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Abstract

The appearance rate of nutrients into systemic circulation affects hormones like insulin
and through that efficiency of growth. This also affects mineral requirements critical for
metabolism, notably phosphate (P), magnesium (Mg), and potassium (K). Fasting animals
have a downregulated metabolism, upon which P, Mg, and K are exported from their
cells into the blood and are subsequently excreted in their urine. Abrupt resumption of
feed intake, especially of highly glycemic feeds, creates an acute need for these miner-
als, which can result in deficiency symptoms, particularly with P deficiency. In human
medicine, this is called refeeding syndrome: a large meal after a period of fasting can
prove fatal. Young animals seem to be especially sensitive, likely driven by their ability to
grow rapidly and thus to drastically upregulate their metabolism in response to insulin.
Symptoms of P deficiency are fairly a-specific and, consequently, not often recognized.
They include edema, which makes it appear as if piglets are growing well, explaining the
high gain/feed rate typically seen immediately after weaning, even when piglets are eating
at or below the maintenance requirements. Phosphate deficiency can also result in hypoxia
and hypercarbia, which may trigger ear necrosis, Streptococcus suis infections, or even death.
Hypophosphatemia can also trigger rhabdomyolysis, which may contribute to tail-biting,
but this requires further study. Arguably, when fasting cannot be avoided, diets for newly
weaned piglets should be formulated to avoid these problems by lowering their glycemic
load and by formulating diets according to the piglets” actual requirements inspired by
their genuine intake and health and not simply by extrapolating from older animals.

Keywords: hypophosphatemia; post-weaning edema; refeeding syndrome; swine; tail-biting

1. Introduction

The digestibility of nutrients is an important issue in animal nutrition, so it is subjected
to very detailed evaluation by researchers [1]. In more recent years, studies on the digestion
kinetics of starch and protein have entered the scene. Animal data, for instance, have
revealed that starch digestion kinetics can affect feed intake and feed efficiency [2]. The
rate of digestion may also affect hormones like insulin: a large meal with rapidly digestible
starches resulted in strong peaks in blood insulin, one of the most important hormones
managing the metabolism [3]. Even a moderate increase in insulin stimulates the use of
glucose as an energy source by skeletal muscles. Moreover, it stimulates amino acid uptake
and their incorporation into muscle proteins. Thus, insulin and growth hormones are
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key drivers of lean tissue growth. However, high levels of insulin stimulate the uptake
of glucose for fat accretion by the adipose tissue, an undesirable phenomenon when
out of control [4].

Not only feed composition but also feeding patterns affect hormones like insulin and,
thus, growth, adiposity (body condition), and, consequently, feed efficiency. This pattern,
provided the pig is eating ad libitum, is remarkably similar across life phases. Nursery,
grow-finished pigs, and sows eat a large morning meal followed by a very large evening
meal [5]. Patterns of hormones like melatonin and cortisol have diurnal patterns [6], and
even insulin responses are affected by the time of the day [7]. It appears that the pig
tolerates very high levels of insulin at dinner time without strongly triggering adiposity,
while a similar meal at odd times can trigger adiposity [8].

2. Influence of Digestion Kinetics and Eating Patterns on Minerals

A topic that receives little attention today in nutrition is the influence of digestion
kinetics and eating patterns on minerals. Insulin can stimulate protein and lipid syntheses,
which require amino acids and energy, mainly in the form of glucose, as well as minerals
and vitamins [4]. In this context, the most critical minerals are K, Mg, and P [9]. Cells ac-
quire these minerals from the bloodstream when their metabolism is stimulated by insulin
and export them back into the bloodstream when metabolism is downregulated. Phosphate
is the backbone of energy metabolism in the cell; for example, adenosine monophosphate is
phosphorylated to generate adenosine diphosphate and, subsequently, adenosine triphos-
phate (ATP). Phosphate is used to activate enzymes but also glucose and amino acids,
allowing its use as an energy source or building block [4]. Magnesium is essential for the
stabilization of ATP and as a cofactor for many enzymes [10]. Modern commercial swine
diets usually already contain excesses of K and Mg from the feedstuffs used. In contrast,
dietary P is administered as close to the required levels as possible. In addition, the P
requirement for newly weaned piglets appears to be extrapolated from older animals [11].

Relevant to this issue, there is a possibility that sudden infant death syndrome (SIDS)
could be caused by blood levels of P reaching a nadir in the early morning, aggravated
by seasonal variation, where levels are typically lower in late winter and early spring.
Phosphate, via 2, 3-bisphosphoglycerate (BPG), regulates oxygen release from red blood
cells; a P shortage can therefore lead to low blood oxygen levels and, thus, suffocation,
despite free access to air [12]. Interestingly, Lavoue et al. [13] investigated if SIDS was a
phenomenon that also occurred in piglets; they concluded that weaned piglets can also die
as a result of similar symptoms to those found with SIDS and with an incidence comparable
to the incidence of SIDS in humans. Scrutiny of SIDS cases in infants revealed that in most
cases, an event occurred in the weeks before SIDS was diagnosed that led to a disruption in
food intake [14,15]. The triggering event can be, for example, a brief illness or a stressful
episode, such as going to daycare for the first time.

