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EINLEITUNG

1. EINLEITUNG

Die Mengenelemente Calcium, Phosphor, Magnesium, Natrium, Kalium und Chlorid
spielen eine wichtige Rolle im Stoffwechsel (STANGL, 2014a). Fehlversorgungen mit
den genannten Mineralstoffen konnen bei Pferden eine Reihe an klinischen Folgen nach
sich ziechen (JOHNSON, 1995; HARRIS et al., 2006; ZEYNER et al., 2017), weshalb
eine bedarfsgerechte Versorgung anzustreben ist. Der Mengenelementbedarf fiir
Erhaltung des Pferdes wurde zuletzt in einer Meta-Analyse aus dem Jahre 2011 untersucht
(KIENZLE & BURGER, 2011).

In der vorliegenden Meta-Analyse sollten die damals angewandten Methoden der
Datenanalyse erneut verwendet werden, um weitere Erkenntnisse unter Einbeziehung
neuerer Daten zu erlangen. Zusétzlich zu den von Kienzle und Burger (2011) untersuchten
Parametern Mineralstoffaufnahme und Ausscheidung iiber Kot und Harn, welche fiir die
faktorielle Bedarfskalkulation von Bedeutung sind, wurden die Mineralstoffgehalte im
Blutserum erfasst sowie die Mineralstoffretention mitberiicksichtigt. Die genannten
Parameter wurden in verschiedenen Diagrammen gegen die Mineralstoffaufnahme bzw.
die scheinbar verdaute Mineralstoffmenge geplottet, um mogliche Einfliisse auf den
Mengenelementstoffwechsel sichtbar zu machen.

Eine Fragestellung hierbei war das Vorliegen etwaiger Unterschiede zwischen Ponys und
Pferden. In der Vergangenheit wurden Untersuchungen solcher Unterschiede
beispielsweise in Bezug auf das Mikrobiom (LWIN & MATSUI, 2014; LANGNER et al.,
2020; THEELEN et al., 2021) oder die Verdaulichkeit von Rohndhrstoffen (HOFFMANN
et al., 1987; CUDDEFORD et al., 1995; VERMOREL et al., 1997; POTTER et al., 2021)
durchgefiihrt, nicht jedoch hinsichtlich des Mineralstoffwechsels. Dies sollte in der
aktuellen Meta-Analyse eruiert werden, um wichtige Erkenntnisse hinsichtlich
potenzieller Anpassungen der Versorgungsempfehlungen an Mengenelementen von
Pferden im Vergleich zu Ponys zu liefern.

Die zweite Fragestellung betraf den Einfluss verschiedener Mineralstoffquellen auf den
Mengenelementstoffwechsel von Pferden und Ponys. Es ist bekannt, dass der Ursprung
der Mineralstoffe Einfluss auf deren Verfiigbarkeit hat (HARRIS et al., 2006). In der
vorliegenden Arbeit sollte der Unterschied der Verwendung organischer und
anorganischer Mineralstoffquellen hinsichtlich scheinbarer und wahrer Verdaulichkeit,
renaler Exkretion, Retention und Serumgehalt iiberpriift werden. Besonderes Augenmerk
sollte dabei auf Phosphor gelegt werden, da bereits bei Katzen, Hunden, Schweinen und

Menschen ein wesentlicher Einfluss der Phosphorquelle auf Verdaulichkeit und

1



EINLEITUNG

Stoffwechsel nachgewiesen werden konnte (CALVO et al., 2014; LINEVA et al., 2019;
DOBENECKER et al., 2021a; DOBENECKER et al., 2021b). Anorganischer Phosphor
wird dabei sogar als potenzielles Gesundheitsrisiko eingeschitzt (MACKAY & OLIVER,
1935; SCHNEIDER et al., 1980a; SCHNEIDER et al., 1980b; DI MARCO et al., 2008;
ORI et al., 2008; ELLER et al., 2011; SAGE et al., 2011; RITZ et al., 2012; TAKEDA et
al., 2017). Insbesondere die Ausscheidung von Phosphor iiber die Nieren sowie die
Phosphorwerte im Serum spielen in diesem Zusammenhang eine zentrale Rolle
(PASTOOR et al., 1995; SIEDLER & DOBENECKER, 2015; DOBENECKER et al.,
2018a; DOBENECKER et al., 2018b; COLTHERD et al., 2019; STEFFEN &
DOBENECKER, 2023), weshalb diese nun auch beim Pferd bzw. Pony im Rahmen der
vorliegenden Meta-Analyse genauer betrachtet werden sollten. Bei den
Mengenelementen Natrium, Kalium und Chlorid wurde von einer genaueren Betrachtung
hinsichtlich der Mineralstoffquelle abgesehen, da Grundfuttermittel typischerweise nur
geringe Natriumkonzentrationen aufweisen und Natrium und Chlorid in der
Tiererndhrung daher haufig in Form von Salz (NaCl) erginzt werden (HARRIS et al.,
2006; STANGL, 2014a). Die Quelle ist hier also vorwiegend als anorganisch
anzunehmen, was auch auf die ausgewéhlten Studien in der vorliegenden Arbeit zutraf.
Umgekehrt verhielt es sich mit Kalium, welches als Mengenelement in Griinfuttermitteln
reichlich enthalten ist (TASKER, 1967; HARRIS et al., 2006) und daher in den seltensten
Féllen einer Supplementierung iiber anorganische Komponenten bedarf. Vor diesem
Hintergrund erwies sich eine Einteilung nach Mineralstoffquelle fiir diese
Mengenelemente als nicht sinnvoll.

Betrachtet werden sollte aber im Hinblick auf Natrium, Kalium und Chlorid als weitere
Fragestellung der Einfluss von kdorperlicher Arbeit. Obwohl zahlreiche Studien zum
Einfluss korperlicher Aktivitdt und Elektrolytverlusten {iber den Schweill beim Pferd im
Allgemeinen existieren (LUCKE & HALL, 1980; ROSE et al., 1980; SNOW et al., 1982;
MCCUTCHEON et al., 1995; SPOONER et al.,, 2010; ZEYNER et al., 2014;
LINDINGER & WALLER, 2021; LINDINGER, 2022; WALLER & LINDINGER,
2022), wurde in keiner der genannten Untersuchungen die Verdaulichkeit evaluiert. Ein
Hauptaugenmerk der vorliegenden Meta-Analyse sollte aber auf etwaigen Unterschieden
zwischen arbeitenden und nicht arbeitenden Pferden und Ponys insbesondere beziiglich
der scheinbaren und wahren Verdaulichkeit liegen. Daher wurden stattdessen Studien

ausgewdhlt, bei welchen Angaben zur Verdaulichkeit verfiigbar waren.
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2. SCHRIFTTUM

2.1. Stoffwechsel der Mengenelemente

Mengenelemente zdhlen neben den Spurenelementen im Organismus zu den
Mineralstoffen, welche grundsitzlich als Bau- und Reglerstoffe dienen (STANGL,
2014a). Calcium, Phosphor, Magnesium, Natrium, Kalium, Chlorid und Schwefel stellen
dabei die essenziellen Mengenelemente des Korpers dar (STANGL, 2014a; COENEN &
MEYER, 2019b). Schwefel und Phosphor kommen iiberwiegend in gebundener Form vor
(STANGL, 2014a), wihrend Calcium, Magnesium, Natrium, Kalium und Chlorid im
Organismus als Ionen vorliegen und in diesem Zuge als Elektrolyte bezeichnet werden

konnen (STANGL, 2014a).

2.1.1. Calcium und Phosphor

Calcium und Phosphor sind im Stoffwechsel des Pferdes unter anderem fiir die
Mineralisation des Knochens, die Impulsweiterleitung, den Energietransfer, die
Blutgerinnung und die Induktion hormoneller Regelkreise unentbehrlich (COENEN &
MEYER, 2019b). Eine beispielsweise auch bei Hunden bekannte Folge von
Calciummangel, insbesondere in Kombination mit Phosphoriiberschuss, kann ein
nutritiver sekundédrer Hyperparathyreoidismus sein, welcher zur sogenannten
Osteodystrophia fibrosa generalisata fiihren kann (BECKER et al., 2012; COENEN &
MEYER, 2019b). Ein Calciumiiberschuss erhoht bei Pferden das Risiko einer Harnstein-
oder, in selteneren Féllen, Darmsteinbildung (COENEN & MEYER, 2019b). Eine
Uberversorgung mit Phosphor kann bei gleichzeitigem Calciummangel die oben
genannte Symptomatik fordern sowie bei simultaner Magnesiumiiberversorgung
gleichfalls die Bildung von Harn- und seltener von Darmsteinen begiinstigen (COENEN
& MEYER, 2019b).

Die Absorption von Calcium findet beim Pferd hauptsidchlich {iber aktive Prozesse im
Diinndarm (SCHRYVER et al., 1970; CEHAK et al., 2012), jene von Phosphor in Diinn-
und Dickdarm statt (CEHAK et al., 2012).

