 

Mean piglet BW4, kg       

d 0, BA2 1.51 1.53 1.53 0.04 0.784 0.919 

d 1 1.60 1.62 1.60 0.04 0.914 0.659 

d 10 3.41 3.38 3.20 0.09 0.061 0.437 

  Wean3 5.61 5.49 5.37 0.13 0.110 0.983 

Litter ADG5, kg/d       

  birth to d1 0.72 1.24 0.97 0.21 0.404 0.128 

d 1 to d 10 2.95 2.87 2.75 0.09 0.076 0.861 

d 10 to wean3 3.75 3.76 3.74 0.10 0.977 0.874 

d 1 to wean3 3.15 3.11 3.06 0.08 0.354 0.899 

Piglet ADG5, g/d       

d 1 to d 10 211.1 198.7 194.9 6.24 0.051 0.540 

d 10 to wean3 269.7 261.4 267.8 7.10 0.811 0.272 

d 1 to wean3 227.4 216.7 218.5 5.73 0.196 0.293 

Preweaning mortality, %       

   Birth to d 1 2.95 2.09 2.87 0.93 0.947 0.370 

   d 1 to wean3 3.58 3.25 2.38 0.91 0.310 0.749 
1Farrowing duration was considered as the time occurred between the first and the 

last piglet farrowed. 
2BA, born alive 
3Weaning was performed on day 19 of the lactation. 
4BW, body weight. 
5ADG, average daily gain. 
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  3257 

Table 4. Effects of increasing Arginine in transition and lactation diets on colostrum, milk and blood 

 SID Arg:Lys ratio, %  P-value 

 90 105 120 SEM Linear Quadratic 

Count, n 15 14 12 --- --- --- 

Colostrum yield1, kg 5.07 5.36 5.24 0.19 0.465 0.317 

Colostrum intake1, g 361.1 363.7 363.3 7.91 0.843 0.874 

Colostrum IgG, mg/ml 66.0 68.7 57.5 9.70 0.509 0.522 

Milk IgG mg/ml 0.29 0.31 0.27 0.03 0.618 0.301 

Milk composition        

    Fat, % 6.98 6.72 6.59 0.33 0.362 0.859 

    Protein, % 4.04 4.13 4.16 0.12 0.454 0.841 

    Lactose, % 5.48 5.52 5.51 0.09 0.824 0.804 

    MUN2, mg/dl 23.1 26.0 24.7 1.62 0.356 0.137 

    SCC3, n/dl 826.4 1310.4 1120.8 250.7 0.328 0.191 

BUN4 sow, mg/dl 14.1 14.6 14.6 0.78 0.635 0.805 

BUN4 piglet, mg/dl 7.53 7.07 8.07 0.83 0.633 0.445 
1Colostrum yield and intake were estimated utilizing the model developed by Theil et al., (2014) 
2MUN, milk urea nitrogen 
3SCC, somatic cells 
4BUN, blood urea nitrogen 
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General discussion 3258 

Modern sows are characterized not only by high prolificacy but also by numerous production 3259 

challenges. Prolonged farrowing duration, within-litter birth weight variability, hypo-vital and low 3260 

birth weight piglets, high stillbirth rates and an insufficient quantity and quality of colostrum and milk 3261 

are major concerns in modern pig farming (Moreira et al., 2020; Adi et al., 2022). Nutritional 3262 

strategies, such a proper supplementation of AAs, during gestation and lactation, could partially 3263 

mitigate some of these negative aspects. Among these, Arg plays a crucial role during the reproductive 3264 

phases, participating in several biological pathways and serving as the precursor for numerous 3265 

molecules fundamental to sustain specific functions in the sow and fetus (Morris, 2006). According 3266 

to the literature, increasing dietary Arg during gestation and/or lactation has been shown to improve 3267 

the productive performance of sows in some studies but not others (Nuntapaitoon et al., 2018; 3268 