3. Feed and Water Intake of Nursery Piglets

Weaning stress has been a key focus of the estimated 2000 trials run by or collaborated
on by van Kempen while working in the industry, the vast majority of which have never
published. Most of those experiments involved 500-1000 piglets housed in pens of 15 to
20 animals, in some cases equipped with feeding stations that allowed for tracking of the
feed intake of individual animals. Some physiology-focused experiments were carried
out with individually housed piglets. The diets administered were typically high-quality,
complex nursery diets. Some of the observations reflected in this review were obtained
during experiments that remained largely unpublished and are referred to as such in the
text (unpublished results).
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Feed intake disruptions, like those experienced by stressed infants, are common in
pig production such as in the post-weaning phase. Unless special care is taken, newly
weaned piglets may undergo several hours or even days of fasting. In addition, feed intake
upon resumption is often erratic. Lessons drawn from a large number of unpublished
studies show that during lactation, milk supply is ample, and, consequently, few pigs
actively look for alternative sources of nutrition. Indeed, when creep feed is provided, its
intake is dwarfed by milk intake. Individual pigs, though, may show very different eating
patterns. Piglets that have difficulty nursing for one reason or another may become avid
creep-eaters, and they are more likely to resume eating quickly after weaning. In contrast,
pigs that are actively nursing do not know where to look for food when weaned. The
closest thing to food from their perspective may well be drinking water. Water is provided
from a nipple-like device, similar to milk, and, in the short term, it fills their bellies. Indeed,
field observations of water intake show absurdly high water disappearance rates, typically
peaking the day after weaning and ‘normalizing’ in the days after. Disappearance rates
of 1 to 2 L per day seem common, with individual pigs drinking notably more [16]. The
published lethal dose (LD50) for water is 90 g/kg BW for humans [17]. Extrapolating to a
piglet weighing 7 kg, that equates to 0.8 L of water. Thus, piglets, on average, consume (or
eliminate) well over the human LD50 for water. Interestingly, Schloerb et al. [18] exposed
the jejunum to pure water, which resulted in ruptured enterocytes, implying that excessive
water can harm gut health. Efforts to correlate early water intake to performance over the
entire nursery period, which was taken as a measure of health, however, failed.

Once the piglet realizes that water is not the food that it needs, it will explore its
environment for alternative food sources. If a new diet is presented to the piglet, then it
will typically only sample a small portion of this food. Although it is often overlooked
in trials, when feed disappearance is carefully tracked, small quantities of feed (grams)
disappear, typically during ‘dinner” time on the day of weaning [16]. Why would only
small quantities disappear when the piglet is hungry? Presumably, this is ‘early sampling’
or ‘food neophobia’ [19,20]; the piglet needs to know if the food is safe to eat. Animals in
the wild are known to do this. If, after consuming a small quantity, nothing undesirable
happens in the next one to two days (in line with the observations of Roura [21]), the
animal assumes that the food is safe and, subsequently, it will start consuming the food in
larger quantities, often with erratic intake patterns. Trials with electronic feeding stations
have demonstrated this nicely [16]. Given all the stresses the piglet endures after weaning,
though, some animals may associate the eating of a few grams of feed with an adverse
health effect, and those animals refuse to eat for much longer than others (unpublished data).
Interestingly, there is a rescue mechanism: animals that see others eat are more inclined to
consider this food as safe (in line with the observations of Roura and Navarro [20]). Thus,
the odd piglet that was already eating creep before weaning and happily continues to eat
the same creep feed after weaning can stimulate others to deem that food as safe and eat it.
This also illustrates that changing diets should not be timed with other stressful events.

Diet changes and interruptions in feed intake also happen at other events during the
life of the piglet. Birth is actually another prime example, but fortunately, newborn piglets
has been programmed to look for colostrum expediently after birth. In addition, newborn
piglets have ample glycogen stores. Later in life, diet or housing changes but also failures
in feed supply can hurt feed intake for various lengths of time. An interesting question
is how the sow responds to relocation to the farrowing room and a low feed intake until
farrowing (as compared to ad lib), followed by poor feed intake during farrowing, all while
the metabolic demands on her are at an all-time high.
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4. Refeeding Syndrome

Fasting results in an interruption to nutrient supply when exogenous amino acid
and energy supply effectively stops. With that, insulin and growth hormone secretion
decline. Consequently, metabolic processes that are linked to growth decline. Within the
muscle cells, there are also a myriad of changes. Enzymes involved in metabolism and
protein synthesis are downregulated involving dephosphorylation and P is released in the
process. ATP and phosphocreatine are only partially replenished after they have been used
as energy carriers, resulting again in P, but also Mg, release. As the cell tries to maintain
homeostasis, it exports these minerals, together with K, into the bloodstream (resulting in a
small but transient increase in blood levels; Figure 1). Interestingly, there are no cellular or
tissue storage systems for these minerals during times of energy shortages. Consequently,
the animal stops re-absorbing them at the kidney level, and large amounts of P, Mg, and K
appear in the urine. Technically, all this is simply setting a new steady state, and at this
point, there are no deficiencies of these minerals [9,22].

Normal

Fasted

Kidney ==uU]gisls}

Refed

Figure 1. The influence of feed intake on the exchange of phosphate (P) and magnesium (Mg) between
cells and the bloodstream. See text for details.

The problem arises when the animal starts to eat again abruptly. A large meal following
a period of fasting results in strong insulin secretion and, consequently, an important
stimulation of metabolism. This means that cells want to fire up their metabolic activity
for which large amounts of P, Mg, and K are needed. Hence, they pull this from the blood
(Figure 1). The blood’s supply of these minerals, though, is very limited and, consequently,
hypophosphatemia, hypomagnesemia, and hypokalemia can develop quickly [9,22]. Our
findings suggest that hypophosphatemia is the most prevalent in piglets, but there may be
conditions where Mg or K become first-limiting.

This health problem in human medicine is known as refeeding syndrome [9,22]. The
phenomenon was first described when prisoners of war were liberated and offered a festive
meal to celebrate their release; people survived the gruesome prison camps, but not the
festive meal meant to celebrate their rescue [23,24]. In adult humans, it takes weeks of
fasting to become prone to refeeding syndrome. In young animals, though, it appears that
refeeding syndrome can develop much quicker, likely because of their high metabolic rate.
In an infant and especially in a young piglet (capable of eating at 5 times maintenance), there
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is a very high growth potential provided there is adequate nutrient availability. This growth
is a metabolically intensive process requiring large amounts of the minerals involved.