Nach Boswald et al. (2018) zeigen sich bei allen Tierarten signifikant positive
Beziehungen zwischen Calciumaufnahme und fakaler Calciumausscheidung. Es gibt aber
auch den Calciumstoffwechsel betreffende tierartliche Unterschiede. Grofe
Dickdarmverdauer (Pferde, Elefanten, Nashorner, Tapire) beispielsweise weisen eine

unabhingig von der Calciumaufnahme sehr hohe scheinbare Verdaulichkeit (PAGAN,
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1998) und niedrige fikale Calciumausscheidung (BOSWALD et al., 2018) auf. Vielmehr
wird Calcium bei diesen Tierarten in groen Mengen iiber den Harn ausgeschieden
(KIENZLE & ZORN, 2006; STANIK, 2006). Je hoher die Calciumaufnahme dabei ist,
desto mehr steigt die renale Calciumexkretion bei Equiden an (COENEN & MEYER,
2019b). Die Regulation der Calciumhomdostase erfolgt beim Pferd entsprechend primér
iber die renale Ausscheidung (KIENZLE & ZORN, 2006).

Bei kleinen Dickdarmverdauern wie Ratten und Kaninchen werden -ebenfalls
physiologisch grofle Calciummengen iiber den Harn ausgeschieden (CHEEKE &
AMBERG, 1973; STANIK, 2006). Kaninchen weisen dabei dhnlich des Pferdes auch eine
hohe scheinbare Calciumverdaulichkeit auf (CLAUSS et al., 2012).

Beim Menschen wird davon ausgegangen, dass diese in der Lage sind, die Absorption
von Calcium iiber den Darm je nach Calciumgehalt in der Nahrung regulieren zu kénnen
(BRONNER, 2003).

Karnivoren wiederum konnen, wie bereits von Mack et al. (2015) eruiert, die
Calciumaufnahme kaum {iber den Darm regulieren und zeigen entsprechend auch in der
Studie von Boswald et al. (2018) die konstanteste Calciumverdaulichkeit. Die
Calciumausscheidung iiber den Harn ist bei Hunden und Katzen vergleichsweise gering
und von der Calciumaufnahme unabhidngig (CHEN & NEUMAN, 1955; PABLACK et
al., 2016; zitiert nach BOSWALD, 2018). Bei Hunden wird viel eher eine Regulation der
Calciumhomdoostase vorrangig tiber den Knochen angenommen (SCHMITT, 2018).

Die Calciumkonzentration im Blut wird bei allen Tierarten eng reguliert und moglichst
konstant gehalten (HURWITZ, 1996; INOUE et al., 2002; VERVUERT & KIENZLE,
2013; COENEN & MEYER, 2019b).

Fiir Phosphor konnten Boswald et al. (2018), ebenso wie fiir Calcium, bei allen Tierarten
signifikant positive Beziehungen zwischen Phosphoraufnahme und fakaler Ausscheidung
feststellen. Im Gegensatz zu Calcium wird Phosphor aber bei den groflen
Dickdarmverdauern zu einem hoheren Anteil iiber den Kot ausgeschieden (BOSWALD
et al., 2018), wihrend die renale Phosphorexkretion bei Equiden gering ist (TORIBIO,
2007).

Das unterscheidet die genannte Spezies beispielsweise von Katzen, welche die
Phosphorausscheidung iiberwiegend tiber die Niere zu regulieren scheinen (PABLACK et
al., 2016).

Bekanntermallen grofen Einfluss auf den Phosphorstoffwechsel von Menschen, Hunden

und Katzen hat die eingesetzte Phosphorquelle (CALVO et al., 2014; SIEDLER &
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DOBENECKER, 2015; DOBENECKER et al., 2021a; DOBENECKER et al., 2021b;
STEFFEN & DOBENECKER, 2023). Unterschieden werden hierbei in der vorliegenden
Studie organische und anorganische Herkunft des Minerals. Hiermit ist nicht die
chemische Definition gemeint, nach welcher sich die organische Chemie mit
Kohlenwasserstoffen und ihren Derivaten und die anorganische Chemie unter
Ausnahmen mit allen Elementen exklusive Kohlenstoff befasst (MORTIMER &
MULLER, 2010). Sondern ,,organisch” soll nach der hier vorgenommenen Einteilung
eine Herkunft des jeweiligen Mineralstoffes aus dem Grundfutter bedeuten. Im Gegensatz
dazu entspricht ,,anorganisch” in der vorliegenden Arbeit den von aulen zugesetzten,
nicht tiber die Nahrungskomponenten zugefiihrten Mineralstoffe. Ndheres zu den
typischerweise eingesetzten Phosphorquellen ist im Abschnitt 2.2.3.2. | Verfiigbarkeit der
Néhrstoffe* zu finden.

Bei Hunden konnte gezeigt werden, dass anorganische Phosphate eine hohere scheinbare
Verdaulichkeit im Vergleich zu Phosphaten aus organischen Quellen aufweisen
(DOBENECKER et al., 2021b). Dies lésst sich damit erklédren, dass organische Phosphate
in der Regel beispielsweise an Phytat, Protein oder schlecht wasserldsliche Molekiile
gebunden und dadurch ohne vorherigen Aufschluss fiir Karnivoren nicht verwertbar sind
(DOBENECKER et al., 2021a), wohingegen viele anorganische Phosphate sehr gut
16slich sind (LINEVA et al., 2019). Auch beim Menschen ist dieses Phanomen bekannt,
bei welchem organische Phosphate zu 40 bis 60 % absorbiert werden, wéhrend
anorganische Phosphorquellen eine Verfiigbarkeit von 90 bis 100 % besitzen (URIBARRI
& CALVO, 2003; zitiert nach DOBENECKER et al., 2021a). Bei der Katze ist ein
etwaiger Unterschied in der Verdaulichkeit verschiedener Phosphorquellen nicht so
eindeutig. So konnten Coltherd et al. (2019) keinen Effekt der Phosphorquelle auf die
Verdaulichkeit bei der Katze feststellen. Eine hohere scheinbare Verdaulichkeit
anorganischen Phosphats im Gegensatz zu organischen Quellen wurde in anderen Studien
bei Katzen aber durchaus beobachtet (FINCO et al., 1989; DOBENECKER et al., 2018b;
zitiert nach LAFLAMME et al., 2020). Auf den Phosphorserumspiegel sowie die renale
Phosphorausscheidung bei den genannten Spezies hat die eingesetzte Quelle des
Phosphors ebenfalls Einfluss. So fiihrt der Einsatz anorganischer Phosphate im Futter bei
Hunden zu signifikanten Anstiegen von Phosphor in Serum und Harn (DOBENECKER
et al., 2021a; DOBENECKER et al., 2021b). Zum stirksten Anstieg zwei Stunden
postprandial fiihrte hierbei der Einsatz gut 16slicher anorganischer Phosphorquellen

(DOBENECKER et al., 2021a). Laflamme et al. (2020) fassen zusammen, dass ein
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postprandialer Phosphoranstieg im Serum bei Katzen ebenfalls vorwiegend bei
Verwendung gut 16slicher anorganischer Phosphatquellen vorkommt und nicht, wenn
zwar anorganische, aber nicht gut 16sliche Phosphate verwendet werden. Der gleiche
Effekt konnte bei Katzen beziiglich der Phosphorausscheidung iiber den Harn beobachtet
werden: Phosphor aus gut wasserldslichen Quellen wird zu einem grof3eren Teil iiber den
Harn ausgeschieden, als anorganischer Phosphor weniger 16slichen Ursprungs
(DOBENECKER et al., 2018a).

Fir Equiden ist die Studienlage zu diesem Thema bislang diinn. Der
Phosphormetabolismus in Pferden und Ponys hinsichtlich Aufnahme, fakaler und renaler
Ausscheidung sowie Serumgehalt wurde zwar durchaus bereits von einigen Studien
untersucht (SCHRY VER et al., 1971; HINTZ & SCHRY VER, 1972a; ARGENZIO et al.,
1974; VAN DOORN et al., 2004a; VAN DOORN et al., 2004b; VAN DOORN et al.,
2011; VAN DOORN et al., 2014), jedoch selten hinsichtlich der direkten Fragestellung,
welchen Einfluss die Phosphorquellen auf Gehalte in Serum und Harn haben. In der
Studie von Saastamoinen et al. (2020) wurde die Ausscheidung 16slicher anorganischer
Phosphatquellen iiber den Kot bei Pferden untersucht, aber im Hinblick auf deren Einfluss
auf die Umwelt. Genauso in der Studie von Westendorf und Williams (2015), in der das
Hauptaugenmerk auf der Loslichkeit von Phosphor in Pferdemist und in weiterer Folge

im Boden liegt.

2.1.2. Magnesium

Magnesium dient bei allen Tierarten als Cofaktor zahlreicher Enzyme im Organismus
(STANGL, 2014a) und ist in diesem Zuge bei Equiden hauptséichlich fiir die Funktion des
Nerven- und Muskelgewebes, aber auch fiir die Mineralisation des Knochens wichtig
(COENEN & MEYER, 2019b). Folgen eines Magnesiummangels in Form von
Muskelzittern, Muskelkrampfen oder gar ausgeprigten Tetanien (COENEN & MEYER,
2019b) sind bei gesunden Pferden unwahrscheinlich (HARRIS et al., 2006) und im
Gegensatz zu Rindern selten (STEWART, 2015). Ein Uberschuss an Magnesium fiihrt
erst bei starker Uberversorgung und in Kombination mit einem Phosphoriiberschuss bei
Pferden zu Risiken wie der Bildung von Harnsteinen, seltener Darmsteinen (COENEN &
MEYER, 2019b). Bei exzessiver Aufnahme an Sulfaten ist deren abfiihrende Wirkung zu
beachten (HARRIS et al., 2006).