Holanda et al., 2019; Hong et al., 2020; Wessels et al., 2022). Discrepancies in dose, supplementation 3269 

period, and observed effects remain. Moreover, few data are available on the effects of Arg 3270 

supplementation during transition of sows. 3271 

Therefore, this doctoral dissertation evaluated the effects of Arg supplementation during different 3272 

periods of gestation, transition, and lactation on the productive performance of sows, litter 3273 

characteristics at birth and weaning, and the composition of colostrum and milk.  3274 

The results presented in Manuscript 1 demonstrated that Arg supplementation could improve 3275 

placental efficiency, reduce backfat loss in sows, and increase the number of total and born alive 3276 

piglets. While the meta-analysis had some limitations due to the limited number of studies for certain 3277 

parameters, the findings highlighted the significant role Arg could play in enhancing the productive 3278 

performance of gestating sows. Manuscript 1 also emphasized the need for further investigation into 3279 

the effects of Arg supplementation on colostrum and milk quality and litter performance at weaning. 3280 

Based on the studies included in Manuscript 1, the average dose of SID Arg included in the control 3281 

diets of gestating sows is already higher compared to that suggested by the NRC (2012), while the 3282 
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estimated dose of SID Arg that should be supplemented in addition to the control levels, for improving 3283 

placental efficiency, reducing backfat thickness loss, and increasing the number of total and live-born 3284 

piglets were 4.19 g/kg, 6.05 g/kg, 7.85 g/kg, and 8.73 g/kg of feed, respectively.  3285 

Building on these results, Manuscript 2 evaluated the effects of the highest dose identified in 3286 

Manuscript 1 across different periods of gestation (early, late, or entire gestation) on the productive 3287 

performance of sows and litters, as well as on the composition of colostrum, metabolome 3288 

characterization of urine, feces, and colostrum, and fecal microbiota. This study underscored the 3289 

importance of Arg supplementation during early gestation, as a reduction in stillbirths and mummified 3290 

piglets was observed, even though the number of total and born alive piglets did not increase. 3291 

Moreover, supplementing Arg during early gestation reduced the percentage of LBW piglets. Indeed, 3292 

according to the literature, the highest fetal mortality occurs during early gestation (Ford et al., 2002). 3293 

Therefore, this positive effect may result from improved placental angiogenesis and fetal implantation 3294 

due to the increase in NO concentration as a consequence of Arg supplementation during early 3295 

gestation (Li et al., 2017). Conversely, increasing Arg during the last 45 days of gestation reduced 3296 

stillbirths and increased the percentage of HBW piglets. These results may reflect Arg’s role in 3297 

regulating maternal-fetal blood flow by enhancing oxygen and nutrient transfer via the umbilical cord 3298 

(Hsu et al., 2019). Additionally, during late gestation fetal muscle development is characterized by 3299 

hypertrophy, which is indirectly regulated by Arg through mTOR activation (Takahara et al., 2020). 3300 

Supplementing Arg throughout gestation did not affect litter size at birth or birth weight. However, 3301 

an increase in crushed piglets was observed, likely due to a higher proportion of LBW piglets. As 3302 

widely documented in the literature, LBW piglets are weaker and have insufficient thermoregulatory 3303 

capacity (Škorput et al., 2019), which may also explain the higher pre-weaning mortality rate 3304 

observed in this group. While a higher ADG was noted from birth to 14 days post-weaning in the 3305 

group supplemented during late gestation, no significant effects were seen on the overall growth 3306 

performance of piglets. In fact, Arg is rapidly involved in various metabolic pathways (Morris, 2006), 3307 
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making it difficult to observe residual effects during lactation when supplementation occurs only 3308 

during gestation. Moreover, piglet growth during the pre-weaning phase largely depends on colostrum 3309 

and milk composition. No significant effects on the proximal composition of colostrum were 3310 