Results supporting the existence of refeeding syndrome in pigs have been published
in a review [25]. In brief, quantification of urinary losses indeed showed that newly
weaned pigs lose large amounts of P, Mg, and K in their urine in the first week after
weaning. For example, on the day after weaning, piglets, on average, lost 12 mmol of P.
This number is remarkable considering that plasma contained approximately 2.0 to 2.5 mM
of P prior to weaning.

Analysis of blood levels of P in newly weaned pigs performed in research and field
conditions in Europe, North America, and South America also revealed strong drops in
plasma P levels that persisted for weeks after weaning, confirming that this is a common
problem, not an isolated issue. For example, in a European trial, P increased immediately
after weaning by approximately 13%, presumably due to the transfer from intra- to ex-
tracellular pools. However, subsequently, it dropped to less than half the preweaning
levels on day 14. The lowest value recorded was 0.85 mM, which is severely deficient.
Tumbleson and Kalish [26] report 2.8 & 0.1 mM with a range of 2.1 to 3.3 as normal. Nadirs
(lowest values) in P occur typically 1 to 2 weeks after weaning (which is in line with SIDS
developing in infants in the weeks after an event that upsets their food intake).

Figure 2 provides a theoretical summary of P metabolism (but ignoring diurnal pat-
terns). At the time of weaning, P intake drops to zero as animals are effectively fasting.
This fasting results in a downregulation of metabolism, which results in the liberation
of P from intracellular pathways (e.g., ATP), resulting in dramatic increases in urine P
excretion (and also creatinine from the breakdown of creatine phosphate). If animals
resume food intake erratically (hence the spike in P intake 1.5 days after weaning), the
metabolism is triggered by insulin, resulting in a strong demand for P by cells. This de-
mand, however, far exceeds the amount of P carried in the bloodstream, thus, resulting in
hypophosphatemia. This hypophosphatemia is so severe that it takes an extended period to
resolve. Thiamin has also been implicated in refeeding syndrome in humans [9]. In piglets,
however, thiamin did not appear to be an issue (unpublished data), possibly because diets
are routinely supplemented.

Intake Urine

Days post-weaning

Needed Deficit

Days post-weaning

Figure 2. Theoretical representation of phosphate metabolism as affected by weaning. This figure is
based on our own research.
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5. Hypophosphatemia

Phosphate deficiency is tricky to diagnose (and often ignored) from a clinical perspec-
tive. First, it is hard to detect through laboratory tests as blood P is not a measure of tissue
adequacy per se. Second, symptoms are fairly non-specific. Long-term P shortage affects
the bones. Acute shortages, though, can affect just about anything. Textbook symptoms
in humans include anorexia, anemia, muscle weakness, skeletal defects, increased risks
of infection, paresthesia, ataxia, and confusion [27]. One interesting phenomenon linked
to hypophosphatemia is a decrease in the oxygenation of tissues. The mechanism behind
this is that oxygen release from red blood cells is regulated by BPG which can generate a
conformational change in hemoglobin, spurring oxygen release. Tissues in need of oxygen
stimulate the production of BPG, a mechanism that is hindered when there is a P shortage.
This effect is well known in respiration physiology and is typically referred to as the Bohr
effect (after Bohr et al. [28]). Figure 3, modeled after Hill [29], demonstrates the impact of
BPG on the amount of oxygen that stays bound to hemoglobin at various oxygen concentra-
tions. At a tissue oxygen concentration of 4 kPa, in the absence of BPG, a maximum of 2% of
the oxygen present in hemoglobin is released, but in the presence of 8 mM BPG, this is 50%
(or 25 times more). In the absence of BPG, the tissue oxygen level needs to drop to 1 kPa
for hemoglobin to release 50% of its oxygen (numbers are indicative only, as factors like pH
and pCO; play critical roles as well). Thus, when BPG formation is impeded, tissues can
become hypoxic; theoretically, the animal can suffocate despite having free access to air.
For reference, the hypoxia threshold for the brain is 2.5 kPa [30]. It should be noted that the
data above are for adult (human) hemoglobin. Fetal hemoglobin apparently has a lower
binding affinity for BPG [31]; therefore, the problem may potentially be more severe early
in life when fetal hemoglobin is still present (Figure 3).

100
l
90 ]
80 :
3 70 :
.5 60 !
T 50 '
3 ]
® 4
3 0 : BPG =0 mM
O 30 ' - BPG=5mM
20 [ BPG=8 mM
10 ] BPG =5 mM, fetal Hb
' = = = Hypoxia threshold
0 1
0 4 8
pO, (kPa)

Figure 3. Hemoglobin (Hb) dissociation curve as affected by the concentration of 2,
3-bisphosphoglycerate (BPG; modeled after Hill [29]). O, saturation is the percentage of oxygen-
binding sites which are occupied on hemoglobin. pO; is the partial oxygen pressure and is thus a
measure of the amount of oxygen available to the tissue.
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Efforts to measure pO, (unpublished studies) did in some cases yield a significant and
positive correlation with P, with low P resulting in low pO, values (an approximate drop of
20% from high to low P within the same group of pigs). This, however, was not seen in all
trials, and it is likely biased by the need to capture animals for blood sampling. The CO,
levels, though, did increase when P levels were low. In one experiment, the pO,/pCO,
ratio was 0.51 seven days after weaning and 0.98 fifty days after weaning (unpublished
data). The reason for the high CO, levels is not clear. CO, is known to compete with O,
to bind to hemoglobin and this would shift the dissociation curves shown in Figure 3 to
the right, just like BPG does [28]. Hence, a question is whether animals increase their CO,
levels to liberate O,. Lactate was measured in another field study (unpublished data). It
transiently increased by as much as 77% on day 26 after weaning, implying an increase in
anaerobic metabolism. In the same study, CO, peaked (+52%) on day 30 post-weaning,
and both returned to nearly preweaning levels by day 50 after weaning (the end of the
experiment), implying that the increases were not driven by metabolic activity. The piglet
listed above with only 0.86 mM PO, had a pCO; of 9.2 kPa, thus presenting as severely
hypercapnic (threshold is 6.0 kPa).