Absorbiert wird Magnesium bei monogastrischen Tierarten sowohl passiv im Diinndarm

als auch aktiv im Dickdarm (WOLFFRAM, 2022). Bei Equiden erfolgt der quantitativ
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groBlte Teil der Magnesiumabsorption im Diinndarm (KAPUSNIAK et al., 1988;
STEWART, 2015), wihrend nur noch ein kleiner Teil im Dickdarm absorbiert wird
(HINTZ & SCHRYVER, 1972b; STEWART, 2015). Die scheinbare Verdaulichkeit von
Magnesium liegt bei Hund, Katze, Schwein und Maus etwa bei 20 bis 30 %
(ENTRINGER et al., 1975; MEYER et al., 1999; BURMEIER, 2017; BOSWALD et al.,
2023). Pferde haben nach Clauss et al. (2007; 2009) eine é&hnliche scheinbare
Magnesiumverdaulichkeit von 35 %, wéhrend sich bei Tapiren und Spitzmaulnashérnern
mit etwa 60 bis 70 % eine hohere scheinbare Verdaulichkeit des Magnesiums zeigt. Die
Magnesiumaufnahme hat starken Einfluss auf die Magnesiumausscheidung tiber Kot und
Harn (STEWART, 2015).

Magnesiummangel sowie Uberversorgung fiihren im Regelfall zu entsprechend
verminderten bzw. erhdhten Magnesiumkonzentrationen im Serum, weshalb der
Magnesiumserumspiegel zur Abschétzung der Versorgungslage mit diesem Element

genutzt werden kann (VERVUERT & KIENZLE, 2013).

2.1.3. Natrium, Kalium und Chlorid

Die Elektrolyte Natrium und Chlorid sind fiir die Aufrechterhaltung des osmotischen
Drucks sowie fiir die Regulation des Sédure-Basen- und Wasserhaushalts des Pferdes
unabdingbar (COENEN & MEYER, 2019b). Bei der Bildung der Membranpotenziale an
elektrisch erregbaren Zellen spielen Natrium und Kalium eine entscheidende Rolle und
tragen somit wesentlich zur Funktion von Nerven- und Muskelzellen bei (STANGL,
2014a). Des Weiteren sind die genannten Elektrolyte essenziell flir interzelluldre
Transportvorginge (STANGL, 2014a; COENEN & MEYER, 2019b) und werden bei
allen Tierarten flir weitere Aufgaben bendtigt, wie beispielsweise Natrium fiir die
Funktion der Schilddriise sowie die Regulation des Blutdrucks und Chlorid als
Bestandteil der Magensdure (STANGL, 2014a; COENEN & MEYER, 2019b).

Ein Mangel an Natrium kann bei Equiden Lecksucht hervorrufen sowie das zentrale
Nervensystem inklusive der Entstehung von Anfillen betreffen (LINDNER, 1983;
JAMIESON, 1985). Bei einer Unterversorgung mit Chlorid wurde die Entstehung einer
metabolischen Alkalose bei Pferden postuliert, es zeigt sich aber haufig nur eine schwach
ausgeprigte klinische Symptomatik (COENEN & MEYER, 2019b). Muskelschwiéche
und Paralyse konnen durch einen Kaliummangel verursacht sein (BROBST, 1986),
welcher unter Praxisbedingungen beim gesunden Pferd nicht zu erwarten ist (HARRIS et

al., 2006; COENEN & MEYER, 2019b). Da beim Einweichen von Heu Kalium
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ausgeschwemmt wird (MACK et al., 2014; BOCHNIA et al., 2021; GLATTER et al.,
2021), konnte diese Praktik allerdings zu einem etwaigen Kaliummangel bei Pferden und
Ponys beitragen. Eine Uberversorgung mit den genannten Elektrolyten gilt bei
ausreichender Wasserversorgung in der Regel als unbedenklich, wihrend die
Ausscheidung iiber die Niere zunimmt (COENEN & MEYER, 2019b). Exzessive
Natriumaufnahme kann bei Equiden allerdings durchaus mit metabolischer Azidose,
Flissigkeitseinlagerungen im Gewebe sowie Magengeschwiiren einhergehen
(HOLBROOK et al., 2005; ZEYNER et al., 2017) und deutliche Kaliumiiberschiisse
konnen bei Equiden zu Stérungen der Herzfunktion fiihren (SCHWARZWALD, 2013).
Die Absorption von Kalium und Chlorid erfolgt bei allen Tierarten im Diinndarm
iiberwiegend passiv (WOLFFRAM, 2022), wiahrend Natrium hauptsichlich sekundér
aktiv durch Na'-Cotransportsysteme, beispielsweise mit Glucose, resorbiert wird (DYER
etal.,2009; WOLFFRAM, 2022). Natrium und Chlorid werden bei Equiden im Dickdarm
zudem aktiv transportiert (GIDDINGS et al., 1974; CLARKE et al., 1992; zitiert nach
CEHAK et al., 2009).

Natrium-, Kalium- und Chlorid-Verluste iiber den Schweill spielen beim Pferd eine
entscheidende Rolle, da die dortigen Konzentrationen an Natrium, Kalium und Chlorid
im Vergleich zu jenen an Calcium, Phosphor und Magnesium relativ hoch sind (HARRIS
et al., 2006; GFE, 2014). Die scheinbare Verdaulichkeit von Chlorid liegt sowohl bei
Menschen, Hunden und Katzen mit 94 bis 99 % als auch bei Equiden (94 bis 96 %) in
einem sehr hohen Bereich (HAZELL, 1985; MEYER et al., 1999; STURMER, 2005;
NEUSTADTER, 2015; BURMEIER, 2017). Im Hinblick auf die Natriumverdaulichkeit
erscheinen wiederum interessante tierartliche Unterschiede. So zeigt sich mit 71 bis 98 %
eine relativ hohe scheinbare Verdaulichkeit von Natrium beispielsweise bei Méusen,
Schweinen, Katzen und Hunden (ENTRINGER et al., 1975; MEYER et al., 1999;
BURMEIER, 2017; BOSWALD et al., 2023), aber auch bei Kaninchen (HAGEN et al.,
2015). Bei Pferden und anderen groBBen Dickdarmverdauern wie Tapiren und
insbesondere Spitzmaulnashornern liegt die scheinbare Natriumverdaulichkeit mit bis zu
56 % deutlich niedriger (CLAUSS et al., 2007; CLAUSS et al., 2009). Ebenfalls als
relativ niedrig erweist sich die scheinbare Verdaulichkeit von Kalium bei Tapiren und
Spitzmaulnashdérnern mit etwa 59 bis 67 % (CLAUSS et al., 2007; CLAUSS et al., 2009).
Bei Equiden liegt diese mit etwa 78 % etwas hoher (CLAUSS et al., 2007; CLAUSS et

al., 2009), eher vergleichbar mit jener, die bei Schweinen, Miusen, Katzen und Hunden
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(74 bis 95 %) festgestellt werden kann (ENTRINGER et al., 1975; MEYER et al., 1999;
BURMEIER, 2017; BOSWALD et al., 2023).

Sofern keine chronische Erkrankung vorliegt, welche mit Stérungen des Wasser- oder
Elektrolythaushalts einhergeht, wird die relative Menge an Natrium und Chlorid im Blut
unabhéngig von der Aufnahme bei allen Tierarten sowie beim Menschen durch
Verinderung des extrazelluliren Volumens konstant gehalten (GABEL, 2022;
EBERSPACHER-SCHWEDA, 2023). Eine iiber die Nahrung zugefiihrte
Uberversorgung oder ein Mangel mit den genannten Elektrolyten kénnen entsprechend
durch die Regulation des Blutvolumens nicht im Blut entdeckt werden (VERVUERT &
KIENZLE, 2013). Im Gegensatz dazu kann sich ein Mangel an Kalium durchaus in vom
Referenzbereich abweichenden Blutwerten widerspiegeln (VERVUERT & KIENZLE,
2013).

2.2. Prinzipien der faktoriellen Bedarfskalkulation

Die faktorielle Bedarfskalkulation stellt den aktuellen Goldstandard der Ermittlung des
tiglichen Bedarfs der meisten Mengenelemente in der Tiererndhrung dar
(DOBENECKER & VERVUERT, 2024). Hierbei wird von einem Nettobedarf
ausgegangen, welcher sich aus dem Bedarf fiir Erhaltung und dem Bedarf fiir Leistung
zusammensetzt (STANGL, 2014a). Der Bedarf fiir Erhaltung beriicksichtigt dabei die
unvermeidbaren endogenen Verluste, also jenen Teil an Mengenelementen, welcher auch
bei bedarfsgerechter Versorgung und Futtermengenaufnahme obligatorisch verloren geht,
beispielsweise iiber Kot, Harn oder Haut (DOBENECKER & VERVUERT, 2024). Sofern
sich der Korper nicht im Ruhestoffwechsel befindet, sondern beispielsweise im
Wachstum oder unter korperlicher Belastung, steigt der Bedarf an bestimmten
Néhrstoffen an (GFE, 2014). Gleiches gilt im Rahmen der Reproduktion fiir den
Mehrbedarf in der Trichtigkeit sowie beispielsweise fiir die Milchbildung in der
Laktation (GFE, 2014). Die Menge an Néhrstoffen, die fiir all diese Situationen zusétzlich
benotigt wird, wird im Bedarf fiir Leistung berticksichtigt (STANGL, 2014a). Es werden
also die zum Ausgleich von Verlusten benoétigte Nihrstoffmenge sowie die
Nahrstoffmenge, die fiir Leistung (beispielsweise Wachstum oder Milchproduktion)
benotigt wird, addiert (KIENZLE, 1998). Eine grofle Rolle bei korperlicher Arbeit spielt