observed, regardless of the supplementation period, which may partially explain the results for piglet 3311 

growth performance. Moreover, Arg supplementation reduced the concentration of colostral IgG, 3312 

regardless of the supplementation period. Additionally, Arg affected the colostrum metabolome; 3313 

supplementation during late gestation increased choline concentration while decreasing betaine. Both 3314 

late-gestation and full-gestation supplementation impacted on the TCA cycle, with changes in the 3315 

concentrations of pyruvate, acetate, citrate, alanine, lactate, and valine. These results, however, 3316 

remain somewhat unclear to the authors. Furthermore, diet did not affect sow fecal microbiota, 3317 

regardless of the supplementation period. 3318 

Manuscript 3 examined the effects of increasing dietary Arg during transition and lactation. 3319 

Although van den Bosch et al. (2023) suggested that farrowing duration might be reduced through 3320 

increased uterine blood flow due to elevating NO concentrations, no differences were observed 3321 

among the experimental groups. The literature provides controversial results on the effects of Arg 3322 

supplementation during transition and lactation on colostrum and milk composition. In Manuscript 3323 

3, no differences in the proximal composition or IgG concentration of milk were observed, which 3324 

may explain the lack of significant effects on piglet growth. Additionally, BUN was used as an 3325 

indicator of urinary nitrogen excretion, and the lack of differences between groups suggested efficient 3326 

utilization of the supplemented Arg. 3327 

Merging these results, the discrepancies between the results of the meta-analysis and the in vivo trials 3328 

were highlighted. Publication bias, where studies with non-significant results are less likely to be 3329 

published, is a known limitation of meta-analyses which leads to over- or underestimate the results 3330 

(Esterhuizen & Thabane, 2016). In our opinion, the results from the meta-analysis may be 3331 

overestimated. However, in Manuscript 2 it was not possible to study the effects of Arg 3332 
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supplementation on the backfat thickness loss and on the placental efficiency, parameters positively 3333 

affected by Arg according to Manuscript 1. Nonetheless, even though the dose and the period of 3334 

supplementation differ between Manuscript 2 and 3, we hypothesize that the weight gain observed 3335 

in sows at the end of gestation in Manuscript 2 is partially due to the increased number of total 3336 

piglets born, even if not statistically significant. In fact, in Manuscript 3, backfat thickness, loin 3337 

depth, entry and exit weight from the farrowing house were analyzed without observing any 3338 

differences. Moreover, we speculate that the increase in sows weight gain can be affected also by the 3339 

weight of the placenta. However, it was not possible to evaluate this aspect. 3340 

While Manuscript 2 speculated that the lack of effect could be due to possible competition in the 3341 

absorption of AA, thereby causing a nutritional imbalance, the conclusions in Manuscript 3 are the 3342 

opposite. We speculate that the dose was too low to observe any effects on the productive performance 3343 

of the sow. However, while the objective in Manuscript 2 was to test the dose resulting from the 3344 

meta-analysis, in Manuscript 3 the cost-benefit ratio was considered. 3345 

Nevertheless, the lack of effects in Manuscripts 2 and 3 on litter size and birth weight, regardless of 3346 

the supplementation period or Arg dose, demonstrates the need for further research into Arg's role in 3347 

improving productive performance in gestating and lactating sows and pre-weaning piglets. As Arg 3348 

is rapidly converted into various molecules, hence understanding its specific involvement and effects 3349 

is challenging. The results on colostrum, fecal, and urine metabolomes and on colostrum 3350 

concentration of urea presented in Manuscript 2 and BUN concentration reported in Manuscript 3 3351 

demonstrate that Arg is actively involved in metabolic pathways, used by the organism and not 3352 

released in the environment. Moreover, the absence of effect on the microbiota abundance in 3353 

Manuscript 2 demonstrates that sows well tolerate high doses of Arg without resulting in dysbiosis. 3354 