These findings tie into the above comment about sudden infant death syndrome;
severe hypophosphatemia can result in suffocation despite free access to air. Moderate
hypophosphatemia may well impede oxygen supply to some tissues and, through that, be
responsible for other issues, e.g., ear necrosis. Field tests with P “hyper”-supplementation
or with nutraceuticals that stimulate blood flow to the skin indeed have been shown to
drastically reduce ear necrosis (unpublished data).

Bas Swildens (Utrecht University, Utrecht, The Netherlands), in a personal commu-
nication, mentioned that Streptococcus suis (Strep) requires hypoxia in the host to become
pathogenic, in line with the findings of Lauer et al. [32]. This concept fits nicely with
refeeding syndrome; This concept fits nicely with refeeding syndrome; discussions with
technical colleagues responsible for different countries suggest that Strep appears more on
the radar in countries where P levels have been scrutinized. Farmers also report that Strep
is linked to groups of pigs that are aggressive eaters. Plasma analyses confirmed that pigs
that had just come down with Strep had lower plasma P levels compared to their unaffected
pen mates (unpublished data). Although this discussion focuses on newly weaned pigs, in
nursing infants with health issues, hypophosphatemia is also rather common [33]. Thus,
hypophosphatemia may well plague nursing piglets with health challenges.

When cells go into starvation mode, besides losing minerals, they also lose water
(Figure 1). This results in a reduction in cell size. Upon refeeding, however, water is
drawn into cells in amounts that exceed those prior to the fasting period. This results
in edema [9,34]. This occurrence of edema was confirmed using both tissue proximate
analysis and bioelectrical impedance, as described earlier [25]. It also fits with the data
of Whittemore et al. [35] who showed that newly weaned pigs did not accrete protein
(Figure 4). They did lose fat, though, indicating that they were eating below maintenance
(and also that fat and protein accretion have different maintenance requirements) and
were accreting large amounts of water, which obviously was not linked to protein gain.
This water gain resulted in growth of the piglet, despite it losing fat and not gaining
protein, which can explain the phenomenal feed efficiencies while eating at or below
maintenance (maintenance for a 7 kg piglet is about 200-225 g of feed per day, ignoring
energy expenditure resulting from stress).
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Figure 4. Accretion of proteins and lipids and accumulation of water around weaning (adapted from
Whittemore et al. [35]).

6. A Twisty Tail

In wild animals, P deficiency can result in abnormal eating behavior. This may well
be related to animals having taste receptors for P [36]. Osteophagia is a textbook example
where strict herbivores start chewing on bones and carcasses. Phosphate deficiency is also
listed as one of the causes of pica [37]. Pica is a compulsive eating disorder where the
consumed item may or may not be food. Items commonly consumed when pica is present
are things like earth, clay, or paint chips containing lead, but there are also examples of
people eating their own limbs as well as cannibalism [38,39]. Zaborowski [38] states that
the way to solve or prevent tail-biting is to provide calcium phosphate.

Czycholl et al. [40] and observations from farmers indicate that feed interruptions
can trigger tail-biting, which again fits with phenomena of refeeding syndrome. In line
with refeeding syndrome, Czycholl et al. [40] reported that almost all animals at the
affected farm suffered from hypokalemia, hypomagnesemia, and hyponatremia, despite
diets being adequate for those minerals. Phosphate was statistically one of the strongest
affected parameters, but physiologically the differences with the controls were arguably
meaningless. One caveat with this experiment is that animals were removed from the
herd, transported to the research facility, and allowed to recover overnight, and only after
that were blood samples taken. As explained above, this certainly perturbs feed intake,
making the data for P, Mg, and K hard to interpret. Palander et al. [41] also found the
highest statistical significance for P, but here, biter pigs had higher levels of blood P. One
confounding factor may be that biting may become a habit even when an underlying
physiological trigger is resolved. Ideally, blood samples used to identify causes of tail-
biting should be collected at the earliest onset of biting and with a minimal amount of
disturbance to the animals.

In some of these experiments, marker enzymes were measured. These data actually
hint to rhabdomyolysis as a factor in tail-biting. Rhabdomyolysis is a muscle disorder which
involves muscle tissue developing edema and breaking down. Muscle cells break open and
spill their contents, which then reach the bloodstream. Myoglobin released from muscle
cells subsequently damages the kidneys, which can become fatal. Symptoms include muscle
pain, weakness, and tea-colored urine [42]. In humans, it is seen in a variety of conditions,
ranging from accidents and exertion to nutritional deficiencies, most notably P deficiency
(but Mg, K, and Na are also implicated). These nutritional deficiencies can be triggered by
refeeding syndrome [43,44]. Rhabdomyolysis has also been linked to polydipsia (which
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is more likely to trigger hyponatremia [45]). One possible cause of muscle cell membrane
disintegration is ATP depletion, which can be a result of hypophosphatemia. There is also
some speculation that phospholipids on the cell surface may be sacrificed to obtain P.