die Schweilproduktion. Insbesondere die Mineralstoffe Natrium, Kalium und Chlorid
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werden bei Equiden in bedeutenden Mengen iiber den Schweil} verloren und auch diese
Verluste werden bei der Bedarfsberechnung fiir Leistung mitberiicksichtigt (GFE, 2014).
Der Nettobedarf reicht allein aber noch nicht zur Herausgabe einer
Versorgungsempfehlung aus. Um den dafiir geeigneten Bruttobedarf errechnen zu
konnen, muss die Verfiigbarkeit bzw. die Verwertung des jeweiligen Nahrstoffs mit
einbezogen werden (KIENZLE, 1998). Hierfiir spielen beispielsweise die Absorption im
Darm, die Verfiigbarkeit flir den Intermedidrstoffwechsel des Tieres und die Effizienz der
Umwandlung in das Endprodukt eine Rolle (KIENZLE, 1998). Fiir Mineralstoffe stellt
die Absorption aus dem Magen-Darm-Trakt den limitierenden Faktor dar, von welchem
die Verfiigbarkeit maB3geblich abhingt, weshalb bei Mineralstoffen die Verfiigbarkeit
hiufig mit der wahren Verdaulichkeit gleichgesetzt wird (KIENZLE & ZORN, 2006).
Wird der Nettobedarf durch die Verfligbarkeit geteilt und mit 100 multipliziert, kann der
Bruttobedarf errechnet werden (KIENZLE, 1998):

Nettobedarf
Bruttobedarf = - : * 100
Verfiigbarkeit [%]

Dabei handelt es sich um Schitzgroen, weshalb bei der Bedarfsempfehlung
Sicherheitsspannen unterschiedlicher Breite mitberiicksichtigt werden (BOSWALD et al.,
2019).

2.2.1. Ermittlung der wahren Verdaulichkeit

Die wahre Verdaulichkeit stellt den Anteil eines Nahrstoffs dar, welcher nicht mit dem
Kot wieder ausgeschieden wird, also entsprechend im Kdrper verbleibt, und bezieht dabei
im Gegensatz zur scheinbaren Verdaulichkeit die korpereigenen endogenen Verluste mit
ein (EDER et al.,, 2024). Dies bezeichnet jenen Anteil, welcher auch bei fehlender
Aufnahme trotzdem iiber den Kot ausgeschieden werden wiirde. Verschiedene Nahrstoffe
werden unterschiedlich stark endogen verloren und so ergibt sich je nach Nahrstoff ein
groflerer oder kleinerer Unterschied zwischen scheinbarer und wahrer Verdaulichkeit
(STANGL, 2014b). Bei den Mengenelementen bestehen beispielsweise grofle
Unterschiede, da teilweise hohe Mengen an Mineralstoffen mit dem Kot ausgeschieden
werden (STANGL, 2014b).

Die wahre Verdaulichkeit ldsst sich wie folgt errechnen (EDER et al., 2024):

wV (%) = == * 100

10
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2.2.2. Ermittlung der endogenen Verluste

Die endogenen Verluste, welche wie oben beschrieben fiir die Berechnung der wahren
Verdaulichkeit bendtigt werden, konnen grundsétzlich mittels verschiedener Methoden
berechnet werden.

Erstens konnen die endogenen Verluste im praktischen Tierversuch bestimmt werden.
Dabei wird eine Ration ohne den betreffenden Néhrstoff gefiittert (EDER et al., 2024).
Durch Messung des Nihrstoffgehalts beispielsweise im Kot kann dessen Menge im
genannten Ausscheidungsprodukt als endogener Verlust angenommen werden.

Die zweite Mdglichkeit stellt die Isotopenverdiinnungsmethode dar (EDER et al., 2024).
Hierbei wird einem Tier ein Isotop verabreicht und anschliefend bei isotopfreier
Fiitterung dessen Konzentration in Blutserum und Kot gemessen (STANGL, 2014b).
Wenn nun die Isotopenkonzentration im Blut der Isotopenkonzentration im Kot
gleichgesetzt wird, kdnnen mittels folgender Gleichgewichtsbeziehung die endogenen

Verluste eruiert werden (STANGL, 2014b):

Elementmenge (K) * Isotopenkonzentration (K)

= endogene Ausscheidungsmenge * [sotopenkonzentration (B)

Drittens kann als bevorzugte Methode die Kalkulation der endogenen Verluste mittels
tierartspezifischer Regressionsgleichungen erfolgen (EDER et al., 2024). Dabei wird die
Mineralstoffauthahme gegen die fidkale Mineralstoffausscheidung geplottet. Sofern die
Datenpunkte eine lineare Beziehung darstellen, kann durch Erstellen einer
Regressionsgeraden die Aufnahme des Mineralstoffs auf null extrapoliert werden. Die
endogenen Verluste entsprechen dann dem Schnittpunkt der Regressionsgeraden mit der

Y-Achse.

2.2.3. Grenzen der faktoriellen Bedarfskalkulation

Um den Nihrstoftbedarf errechnen zu konnen, miissen bei der faktoriellen
Bedarfskalkulation wie oben beschrieben Verluste und Zuwidchse fiir bestimmte
Situationen, wie Erhaltung plus beispielsweise Milchproduktion, geschitzt werden
konnen. Dies ist nur flir Ndhrstoffe geeignet, bei welchen eine solche Schitzung leicht
moglich ist, wie bei Energie, Protein, Mengen- und einigen Spurenelementen (KIENZLE,
1998). Fiir die meisten Spurenelemente und Vitamine ist die Methode allerdings nicht gut
geeignet (KIENZLE, 1998). Des Weiteren ergeben sich auch bei den Néhrstoffen, bei

welchen die faktorielle Bedarfskalkulation anwendbar ist, Grenzen durch beispielsweise

11
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Regulation des Stoffwechsels oder etwaig ungenaue Schitzungen der Verwertung
(KIENZLE, 1998). Denn insbesondere bei der genannten Methode, bei welcher die
Verfiigbarkeit den Nenner des Bruchs beschreibt, konnen bereits kleine Anderungen in
der geschitzten Verfiigbarkeit die Fiitterungsempfehlungen gravierend verdndern
(BOSWALD et al., 2019). Zudem wurde in der Vergangenheit beispielsweise hinsichtlich
der Berechnung des Proteinbedarfs bei wachsenden Schweinen kritisiert, dass der
jeweilige Bedarf flir Erhaltung und Wachstum durch Interaktionen im Korper nicht genau

voneinander getrennt werden kann (VAN MILGEN & NOBLET, 1999).

2.2.3.1. Regulation

Eine weitere Grenze der faktoriellen Bedarfskalkulation stellen regulative Prozesse des
Korpers dar. So ist beispielsweise bekannt, dass eine niedrige Natrium- und
Kaliumaufnahme bei Pferden zu verringerten endogenen Verlusten fithrt (HARRIS et al.,
2006). Erfolgt die oben genannte Extrapolation zur Ermittlung der endogenen Verluste
mittels Regressionsgeraden also zum Zeitpunkt eines Nihrstoffmangels, kann dies zu
einer Unterschitzung der endogenen Verluste und infolgedessen zu einem nicht korrekt
berechneten Bedarf fithren. Auch Faktoren wie die Wasseraufnahme, welche
beispielsweise den Natriumhaushalt beeinflusst (GABEL, 2022) und Erkrankungen wie
beispielsweise PPID bei Pferden und Ponys (ELLIOTT, 2010) bzw.
Hyperadrenokortizismus bei anderen Tierarten (CAYZER & JONES, 1993; BAILEY et
al., 2009) kénnen durch hormonelle Einfliisse auf den Stoffwechsel zu Ungenauigkeiten
im faktoriell errechneten Bedarf fithren. Grundsitzlich sind sehr viele Prozesse im Korper
miteinander verwoben und bedingen sich in solch komplizierter Kaskade gegenseitig,
dass nicht alle Eventualititen dieser Prozesse nachvollzogen werden konnen. Die
Riickabsorption von Magnesium wird zum Beispiel durch Hyperglykémie,
Hyperkalzamie, Hyperkalziurie, Hypokalidmie, Hypophosphatidmie, tubulidrer Azidose,
metabolischer Azidose oder osmotischer Diurese beeinflusst (TORIBIO, 2010; zitiert
nach STEWART, 2015).