In both Manuscripts 2 and 3, Arg supplementation reduced colostral IgG concentrations, though the 3355 

reduction in Manuscript 3 was not statistically significant. The increase in dietary Arg leads to the 3356 

inhibition of STAT3 mRNA gene expression (Liu et al., 2019), which is necessary for the production 3357 

of IgG in B cells treated with IL-21 (Deenick et al., 2013). A reduction in serum IgG concentration 3358 
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was observed in broilers chickens fed 19.1 or 23.4 g/kg of Arg in the diet (Liu et al., 2019). These 3359 

intriguing results warrant further exploration, as colostral IgG concentration is a key factor for piglet 3360 

survival and growth (Maciag et al., 2022). The lack of effects of Arg supplementation towards 3361 

colostrum yield in Manuscript 3 could be explained by the low dose of Arg used. In fact, other 3362 

authors demonstrated impacts on productive performance even with short periods of supplementation 3363 

but higher doses of Arg (Holanda et al., 2019). The lack of effects on colostrum and milk composition 3364 

in both Manuscript 2 and 3 partially explains the absence of an effect on piglet growth performance, 3365 

as their quality, especially in terms of fat and protein content, and quantity are crucial during the pre-3366 

weaning phase (Hojgaard et al., 2020).  3367 
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Future perspectives 3368 

These studies highlighted the importance of Arg supplementation during gestation and lactation of 3369 

sows. In both studies there was clear evidence of Arg involvement and utilization, according to the 3370 

lack of differences in the metabolome characterization of feces (Manuscript 2) and on the BUN 3371 

concentration (Manuscript 3) among the groups. The lack of improvements in productive 3372 

performance in both Manuscript 2 and 3 opens new perspectives about the metabolic pathways in 3373 

which Arg is involved. Moreover, the level of dietary energy should also be considered and adjusted 3374 

based on the dietary Arg levels (Theil et al., 2023).  3375 

Further studies should pay more attention to the effects of Arg supplementation on placental 3376 

efficiency and vascularization and NO concentration in blood. Moreover, more investigation is 3377 

needed to clarify the discrepancies about the effects on colostrum and milk composition and on the 3378 

role of Arg in modulating the concentration of IgG. The absence of significant results when increasing 3379 

dietary Arg during transition and lactation could be due to the low level chosen. Future studies should 3380 

focus on the role of Arg in the development of the mammary gland and in the relative gene expression. 3381 

However, the low number of studies about the increase in dietary Arg during transition underline the 3382 

need for more investigation. Finally, the use of “omics” technologies can be helpful to provide a 3383 

comprehensive view of structure and function of the various biomolecules, allowing a better 3384 

understanding about the effects of Arg supplementation.  3385 
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Conclusions 3386 

Overall, the studies in the present thesis contribute to understanding how the increase in dietary levels 3387 

of Arg can affect the productive performance of gestating and lactating sows and their relative litters. 3388 

In particular, the first study highlighted the need to re-evaluate the Arg nutritional requirements for 3389 

gestating sows, to maximize the productive and reproductive performance in terms of placental 3390 

efficiency, backfat thickness loss, and the number of total born and born alive piglets. In the second 3391 

study, a in vivo trial based on the results from the first study, we showed how increasing dietary Arg 3392 

during different periods of gestation affected the percentages of either LBW and HBW piglets, 3393 

reduced the IgG in colostrum and modified the metabolome characterization of colostrum. In the third 3394 

study, we investigated the effects of Arg supplementation during transition and lactation of sows. The 3395 

level of Arg used did not affect farrowing duration, colostrum and milk composition and piglets’ 3396 

growth. In conclusion, the effects of Arg supplementation during gestation and lactation of sows 3397 

should be more investigated in order to better understand how this molecule is involved in the swine 3398 

metabolic pathways and if it can represent a solution to overcome the negative aspects related to 3399 

modern sow genotype during gestation and lactation.  3400 
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