Biomarkers for rhabdomyolysis include creatine kinase, lactate dehydrogenase, al-
dolase, alanine amino transferase, and aspartate amino transferase [42]. In a more recent
publication, Lim [46] indicated that alanine aminotransferase and creatine kinase, in partic-
ular, are informative of the pathology. Interestingly, Junge et al. [47] described rhabdomy-
olysis in piglets two weeks after weaning, thus corresponding to the nadir in blood P as
described above, and they also reported very high levels of aspartate aminotransferase,
lactate dehydrogenase, and creatine phosphokinase. Czycholl et al. [40] measured creatine
kinase and indeed saw a significant increase in tail-biters (+35%); aspartate aminotrans-
ferase, however, was not affected (—10%). Munsterhjelm [48] measured a more complete
array of marker enzymes: creatine kinase (+36%), alanine aminotransferase (+34%), and
alkaline phosphatase (+46%) increased significantly in biters, while aspartate aminotrans-
ferase was numerically increased compared to the victims (+23%). Besides the marker
enzymes, there are other hints in the literature that point to rhabdomyolysis. For example,
Zonderland et al. [49] reported that tail-biter pigs appeared to be experiencing pain, and
they seemed to be found more often in kneeling or sitting positions, compatible with muscle
issues matching rhabdomyolysis symptoms [50]. Lim [46] also lists uric acid as a biomarker
for rhabdomyolysis. Urinary excretion of uric acid more than tripled shortly after weaning
and returned to preweaning levels after five days (unpublished data). This theory clearly
requires further study, but it fits nicely with reports that minerals containing P, Na, K, or
Mg can reduce tail-biting.

7. Recommendations for Diet Formulation

Efforts to prevent fasting around weaning have been made but the problem still
persists. A possible error that the swine industry has made in recent decades is that first-
phase piglet feeds generally contain a very high glycemic load (while sow milk has a
low glycemic load). Gelatinized cereals topped with sugar and highly digestible protein
sources are used. This is implemented to boost palatability and, subsequently, growth.
However, the gains observed do not match the expected improvement in feed intake, as
fasting followed by erratic eating of high-glycemic-load feeds induces refeeding syndrome.

Indirect evidence that low-glycemic-load diets provide performance benefits across
the entire nursery phase comes from a trial carried out with 900 nursery piglets. Animals
were fed one of six diets that were nutritionally identical except for their starch content.
Three rice starches diverse in amylose content (from 0 to 22%) were included at a quantity
of 48%. Each starch was fed either raw or gelatinized (diets were fed in mash). The
raw high-amylose starch had an in vitro starch digestibility of only 58%, while the zero-
amylose gelatinized starch had a digestibility of 91%. Despite the much lower net energy
content of the raw high-amylose diet, the piglets nevertheless had a 16% better gain-to-feed
ratio and 12% higher ADG, while growth was more homogeneous [2]. Another approach
for lowering the glycemic load of diets could involve an increase in the reliance on fat.
Although this is technically challenging, it may also improve palatability [51]. Fibers
present yet another possibility, but with the challenge that fibers require adaptation of the
microflora; this adaptation period arguably surpasses the period during which the animals
develop refeeding syndrome.

When discussing this issue with commercial nutritionists in both the USA and Europe,
we found that there are indeed companies that have developed piglet feeds that follow a
different principle; their diets are not stuffed with gelatinized starch and sugar, and thus,
they have a low glycemic index. Piglets that were fed those diets grew poorly after weaning
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but in line with what would be expected based on energy intake. Long-term measurements,
though, apparently indicate that they grow better overall.

One unresolved question is the impact of refeeding syndrome on bone development.
Blood data show that P levels can remain below targets for nearly the entire nursery period,
meaning that the piglets increase in size by a factor of 3 to 4, while bone development may
lag behind. Phosphate requirements for phase I nursery feeds, as used in academia and
industry, appear to be foremost extrapolated from older pigs without any consideration
for what the actual feed intake levels, eating patterns, or glycemic loads are, let alone
considering any effects of stress. Cemin et al. [52] performed two large-scale dose-response
studies which showed that mortality and removals were lowest at 0.52% available P (16.4%
at 0.33% vs. 9.7% at 0.52% available P). Cemin et al. [52] calculated the requirements using
regression of 0.59% available P. In line with this, lysine requirements for newly weaned
pigs cannot be 1.2% or more if the animals are eating at maintenance, as this results in
zero protein accretion. Studies in which plasma amino acids were measured indeed show
that plasma lysine increases after weaning, while amino acids that are key for managing
oxidative stress (e.g., cysteine, histidine) decrease to practically zero (unpublished data).
Arguably, the entire nutritional profile of a diet for newly weaned piglets should be dictated
by their real feed intake and the health challenges they face, such as refeeding syndrome,
rather than to support muscle gain.

8. Conclusions

Newly weaned pigs commonly develop hypophosphatemia as a result of refeed-
ing syndrome, resulting in edema. This edema is not concentrated in the belly, as in
Kwashiorkor [53], for example, but rather, it is in other tissues such as muscles, possibly
due to rhabdomyolysis. Due to this edema, newly weaned pigs appear to be growing
when, in fact, they are simply retaining water. A simple energy requirement calculation
shows that this problem is widespread in nursery trials; despite eating around maintenance
levels, newly weaned piglets in just about all published studies gained weight. Refeeding
syndrome should be considered as a factor in weaning stress, and arguably, historic data
should be re-interpreted considering that high feed efficiencies shortly after weaning are a
sign of problems, not a sign of success.

Author Contributions: T.v.K. and E.R. contributed to the writing. All authors have read and agreed
to the published version of the manuscript.

Funding: This article was written pro bono to accompany an invited presentation at the 2025
Australasian Pig Science Association meeting in Melbourne, Australia.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Acknowledgments: The authors would like to thank the students and colleagues who participated in
the various projects and discussions, as well as Kate Plush for critically reviewing this manuscript
and Amy van Kempen for proofreading it.

Conflicts of Interest: Theo van Kempen is an employee of AAK Netherlands BV. The paper reflects
the views of the scientists and does not represent the position of the company.



Metabolites 2025, 15, 480 11 of 12

References

1.

10.

11.

12.

13.

14.

15.
16.

17.
18.

19.
20.
21.

22.
23.

24.

25.

26.

27.

28.

29.

30.