2.2.3.2. Verfiigbarkeit der Nihrstoffe

Die Verfiigbarkeit beschreibt, wie schnell und in welchem Umfang ein Néhrstoff in den
systemischen Kreislauf gelangt und an den Zielgeweben verfiigbar ist (KIENZLE &
ZORN, 2006). Wie oben erwihnt, hat diese groen Einfluss auf den berechneten
Nihrstoffbedarf (BOSWALD et al., 2019). Es gibt verschiedene Faktoren, welche die

12
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Bioverfiigbarkeit von Ndhrstoffen beeinflussen. Einige (Spezies, Alter, Gesundheits- und
Erndhrungszustand) betreffen das Tier selbst (KIENZLE & ZORN, 2006). Andere
betreffen die Fiitterung, beispielsweise durch Interaktionen zwischen verschiedenen
Mineralstoffen oder durch die Zufuhr von Stoffen, welche die Absorption entweder
begiinstigen oder beeintrachtigen konnen (KIENZLE & ZORN, 2006). So beeinflusst
beispielsweise das Ca:P Verhéltnis die Calcium- und Phosphorabsorption, wobei Pferde
vorwiegend hinsichtlich der Calciumabsorption gegeniiber einem engen Ca:P Verhiltnis
empfindlicher sind als gegeniiber einem Weiten (SCHRYVER et al., 1971; VAN DOORN
et al., 2004a; KIENZLE & ZORN, 2006; SCHWARZ, 2014). An Phytat gebundener
Phosphor gilt bei Monogastriern grundsétzlich als schlecht verfiigbar (WOLFFRAM,
2022). Bei Pferden kann der phytatgebundene Phosphor vergleichsweise gut
verstoffwechselt werden (KIENZLE & ZORN, 2006), wihrend die Absorption von
Calcium davon aber beeintrichtigt werden kann (VAN DOORN et al., 2004a). Ebenfalls
senkend auf die Calciumverfiigbarkeit bei Pferden wirkt dessen Bindung an Oxalat
(SWARTZMAN et al., 1978; BLANEY et al., 1981; KIENZLE & ZORN, 2006). Die
Verfligbarkeit von Magnesium wird bei Pferden beispielsweise durch einen hohen
Raufaseranteil im Futter verbessert (KIENZLE & ZORN, 2006) und durch eine hohe
Fettmenge verringert (ZEYNER, 2002; zitiert nach KIENZLE & ZORN, 2006).

Auch der Ursprung der Mineralstoffe hat Einfluss auf deren Verfiigbarkeit (HARRIS et
al., 2006). Als Calciumquellen in der Erndhrung dienen hauptsichlich die Folgenden:

1. Calciumsalz der Kohlensdure

o Calciumcarbonat (CaCOs3)
2. Calciumsalz der Salzsdure

o Calciumchlorid (CaCly)
3. Calciumsalz der Citronensdure

o Calciumcitrat (Caz(CsHs07)2)
4. Calciumsalz der Schwefelsdure

o Calciumsulfat (CaSO4)
5. Calciumsalz der Gluconsdure

o Calciumgluconat (C12H22Ca014)

Calciumcarbonat ist eine in Wasser nahezu unlosliche Substanz (SEIDELL, 1928),

genauso wie Calciumsulfat. Alle anderen genannten Calciumquellen sind gut in Wasser
l16slich (SEIDELL, 1928). Schryver (1975) postulierte eine Verfiigbarkeit von Calcium

fiir Pferde aus nahezu allen Futterkomponenten, was auch Kienzle und Zorn (2006) in
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ihrer Verdffentlichung zur Bioverfligbarkeit von Mineralien des Pferdes entsprechend
zitierten. Hinsichtlich der Calciumverfiigbarkeit bei Pferden spielen nach aktueller
Studienlage vielmehr die oben genannten Faktoren eine Rolle.

Hauptsdchlich in der Erndhrung als anorganische Phosphate eingesetzt werden
beispielsweise folgende Salze der (Ortho-) Phosphorsidure (H3POs) (MORTIMER &
MULLER, 2010):

1. Dihydrogenphosphate (primire Phosphate)

o Natriumdihydrogenphosphat (NaH2POj4)

o Calciumdihydrogenphosphat: (Ca(H2PO4)>)
2. Hydrogenphosphate (sekundére Phosphate)

o Natriumhydrogenphosphat (NaxHPO4)

o Calciumhydrogenphosphat: (CaHPO4)

Alle Genannten sind gut loslich in Wasser (SEIDELL, 1928). Eine Ausnahme stellt
Calciumhydrogenphosphat (CaHPQO4) dar, auch bekannt als Dicalciumphosphat, welches
schlecht wasserloslich ist (SEIDELL, 1928). Bislang wird bei Pferden grundsétzlich eine
hohe Bioverfiigbarkeit von Phosphor aus Knochenmehl, Dicalciumphosphat und
Monocalciumphosphat (Ca(H2POs4)2) angenommen (HINTZ & SCHRYVER, 1972a).
Néheres zum Einfluss der Quelle auf den Phosphorstoffwechsel wird im obigen Kapitel
2.1.1. ,,Calcium und Phosphor* erldutert.

Die Magnesiumzufuhr kann sowohl aus dem Grundfutter, folglich aus organischer
Quelle, als auch mittels zugesetzter Magnesiumsupplemente erfolgen. Die meisten
natiirlichen Mischfuttermittel guter Qualitét sind ausreichend, um den Magnesiumbedarf
der meisten Pferde zu decken (HARRIS et al., 2006). Die Verfligbarkeit von Magnesium
aus Pflanzen ist grundsétzlich hoch (WILKINSON et al., 1990). Allerdings haben die
klimatischen Verhiltnisse erheblichen Einfluss auf die in Pflanzen enthaltene
Magnesiumkonzentration. Je hoher die Temperatur, bei welcher die Pflanzen aufwuchsen,
desto hoher ist deren Magnesiumgehalt (GRUNES & WELCH, 1989). Daraus ldsst sich
auch ableiten, dass die Verfiigbarkeit des in Pflanzen enthaltenen Magnesiums fiir Pferde
und Ponys insbesondere in der kiihlen Jahreszeit niedrig ist (GRUNES & WELCH, 1989).
Zusétze zur ausreichenden Magnesiumversorgung, welche in der Erndhrung Verwendung

finden, sind beispielsweise folgende:

1. Oxid des Magnesiums

o Magnesiumoxid (MgO)
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2. Magnesiumsalz der Schwefelsdure

o Magnesiumsulfat (MgSOa)
3. Magnesiumsalz der Salzsdure

o Magnesiumchlorid (MgCl,)
4. Magnesiumsalz der Kohlensdure

o Magnesiumcarbonat (MgCO3)
5. Magnesiumsalz der Citronensdure

o Magnesiumhydrogencitrat (CsHsMgO7)

Alle genannten Komponenten mit Ausnahme von Magnesiumoxid und
Magnesiumcarbonat sind gut 19slich in Wasser (SEIDELL, 1928). Trotz der nahezu
wasserunldslichen Eigenschaften von Magnesiumoxid gilt diese Quelle als fiir Pferde gut
verfiigbar (HARRINGTON & WALSH, 1980). Es sind sowohl héhere Absorptionen von
Magnesium aus organischen Quellen im Vergleich zu Anorganischen beschrieben
(HARRIS et al., 2006), als auch gegensitzlich dazu hohere Absorptionsraten von
zugesetztem Magnesium (Magnesiumoxid, Magnesiumsulfat oder Magnesiumcarbonat),

im Vergleich zu jenem organischer Herkunft (STEWART, 2015).

2.3. Bedarfsempfehlungen fiir Mengenelemente beim Pferd
beiden haben

Bedarfsempfehlungen fiir Mengenelemente beim Pferd verdndert, wie untenstehender

Insbesondere  innerhalb der letzten Jahrzehnte sich die
Tabelle zu entnehmen ist. Die Angaben beziehen sich auf ein Durchschnittsgewicht von
600 kg KM, welches auch fiir die Umrechnung in die Einheit mg/kg MBW verwendet

wurde.

Tabelle 1: Ubersicht iiber die Angaben zum Mengenelementbedarf des Pferdes

Calcium
Quelle Bedarf fiir | Erhaltungs- Bedarf fiir Leistungs-
Erhaltung in bedarf korperliche bedarf
g/Tag umgerechnet | Arbeitin | umgerechnet
in mg/kg g/Tag in mg/kg
MBW MBW
GfE (2014) 19,9 164 - -
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NRC (2007) 24 198 Leicht: 36 Leicht: 297
Mittel: 42 Mittel: 346
Schwer: 48 | Schwer: 396
GfE (1994) 30 247 Leicht: 31 Leicht: 256
Mittel: 32 Mittel: 264
Schwer: 34 | Schwer: 280
GfE (1982) 25 206 Leicht: 26 Leicht: 214
Mittel: 26 Mittel: 214
Schwer: 27 | Schwer: 223
Phosphor
Quelle Bedarf fiir | Erhaltungs- Bedarf fiir Leistungs-
Erhaltung in bedarf korperliche bedarf
g/Tag umgerechnet | Arbeitin | umgerechnet
in mg/kg g/Tag in mg/kg
MBW MBW
GfE (2014) 13,7 113 - -
NRC (2007) 16,8 139 Leicht: 21,6 | Leicht: 178
Mittel: 25,2 | Mittel: 208
Schwer: 34,8 | Schwer: 287
GfE (1994) 18 148 Leicht: 18 Leicht: 148
Mittel: 18 Mittel: 148
Schwer: 19 | Schwer: 157
GfE (1982) 15 124 Leicht: 16 Leicht: 132
Mittel: 16 Mittel: 132
Schwer: 17 | Schwer: 140
Magnesium
Quelle Bedarf fiir | Erhaltungs- Bedarf fiir Leistungs-
Erhaltung in bedarf korperliche bedarf
g/Tag umgerechnet | Arbeitin | umgerechnet
in mg/kg g/Tag in mg/kg
MBW MBW
GfE (2014) 6,5 53 - -
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NRC (2007) 9 74 Leicht: 11,4 | Leicht: 94
Mittel: 13,8 | Mittel: 114
Schwer: 18 | Schwer: 148
GfE (1994) 12 99 Leicht: 13 Leicht: 107
Mittel: 13 Mittel: 107
Schwer: 15 | Schwer: 124
GfE (1982) 12 99 Leicht: 13 Leicht: 107
Mittel: 13 Mittel: 107
Schwer: 14 | Schwer: 115
Natrium
Quelle Bedarf fiir | Erhaltungs- Bedarf fiir Leistungs-
Erhaltung in bedarf korperliche bedarf
g/Tag umgerechnet | Arbeitin | umgerechnet
in mg/kg g/Tag in mg/kg
MBW MBW
GfE (2014) 3,3 27 Leicht: 7,3 Leicht: 60
Mittel: 14,3 | Mittel: 118
Schwer: 25,3 | Schwer: 209
NRC (2007) 12 99 Leicht: 16,7 | Leicht: 138
Mittel: 21,3 | Mittel: 176
Schwer: 30,6 | Schwer: 252
GfE (1994) 12 99 Leicht: 27 Leicht: 223
Mittel: 57 Mittel: 470
Schwer: 113 | Schwer: 932
GfE (1982) 15 124 Leicht: 21 Leicht: 173
Mittel: 28 Mittel: 231
Schwer: 36 | Schwer: 297
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Kalium
Quelle Bedarf fiir | Erhaltungs- Bedarf fiir Leistungs-
Erhaltung in bedarf korperliche bedarf
g/Tag umgerechnet Arbeit in umgerechnet
in mg/kg g/Tag in mg/kg
MBW MBW
GfE (2014) 16,8 139 Leicht: 18,8 | Leicht: 155
Mittel: 21,8 | Mittel: 180
Schwer: 26,8 | Schwer: 221
NRC (2007) 30 247 Leicht: 34,2 | Leicht: 282
Mittel: 38,4 | Mittel: 317
Schwer: 46,8 | Schwer: 386
GfE (1994) 30 247 Leicht: 39 Leicht: 322
Mittel: 48 Mittel: 396
Schwer: 72 | Schwer: 594
GfE (1982) 22 181 Leicht: 32 Leicht: 264
Mittel: 43 Mittel: 355
Schwer: 53 | Schwer: 437
Chlorid
Quelle Bedarf fiir | Erhaltungs- Bedarf fiir Leistungs-
Erhaltung in bedarf korperliche bedarf
g/Tag umgerechnet Arbeit in umgerechnet
in mg/kg g/Tag in mg/kg
MBW MBW
GfE (2014) 1,8 15 Leicht: 7,8 Leicht: 64
Mittel: 18,8 | Mittel: 155
Schwer: 34,8 | Schwer: 287
NRC (2007) 48 396 Leicht: 56 Leicht: 462
Mittel: 63,9 | Mittel: 527
Schwer: 79,8 | Schwer: 658
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GfE (1994) 48 396 Leicht: 73 Leicht: 602
Mittel: 98 Mittel: 808