National Research Council. Nutrient Requirements of Swine, 1st ed.; The National Academies Press: Washinton, DC, USA, 2012.
Van Kempen, T.A.T.G.; Pujol, S.; Tibble, S.; Balfagon, A. In vitro characterization of starch digestion and its implications
for pigs. In Paradigms in Pig Science; Wiseman, J., Varley, M.A., McOrist, S., Kemp, B., Eds.; Nottingham University Press:
Nottingham, UK, 2007; pp. 515-526.

Van Kempen, T.A.T.G.; Regmi, PR.; Matte, ].J.; Zijlstra, R.T. In vitro starch digestion kinetics, corrected for estimated gastric
emptying, predict portal glucose appearance in pigs. J. Nutr. 2010, 140, 1227-1233. [CrossRef] [PubMed]

Nelson, D.L.; Cox, M.M. Lehninger Principles of Biochemistry, 8th ed.; Macmillan Learning: New York, NY, USA, 2021;
ISBN 9781319322342.

Van Erp, R\].J. Nutrient Yield from Starch in Pigs: Consequences for Energy Balance and Meal Patterns. Ph.D. Thesis, Wageningen
University, Wageningen, The Netherlands, 2019.

Boumans, 1.J.M.M.; de Boer, I.].M.; Hofstede, G.J.; 1a Fleur, S.E.; Bokkers, E.A.M. The importance of hormonal circadian rhythms
in daily feeding patterns: An illustration with simulated pigs. Horm. Behav. 2017, 93, 82-93. [CrossRef] [PubMed]

Van Cauter, E.; Shapiro, E.T.; Tillil, H.; Polonsky, K.S. Circadian modulation of glucose and insulin responses to meals: Relation-
ships to cortisol rhythm. Am. |. Physiol. Endocrinol. Metab. 1992, 262, E467-E475. [CrossRef] [PubMed]

Van Erp, R].J.; de Vries, S.; van Kempen, T.A.T.G.; den Hartog, L.A.; Gerrits, W.J.]. Circadian misalignment imposed by nocturnal
feeding tends to increase fat deposition in pigs. Br. J. Nutr. 2020, 123, 529-536. [CrossRef] [PubMed]

Marinella, M.A. The refeeding syndrome and hypophosphatemia. Nutr. Rev. 2003, 61, 320-323. [CrossRef] [PubMed]

Gout, E.; Rébeillé, E; Douce, R.; Bligny, R. Interplay of Mg2+, ADP, and ATP in the cytosol and mitochondria: Unravelling the role
of Mg2+ in cell respiration. Proc. Natl. Acad. Sci. USA 2014, 111, E4560-E4567. [CrossRef] [PubMed]

Bikker, P.; Blok, M.C. Phosphorus and Calcium Requirements of Growing Pigs and Sows; Federatie Nederlandse Diervoerketen:
Wageningen, The Netherlands, 2017; p. 424780. [CrossRef]

Van Kempen, T.A.T.G.; Deixler, E.; Crook, M.A. Hypophosphatemia as a key factor in sudden infant death syndrome (SIDS)?
Upsala ]. Med. Sci. 2013, 118, 143-144. [CrossRef] [PubMed]

Lavoue, S.; Dagorne, M.; Morvan, H.; Madec, F.; Durigon, M. Is the piglet a useful animal model of sudden infant death syndrome?
Biol. Neonate 1994, 65, 310-316. [CrossRef] [PubMed]

De Bethmann, O.; Relier, J.P. Sudden infant death. Family and socio-cultural state and psycho-affective balance. Biomed.
Pharmacother. 1987, 41, 178-182. [PubMed ]

Hunt, C.E.; Hauck, ER. Sudden infant death syndrome. CMA] 2006, 174, 1861-1869. [CrossRef] [PubMed]

Van Kempen, T. Key influencing factors on voluntary feed intake of piglets. In VI Congresso Latino-Americano de Nutrigio Animal;
Colégio Brasileiro de Nutrigao Animal: Sao Pedro, Sao Paulo, Brasil, 2014.

Strey, K. Water as a standard substance of a logarithmic poison scale. J. Biosci. Med. 2024, 12, 86-92. [CrossRef]

Schloerb, PR.; Wood, J.G.; Casillan, A.J.; Tawfik, O.; Udobi, K. Bowel necrosis caused by water in jejunal feeding. J. Parenter.
Enteral Nutr. 2004, 28, 27-29. [CrossRef] [PubMed]

Barnett, S.A. Rats. Sci. Am. 1967, 216, 78-85. [CrossRef]

Roura, E.; Navarro, M. Physiological and metabolic control of diet selection. Anim. Prod. Sci. 2018, 58, 613—-626. [CrossRef]
Roura, E.; Humphrey, B.; Ted6, G.; Ipharragerre, I. Unfolding the codes of short-term feed appetence in farm and companion
animals. A comparative oronasal nutrient sensing biology review. Can. J. Anim. Sci. 2008, 88, 535-558. [CrossRef]

Knochel, J.P. Hypophosphatemia. West. ]. Med. 1981, 134, 15-26. [PubMed]

Keys, A.; Brozek, J.; Henschel, A.; Mickelsen, O.; Taylor, H.L. The Biology of Human Starvation: Volume, I; University of Minnesota
Press: Minneapolis, MN, USA, 1950.

Korbonitz, M.; Blaine, D.; Elia, M.; Powell-Tuck, J. Metabolic and hormonal changes during the refeeding period of prolonged
fasting. Eur. |. Endocrinol. 2007, 157, 157-166. [CrossRef] [PubMed]

Van Kempen, T.A.T.G.; Hulshof, T.G.; Gerrits, W.J.].; Zijlstra, R.T. Review: The amazing gain-to-feed ratio of newly weaned
piglets: Sign of efficiency or deficiency? Animal 2023, 17, 100987. [CrossRef] [PubMed]

Tumbleson, M.E.; Kalish, PR. Serum biochemical and hematological parameters in crossbred swine from birth through eight
weeks of age. Can. |. Comp. Med. 1971, 26, 202-209.