Schwer: 164 Schwer:

1353

GfE (1982) - - - -
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Simple Summary: The present study evaluated the literature investigating the potential differences in
the quantitative calcium (Ca), phosphorus (P) and magnesium (Mg) metabolism in horses and ponies
and between “organic” (plant origin) and “inorganic” mineral sources (mineral salts). For P sources,
the “inorganic” P salts were also differentiated according to water solubility. The present study found
unequivocal differences in apparent Mg digestibility between horses and ponies, whereby horses
require a greater amount of this nutrient. “Organic” Ca was shown to have a higher bioavailability
than “inorganic” Ca. When considering P sources, the distinction was made between water-soluble
“inorganic” sources and all other sources. The water-soluble sources were highly available, and they

increased serum P levels and renal P excretion, which presents a potential health risk.

Abstract: The aims of the present meta-analysis were (i) to re-evaluate the factorially calculated
Ca, P and Mg requirements to replace endogenous faecal losses, taking new data into account,
(ii) to identify potential differences between horses and ponies regarding requirements, apparent
digestibility, serum levels and renal excretion of Ca, P and Mg and (iii) to investigate the influence of
mineral sources, i.e., “inorganic” sources from added mineral salts and “organic” sources from feed
plants. For P, the water solubility of “inorganic” sources was taken into consideration. Data on the
aforementioned parameters from 42 studies were plotted against intake, similar to the Lucas test for
true digestibility and faecal endogenous losses. Within specific intake ranges, data were compared
using t-tests and an ANOVA, followed by Holm-Sidak post hoc tests. Ponies had lower endogenous
faecal Mg losses than horses. Consequently, apparent Mg digestibility was higher in ponies. Factorial
calculations of Mg requirements to replace faecal losses showed that ponies needed approximately
half of the current recommended amount, while horses required 1.9 times the amount currently
recommended by Kienzle and Burger. The overall mean matched previous recommendations. For Ca,
there was no discernible difference between ponies and horses. True Ca digestibility calculated by
the Lucas test was higher and endogenous losses were lower when “organic” Ca was fed as opposed
to when “inorganic” sources were used. The resulting factorial calculations of the requirements
to replace faecal losses were close to current recommendations for “organic” Ca. For “inorganic”
sources, however, the new calculations were below the recommended level. For P, there were no
discernible differences between horses and ponies. There were also no clear effects of “inorganic”
or “organic” P sources. The water solubility of “inorganic” sources was the key factor determining
P metabolism. Water-soluble P sources exhibited higher true and apparent digestibility. The intake
of these P sources led to hyperphosphatemia and hyperphosphaturia, even at low intakes. In other
species, this has been shown to pose a health risk. Therefore, it is recommended to avoid the use of
highly water-soluble “inorganic” P sources in horses and ponies. Given the lower digestibility of
insoluble P sources, the factorially calculated P requirements for such sources are higher than the
current recommendations.

Keywords: pony; horse; mineral; metabolism; calcium; phosphorus; magnesium; digestibility
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1. Introduction

Ca, P and Mg are essential elements that are crucial for many bodily functions. Appar-
ent and true digestibility as well as endogenous faecal losses of these minerals are important
for factorial calculation of mineral requirements. For adult horses, a meta-analysis on these
parameters was last performed in 2011 [1]. Since this time, the data available in the lit-
erature have increased. Therefore, it is possible to recalculate the results of Kienzle and
Burger [1] with a larger dataset. This was the first goal of the present meta-analysis.

A more comprehensive database provides the possibility to investigate potential differ-
ences between horses and ponies. This was the second goal of the present meta-analysis.

The third question addressed was the difference between mineral sources, especially
P sources. In other species such as cats, dogs, pigs and humans, it has been shown that the
P source may play an important role in digestibility and metabolism [2-5]. “Inorganic” P
is even considered to be a health risk [6—15]. In this context, renal P excretion and serum
P levels play a crucial role [6,16-20]. Therefore, data on serum minerals, renal mineral
excretion and retention were included in the meta-analysis, covering not only P but also Ca
and Mg.

Plots similar to the Lucas test were used as the main approach. When apparent di-
gestibility, faecal excretion or apparently digested minerals are plotted against mineral
intake, patterns may emerge that are not visible when only comparing apparent digestibil-
ity [21-23]. The same is true for serum levels and renal excretion if plotted against intake.

2. Materials and Methods

The studies used for the present meta-analysis were sought using Google Scholar, the
database information system (DBIS) of the LMU Munich, PubMed and the Online Public
Access Catalogue (OPAC) of the LMU Munich and the Bavarian State Library (BSB). The
main keywords searched for were “mineral digestibility, calcium, phosphorus, magnesium,
horse, pony, mare, gelding, digestibility, availability, minerals, set elements, renal, kidney,
faecal, serum, blood, excretion, resorption or absorption” in various configurations. Theses
that were used in the meta-analysis of Kienzle and Burger [1] were also included. Only
data from studies that involved adult equines (older than 36 months following the Society
of Nutrition Physiology (GfE) [24]), which were neither pregnant nor lactating, were
used. Since the loss of the minerals Ca, P and Mg through sweat is minimal in horses
and ponies [25] and does not lead to a recommendation for additional intake beyond the
maintenance requirements according to GfE [24], both working and non-working animals
were included in the analysis.

Only studies from which at least two of the following parameters could be extracted
were considered: daily mineral intake, apparent digestibility, faecal excretion, renal excre-
tion and serum blood levels. The body weight of the animals used in the studies had to be
available, or at least the breed had to be stated, to estimate the body weight. This calculation
was made based on the body mass in kg of large adult horses with a body condition score
(BCS) of 5-6 [24]. In addition, the parameters of breed, age, feed composition, mineral
source, dry matter intake, dry matter digestibility and faecal dry matter excretion were
required. Both individual data and group averages were taken into account.

The present meta-analysis was conducted in accordance with the Systematic Reviews
and Meta-Analyses (PRISMA) statement [26]. The last search for sources was carried out in
July 2024. The following studies were used: [27-68]. We included in the Supplementary
Material a flowchart in Figure 51 for the study search and selection and also Table S1, which
identifies the number of studies and participating individuals for each graph.

Classification as a pony or horse was determined by body weight: animals with a
body weight of more than 300 kg were considered horses, and those with a body weight
of less than 300 kg were considered ponies. In a study conducted by the Chair of Animal
Nutrition and Dietetics in Munich, one pony was temporarily heavier than 300 kg (ad
libitum feeding). Nevertheless, the pony was still counted as a pony in the respective study.
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Ca, P and Mg were subdivided depending on “organic” or “inorganic” origin. The
term “organic” does not refer to the chemical definition but rather describes the natural
mineral content of plants, such as Ca from alfalfa. This does not exclude the possibility
that the mineral in the plants could be an “inorganic” compound in the chemical sense.
In contrast, “inorganic” refers to mineral compounds added to mineral supplements or
mixed feed. The terms “organic” and “inorganic” have been widely used in this context in
various species [4,5,19,20]. To avoid confusion with chemical definitions, the term is placed
in quotation marks. One study by Schulze [58] could not distinguish between sources,
because the information about the feed did not allow for the discrimination of “organic” vs.
“inorganic” origins, and was not used in this context.