National Institute of Health (NIH). Phosphorus. Fact Sheet for Health Professionals. Available online: https://ods.od.nih.gov/
factsheets /Phosphorus-HealthProfessional (accessed on 20 October 2024).

Bohr, C.; Hasselbalch, K.; Krogh, A. Concerning a biologically important relationship—The influence of carbon dioxide content of
blood on its oxygen binding. Skand. Arch. Physiol. 1904, 16, 401—412.

Hill, A.V. The possible effects of the aggregation of the molecules of heemoglobin on its dissociation curves. J. Physiol. 1910,
40,4-7.

MaclIntyre, N.R. Tissue hypoxia: Implications for the respiratory clinician. Respir. Care 2014, 59, 1590-1596. [CrossRef] [PubMed]


https://doi.org/10.3945/jn.109.120584
https://www.ncbi.nlm.nih.gov/pubmed/20444950
https://doi.org/10.1016/j.yhbeh.2017.05.003
https://www.ncbi.nlm.nih.gov/pubmed/28514644
https://doi.org/10.1152/ajpendo.1992.262.4.E467
https://www.ncbi.nlm.nih.gov/pubmed/1566835
https://doi.org/10.1017/S0007114519003052
https://www.ncbi.nlm.nih.gov/pubmed/31771673
https://doi.org/10.1301/nr.2003.sept.320-323
https://www.ncbi.nlm.nih.gov/pubmed/14552069
https://doi.org/10.1073/pnas.1406251111
https://www.ncbi.nlm.nih.gov/pubmed/25313036
https://doi.org/10.18174/424780
https://doi.org/10.3109/03009734.2013.781252
https://www.ncbi.nlm.nih.gov/pubmed/23570456
https://doi.org/10.1159/000244077
https://www.ncbi.nlm.nih.gov/pubmed/8054399
https://www.ncbi.nlm.nih.gov/pubmed/3620584
https://doi.org/10.1503/cmaj.051671
https://www.ncbi.nlm.nih.gov/pubmed/16785462
https://doi.org/10.4236/jbm.2024.121008
https://doi.org/10.1177/014860710402800127
https://www.ncbi.nlm.nih.gov/pubmed/14763790
https://doi.org/10.1038/scientificamerican0167-78
https://doi.org/10.1071/AN16775
https://doi.org/10.4141/CJAS08014
https://www.ncbi.nlm.nih.gov/pubmed/7010790
https://doi.org/10.1530/EJE-06-0740
https://www.ncbi.nlm.nih.gov/pubmed/17656593
https://doi.org/10.1016/j.animal.2023.100987
https://www.ncbi.nlm.nih.gov/pubmed/37820408
https://ods.od.nih.gov/factsheets/Phosphorus-HealthProfessional
https://ods.od.nih.gov/factsheets/Phosphorus-HealthProfessional
https://doi.org/10.4187/respcare.03357
https://www.ncbi.nlm.nih.gov/pubmed/25161296

Metabolites 2025, 15, 480 12 of 12

31.

32.

33.

34.

35.

36.

37.

38.

39.
40.

41.

42.

43.

44.

45.
46.

47.

48.

49.

50.

51.

52.

53.

Cochran-Black, D.L.; Cowan, L.D.; Neas, B.R. The relationship between newborn hemoglobin F fractions and risk factors for
sudden infant death syndrome. Arch. Pathol. Lab. Med. 2001, 125, 211-217. [CrossRef] [PubMed]

Lauer, A.N.; Scholtysik, R.; Beineke, A.; Baums, C.G.; Klose, K.; Valentin-Weigand, P; Ishikawa, H.; Schroten, H.; Klein-Hitpass,
L.; Schwerk, C. A comparative transcriptome analysis of human and porcine choroid plexus cells in response to Streptococcus suis
serotype 2 infection points to a role of hypoxia. Front. Cell. Infect. Microbiol. 2021, 11, 639620. [CrossRef] [PubMed]

Loudenot, A.; Michot, C.; Alberti, C.; Armoogum, P.; Tsapis, M.; Dauger, S. High prevalence of hypophosphatemia at PICU
admission in non-malnourished children. Intensive Care Med. 2010, 36, 1443-1444. [CrossRef] [PubMed]

Kalambokis, G.N.; Tsatsoulis, A.A.; Tsianos, E.V. The edematogenic properties of insulin. Am. J. Kidney Dis. 2004, 44, 575-590.
[CrossRef] [PubMed]

Whittemore, C.T.; Taylor, H.M.; Henderson, R.; Wood, ].D.; Brock, D.C. Chemical and dissected composition changes in weaned
piglets. Anim. Prod. 1981, 32, 203-210. [CrossRef]

Tordoff, M.G. Phosphorus taste involves TIR2 and T1R3. Chem. Senses 2017, 42, 425-433. [CrossRef] [PubMed]

Elshahawy, L.I; Aly, M.A. Some studies on deviated appetite (pica) in cattle. Alex. J. Vet. Sci. 2016, 51, 97-101. [CrossRef]
Zaborowski, G. Quelques vices singuliers provoques chez les animaux et chez ’'hommme par des carences alimentaires. Bull. Soc.
Sci. Hyg. Aliment. 1931, 19, 24-28.

Qureshi, A.S.; Deeba, F. Phosphorus dynamics in ruminants—An overview. EC Vet. Sci. 2019, 4, 426-438.