The recommendations on requirements of GfE [24] were used to compare intake to
requirements. The reference range for serum mineral level was taken from the book Equine
Applied and Clinical Nutrition: Health, Welfare and Performance [25].

For the meta-analysis, all data on intake and excretion were calculated per kilogram of
metabolic body weight (MBW). The initial step in the evaluation involved plotting apparent
digestibility against intake. The goal was to assess whether a typical hyperbolic curve
appeared, as proof of the validity of data from different sources. To compare data and
reveal potential interactions, the so-called Lucas test or modified Lucas test is an effective
method [1,69]. That was the second step. In the Lucas test, the apparently digested amount
of a nutrient is plotted against its intake. Provided that the data distribution is suitable for
linear regression calculation, the regression coefficient multiplied by 100 will represent the
true digestibility (in %) and the intercept will represent the endogenous losses. This version
of the Lucas test is most applicable to nutrients with high apparent digestibility, such as Ca.
In the modified Lucas test, faecal nutrient excretion is plotted against intake. In this case,
the regression coefficient must be subtracted from 1 and then multiplied by 100 to calculate
true digestibility. This version is suitable for nutrients with a lower apparent digestibility
such as P and Mg in the present study. The mineral requirement to replace faecal losses is
then calculated by dividing the endogenous losses by the true digestibility and multiplying
by 100. Data on serum mineral concentration were plotted against mineral intake. Data
on renal excretion were plotted against intake and /or apparently digested amount of the
respective mineral. Mineral retention was plotted against mineral intake. Outliers were
present in almost all plots. All outliers were examined for causes of exceptional mineral
metabolism, such as extremely high aluminium intake in the study by Roose [51], which
affected serum Ca and renal P excretion. The data of Lensing [70] created outliers in
practically all diagrams, a finding that clearly suggests that the data are not suitable for the
present meta-analysis. In that study, nutrient supply was changed in rapid succession with
short wash-out periods. Therefore, data from the aforementioned study were not used.

Acid-base balance has well-known effects on Ca and P metabolism [28,30,59,67,71,72].
Therefore, data from studies involving shifts in acid—base balance were excluded from all
plots on renal Ca and P excretion and retention. For serum Ca, data from studies with
shifts in acid-base balance fell outside the range defined by three standard deviations and
were therefore not included in the analyses of serum Ca. In detail, the aforementioned
limitations pertained to the following studies: Baker [27,28], O’Connor [47], McKenzie [42],
Berchtold [30], Mueller [43], Stiirmer [59], Wall [67], Schryver [57], one trial of Gomda [34]
and one trial of Mundt [44]. In the plots of apparent digestibility, faecal excretion and
apparently digested mineral, these datasets were included because they did not exhibit
any anomalies.

The Ca:P ratio in food has a strong and well-known effect on renal Ca and P excre-
tion [31,61,66,73]. Data from studies with very low or extremely high Ca:P ratios were
therefore not included in the present meta-analysis. Only studies with a Ca:P ratio between
1:1 to 5:1 were included in the analysis of renal Ca and P excretion. Again, in the plots
of apparent digestibility, faecal excretion and apparently digested mineral, these datasets
were included because they did not exhibit any anomalies.
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For Ca intakes exceeding 1000 mg/kg MBW, data were only available from ponies fed
“inorganic” Ca sources. Consequently, the diagrams comparing “organic” and “inorganic”
Ca sources—regarding the apparently digested Ca quantity, renal Ca excretion and Ca
retention—were limited to an intake of up to 1000 mg/kg MBW.

The plots of renal P excretion and retention in relation to P intake were restricted to
an intake of up to 500 mg/kg MBW because data above this level were limited to ponies
consuming “inorganic” P.

The data of Baker [27] were eliminated from the Mg serum level plot, as they produced
outliers. The Mg serum level in this study was in a range that could have caused clinical
problems. Presumably, there is an error in units somewhere.

The comparison of two means was conducted by Student’s t-test or alternatively, if data
were not normally distributed, by a Mann-Whitney Rank Sum Test. If multiple influencing
factors were present, a two-way ANOVA was used, followed by the Holm-Sidak post
hoc test for all pairwise comparisons. These tests were performed with SigmaPlot 14
(Systat Software, San Jose, CA, USA). Hyperbolic regressions were calculated in SigmaPlot
as nonlinear inverse first-order regressions. Linear regressions were also determined in
SigmaPlot. Linear regression lines were compared using the BiAS program with the test
of Ho (BiAS. fiir Windows, Version 11.01, 2023, epsilon-Verlag, Frankfurt, Germany). The
significance level was defined at <0.05.

3. Results
3.1. Calcium
3.1.1. Ca Digestibility

Figure 1 shows the apparent digestibility of Ca in relation to Ca intake. Especially
when fed below the required levels, apparent digestibility was low, and in some cases, even
negative. This effect appeared to be stronger in horses than in ponies. Within this intake
range, the Ca sources were typically “organic” from feed. The GfE recommendation for Ca
supply for maintenance is 164 mg/kg MBW. The mean apparent digestibility of Ca at an
intake of less than 164 mg/kg MBW of Ca was significantly higher in ponies than in horses.
At higher intake levels, there was no difference between ponies and horses.
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Figure 1. Relationship between Ca intake (in mg/kg MBW) and apparent Ca digestibility (in %).
Regression lines mark data of horses compared to ponies.

Figure 2 shows the apparently digested Ca in relation to Ca intake. Trendlines mark
the “organic” and “inorganic” sources. The regression coefficient was higher for “organic”
sources. A two-factorial ANOVA of apparent Ca digestibility within the intake range of
164-1000 mg/kg MBW, considering the factors pony vs. horse and “organic” vs. “inor-
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ganic”, showed a significant effect of the Ca source. Specifically, “organic” Ca had higher
values compared to “inorganic” Ca (“organic”: 48 + 10.3%, n: 127; “inorganic”: 39 4 18.4%,
n: 163; p < 0.001). No significant effect of pony vs. horse was observed. There was no
significant interaction between the factors (p = 0.143).
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Figure 2. Relationship between Ca intake and apparently digested Ca (both in mg/kg MBW).
Trendlines mark “organic” and “inorganic” Ca sources. Endogenous losses are represented by the
intercept and true digestibility by the regression coefficient. Only data up to an intake of 1000 mg/kg
MBW and with information on Ca source were taken into account.

3.1.2. Serum Ca Concentration

Within the intake range of 164 to 1000 mg/kg MBW, the serum Ca concentration
(Figure 3) was completely unaffected by Ca intake, source, Ca:P ratio or whether the subject
was a pony or a horse.
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Figure 3. Serum Ca concentration (in mg/kg MBW) plotted against Ca intake (in mmol/L). Data
without information on Ca source were not used. Experiments with shifts in acid-base balance and
with addition of aluminium were excluded.

3.1.3. Ca Renal Excretion

Renal excretion was investigated only in the range of a Ca:P ratio between 1:1 and 5:1
(Figure 4). Experiments with shifts in acid-base balance were not considered. A two-way
ANOVA of renal Ca excretion as a percentage of apparently digested Ca at an intake of 164
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to 1000 mg/kg MBW showed no significant difference between the factors pony and horse
nor between “organic” and “inorganic” Ca sources. There was no significant interaction
between pony vs. horse and “organic” vs. “inorganic”.
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Figure 4. Relationship between Ca intake and renal Ca excretion (both in mg/kg MBW). Only data
up to an intake of 1000 mg/kg MBW and with information on Ca source were taken into account.
The Ca:P ratio was limited to 1:1-5:1. Experiments with shifts in acid-base balance were excluded.

3.1.4. Ca Retention

Retention of Ca (Figure 5) increased with higher intake levels. In ponies, the retention
seemed to be higher than in horses. A two-way ANOVA of Ca retention as a percentage of
intake with the factors horse vs. pony and “organic” vs. “inorganic” Ca source showed a
significant difference between ponies and horses (pony: mean = 22.8%; horse: mean = 8.5%).
There was no effect between the different Ca sources (“organic” Ca: mean = 15.7%; “inor-
ganic” Ca: mean = 15.5%). The retention in percent of intake averaged 16%.
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Ca retention [mg/kg MBW]

=200
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Figure 5. Ca retention plotted against Ca intake (both in mg/kg MBW). Only data up to an intake of
1000 mg/kg MBW and with information on Ca source were taken into account. The Ca:P ratio was
limited to 1:1-5:1. Experiments with shifts in acid—base balance were excluded.

3.2. Phosphorus

3.2.1. P Digestibility

Figure 6 illustrates the apparent digestibility of P in relation to intake. There was
neither a pronounced difference between pony and horse nor between “organic” and
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“inorganic” P sources. When “inorganic” P sources were split into water-soluble (Na; HPOy,
NaH,PO4 or Ca(H,POy);) and other “inorganic” sources (such as CaHPOy), a significant
difference was revealed. A statistical comparison between the apparent digestibility of
water-soluble “inorganic” P sources and all other P sources in the range above the GfE [24]
recommended requirements of 113 mg/kg MBW revealed a significantly higher apparent
digestibility of water-soluble “inorganic” P sources (median soluble “inorganic” P: 20.3%;
median all other P sources: 8.2%; p < 0.001).
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Figure 6. Relationship between P intake (in mg/kg MBW) and apparent P digestibility (in %). Data
without information on P source were not used.