Czycholl, I; Biittner, K.; Becker, D.; Schwennen, C.; Baumgartner, W.; Otten, W.; Wendt, M.; Puff, C.; Krieter, J. Are biters sick?
Health status of tail biters in comparison to control pigs. Porc. Health Manag. 2023, 9, 19. [CrossRef] [PubMed]

Palander, P.A.; Heinonen, M.; Simpura, I.; Edwards, S.A.; Valros, A.E. Jejunal morphology and blood metabolites in tail biting
victim and control pigs. Animal 2013, 7, 1523-1531. [CrossRef] [PubMed]

Giannoglou, G.D.; Chatzizisis, Y.S.; Misirli, G. The syndrome of rhabdomyolysis: Pathophysiology and diagnosis. Eur. J. Intern.
Med. 2007, 18, 90-100. [CrossRef] [PubMed]

Amanzadeh, J.; Reilly Jr., R. F. Hypophosphatemia: An evidence-based approach to its clinical consequences and management.
Nat. Clin. Pract. Nephrol. 2006, 2, 136-148. [CrossRef] [PubMed]

Isern-Kebschull, J.; Laveglia, V.; Serrano, E.; Garcia-Diez, A.IL; Tomds, X. What rhabdomyolysis looks like in refeeding syndrome?
J. Pediatr. Gastroenterol. Nutr. Rep. 2020, 22, e048. [CrossRef] [PubMed]

Visweswaran, P.; Guntupalli, ]. Rhabdomyolysis. Crit. Care Clin. 1999, 15, 415-428. [CrossRef] [PubMed]

Lim, A.K.H. Abnormal liver function tests associated with severe rhabdomyolysis. World ]. Gastroenterol. 2020, 26, 1020-1028.
[CrossRef] [PubMed]

Junge, R.E.; Miller, R.E. Suspected nutritional myopathy in Vietnamese potbellied pigs (Sus. scrofa). J. Zoo. Wildl. Med. 1989,
20,478-481.

Munsterhjelm, C.; Simola, O.; Keeling, L.; Valros, A.; Heinonen, M. Health parameters in tail biters and bitten pigs in a case-control
study. Animal 2013, 7, 814-821. [CrossRef] [PubMed]

Zonderland, ]J.J.; Schepers, F.; Bracke, M.; Den Hartog, L.; Kemp, B.; Spoolder, H. Characteristics of biter and victim piglets
apparent before a tail-biting outbreak. Animal 2011, 5, 767-775. [CrossRef] [PubMed]

Bartsch, R.C.; McConnell, E.E.; Imes, G.D.; Schmidt, ]. M. A review of exertional rhabdomyolysis in wild and domestic animals
and man. Vet. Pathol. 1977, 14, 314-324. [CrossRef] [PubMed]

Sola-Oriol, D.; Roura, E.; Torrallardona, D. Feed preference in pigs: Effect of selected protein, fat and fiber sources at different
inclusion rates. J. Anim. Sci. 2011, 89, 3219-3227. [CrossRef] [PubMed]

Cemin, S.; Hart, M.; Hansen, S.A.; Soto, J.A.; Hansen, E.L. Effects of increasing available phosphorus for 6 to 16 kg pigs fed diets
containing phytase. J. Anim. Sci. 2024, 102 (Suppl. 2), 157-158. [CrossRef]

Coulthard, M.G. Oedema in kwashiorkor is caused by hypoalbuminaemia. Paediatr. Int. Child. Health 2015, 35, 83-89. [CrossRef]
[PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.5858/2001-125-0211-TRBNHF
https://www.ncbi.nlm.nih.gov/pubmed/11175637
https://doi.org/10.3389/fcimb.2021.639620
https://www.ncbi.nlm.nih.gov/pubmed/33763387
https://doi.org/10.1007/s00134-010-1898-1
https://www.ncbi.nlm.nih.gov/pubmed/20461502
https://doi.org/10.1053/j.ajkd.2004.06.025
https://www.ncbi.nlm.nih.gov/pubmed/15384008
https://doi.org/10.1017/S0003356100025010
https://doi.org/10.1093/chemse/bjx019
https://www.ncbi.nlm.nih.gov/pubmed/28383662
https://doi.org/10.5455/ajvs.241117
https://doi.org/10.1186/s40813-023-00314-0
https://www.ncbi.nlm.nih.gov/pubmed/37161469
https://doi.org/10.1017/S1751731113000669
https://www.ncbi.nlm.nih.gov/pubmed/23597306
https://doi.org/10.1016/j.ejim.2006.09.020
https://www.ncbi.nlm.nih.gov/pubmed/17338959
https://doi.org/10.1038/ncpneph0124
https://www.ncbi.nlm.nih.gov/pubmed/16932412
https://doi.org/10.1097/PG9.0000000000000048
https://www.ncbi.nlm.nih.gov/pubmed/37206933
https://doi.org/10.1016/S0749-0704(05)70061-0
https://www.ncbi.nlm.nih.gov/pubmed/10331135
https://doi.org/10.3748/wjg.v26.i10.1020
https://www.ncbi.nlm.nih.gov/pubmed/32205993
https://doi.org/10.1017/S1751731112002194
https://www.ncbi.nlm.nih.gov/pubmed/23190797
https://doi.org/10.1017/S1751731110002326
https://www.ncbi.nlm.nih.gov/pubmed/22439999
https://doi.org/10.1177/030098587701400402
https://www.ncbi.nlm.nih.gov/pubmed/329536
https://doi.org/10.2527/jas.2011-3885
https://www.ncbi.nlm.nih.gov/pubmed/21571898
https://doi.org/10.1093/jas/skae102.174
https://doi.org/10.1179/2046905514Y.0000000154
https://www.ncbi.nlm.nih.gov/pubmed/25223408

	Introduction 
	Influence of Digestion Kinetics and Eating Patterns on Minerals 
	Feed and Water Intake of Nursery Piglets 
	Refeeding Syndrome 
	Hypophosphatemia 
	A Twisty Tail 
	Recommendations for Diet Formulation 
	Conclusions 
	References