When faecal P excretion was plotted against P intake (Figure 7), there was no apparent
effect of either being a pony or a horse nor of the P source (“organic” vs. “inorganic”).
Trendlines were calculated separately for ponies and horses, as well as for “organic” vs.
“inorganic” sources. There was no significant difference between the pony and horse
trendlines (test from Ho, p = 0.541). The data were again divided based on the water
solubility of “inorganic” sources compared to all other sources (Figure 8). Faecal P excretion
in relation to intake was lowest when water-soluble “inorganic” sources were used. The
faecal excretion was clearly lower than for all other P sources, especially if intake was high.
The relationship between intake and faecal excretion was linear for all sources except for
the soluble “inorganic” sources. Here, the regression equation was curvilinear.
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Figure 7. Faecal P excretion in relation to P intake (both in mg/kg MBW). Data without information
on P source were not used.
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Figure 8. Faecal P excretion in relation to P intake (both in mg/kg MBW). Data without information
on P source were not used. Trendlines mark water-soluble “inorganic” P sources and all other sources.

3.2.2. Serum P Concentration

Figure 9 shows the P serum levels. P serum levels above the reference range were
observed only for water-soluble “inorganic” sources.
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Figure 9. Serum P level (in mg/kg MBW) plotted against P intake (in mmol/L). Data without

information on P source and with shifts in acid—base balance were not used.

3.2.3. P Renal Excretion

Renal P excretion in relation to P intake up to an intake of 500 mg/kg MBW is shown
in Figure 10. Experiments with acidifying rations were excluded. Again, the data were split
according to solubility into highly water-soluble “inorganic” sources (NayHPOy4, NaH;POy
or Ca(H;PQy),) and other P sources (Figure 11). The water-soluble “inorganic” P sources
led to a high renal P excretion. A median of about 32% of the apparently digested P quantity
was excreted renally when highly water-soluble sources were used. In comparison, the use
of other P sources resulted in a renal P excretion of approximately 4% of the apparently
digested P amount. The difference was highly significant.
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Figure 10. Relationship between P intake and renal P excretion (both in mg/kg MBW). Only data up
to intake of 500 mg/kg MBW and with information on P source were taken into account. Ca:P ratio
was limited to 1:1-5:1. Experiments with shifts in acid—base balance were excluded.
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Figure 11. Relationship between P intake and renal P excretion (both in mg/kg MBW) from Figure 10
with differentiation of P sources into soluble “inorganic” sources and other sources. Data on unknown
“inorganic” P sources were not used.

3.2.4. P Retention

Figure 12 shows the P retention in relation to P intake. Data distribution did not
allow for a conclusive evaluation with regard to ponies and horses. There was, however, a
difference between “inorganic” and “organic” P sources (Figure 12). “Inorganic” P tended
to result in lower P retention than “organic” P sources, especially at high intake. The
average retention, expressed as a percentage of intake, was 5.9%.

28



Animals 2024, 14, 2765 10 of 21

200
y =0.0004x%+0.173x - 34.877

150 Ri=0.656 .-
E 100 e
>  ® o A
o N ° o ‘f -

L] Ak

£ w R AT ©
E ¢ ..l.':;} A a
£ 9 o 0% "-’ e A
il L e Tz 'y
- ) 5 !'V'zﬂo w b 00 400 500 600
> -

=50 e
‘E : y=-0.001x*+0.858x - 141.89

R!=0.358
-100 4
=150
P intake [mg/kg MBW]
e organic 4 inorgamic .o Polynomial (organic) - Polynomial (inorganic)

Figure 12. Relationship between P intake and P retention (both in mg/kg MBW). Only data up to
intake of 500 mg/kg MBW and with information on P source were taken into account. Ca:P ratio
was limited to 1:1-5:1. Experiments with shifts in acid-base balance were excluded. P sources were
differentiated into “organic” and “inorganic” sources.

3.3. Magnesium
3.3.1. Mg Digestibility

The apparent digestibility of Mg in relation to intake is shown in Figure 13. In horses,
negative apparent digestibility was observed even at an intake of up to 120 mg/kg MBW.
In ponies, the apparent digestibility was mainly positive across the entire range of intake.
In the range of 53 mg/kg MBW (recommended requirement for maintenance following
GIE [24]) to 200 mg/kg MBW, the apparent digestibility was significantly higher in ponies
than in horses (p = 0.001). There was no effect of the Mg source.
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Figure 13. Relationship between Mg intake (in mg/kg MBW) and apparent Mg digestibility (in %).
Regression lines mark data of horses compared to ponies.

Figure 14 shows the faecal Mg excretion in relation to Mg intake. Trendlines mark
the values for ponies and for horses. The intercept, i.e., the endogenous faecal excretion,
was significantly higher in horses than in ponies (horse: 95% CI [6.66, 26.27); pony: 95% CI
[2.04, 7.91]; p < 0.001). The regression coefficients were similar.
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Figure 14. Relationship between Mg intake and faecal Mg excretion (both in mg/kg MBW). Data
without information on Mg source were not used. Trendlines mark data of horses compared to ponies.

3.3.2. Serum Mg Concentration

In Figure 15, the serum Mg level is plotted against Mg intake. With the exception of
the study of Pferdekamp [50], there was a significant increase in serum Mg concentration
with increasing intake. Pferdekamp [50], however, used a ration with exceptionally high
Ca and P intake. For comparison, the median Ca intake in the aforementioned study was
1771.36 mg/kg MBW, whereas the median Ca intake in the other studies referenced in the
figure was 361.27 mg/kg MBW. Due to the data distribution, differences between horses
and ponies or “organic” and “inorganic” sources could not be further investigated.
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Figure 15. Serum Mg (in mg/kg MBW) plotted against Mg intake (in mmol/L). Data without informa-
tion on Mg source were not used. Trendline marks serum Mg content without data from Pferdekamp.
3.3.3. Mg Renal Excretion

Figure 16 shows the renal Mg excretion in relation to the amount of apparently digested
Mg. The Mg intake was not limited. The data distribution with regard to source, pony or
horse, and the amount of apparently digested Mg did not permit a conclusive evaluation of
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these factors. There was a general trend towards higher renal Mg excretion with increasing
amounts of apparently digested Mg.
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Figure 16. Renal Mg excretion in relation to apparently digested Mg (both in mg/kg MBW). Data
without information on Mg source were not used.
3.3.4. Mg Retention

The retention of Mg in relation to Mg intake is shown in Figure 17. The data distribu-
tion did not allow for statistical evaluation. The retention as a percentage of intake showed
no obvious differences between ponies and horses, or between “inorganic” and “organic”
sources. The mean retention was 0.7%.
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Figure 17. Relationship between Mg intake and Mg retention (both in mg/kg MBW). Data without
information on Mg source were not used.

4. Discussion
4.1. The Lucas Test

Apparent digestibility is a relative measurement identifying the percentage of the
intake of a nutrient which is not excreted via the faeces. Endogenous faecal losses are
not considered. Although this mathematical description is often very useful, it may also
obscure differences in results between experiments conducted under varying conditions,
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particularly differing intake levels. For instance, if the intake is very low, apparent di-
gestibility may be negative even though a considerable part of the nutrient from the feed
is absorbed. This is due to endogenous losses exceeding the intake, which is shown very
clearly in Figures 1, 6 and 13, depicting apparent digestibility plotted against intake. The
Lucas test or modified Lucas test is a very valuable tool to combine data from the literature
and make quantitative differences or similarities in digestion more visible [1,21,74,75]. The
amount of an apparently digested nutrient is plotted against intake for nutrients with
relatively high apparent digestibility. For nutrients with a low apparent digestibility, intake
is plotted against faecal excretion. Similar effects can be observed when renal excretion or
serum concentration is plotted against intake or the apparently digested amount.

In the present study, these techniques were used. Outliers were present in most plots,
and the data were reviewed to determine the reasons for these deviations. The most
conspicuous study was by Lensing [70]. The data in this study produced outliers in almost
all parameters related to mineral excretion, regardless of the mineral. In this study, the
animals were fed a surplus or deficit of Ca and an excess of P and vitamins A and D in short
experimental periods (50, 32 and 30 days) with short wash-out periods (30 and 50 days)
in between. It is quite possible that the deviations from other studies exist due to some
methodological variation. It is also possible that this feeding system led to dysregulation of
mineral excretion. In practice, such feeding schedules do occur occasionally and should be
discouraged. Regardless of the cause, this finding proves the value of the Lucas test’s data
presentation. When examining only the data on apparent digestibility or renal excretion,
no clear effect of the feeding regimen was visible in the aforementioned study. The results
were not remarkable on their own. However, by plotting the data in the present study, it
was demonstrated that the aforementioned feeding systems may indeed have effects on
mineral metabolism in ponies.

The well-known effects of acidifying or alkalizing rations on renal excretion and serum
Ca concentration could also be shown with these methods. The same was true for the effects
of an unbalanced Ca:P ratio on renal excretion. In this context, the absence of effects on
faecal excretion of Ca and P from either the acid-base balance or Ca:P ratio is an important
finding. In other species, particularly carnivores, imbalanced Ca:P ratios in the diet affect
apparent digestibility very much [21,75-78]. This might be due to the formation of insoluble
Ca-P salts. Cehak and Breves [79] suggested that, in horses, Ca is actively absorbed from
the small intestine to make P available for the microbiota in the hindgut. This might explain
why Ca and P in horses do not negatively affect each other’s digestibility in the same way
as in carnivores.

4.2. Distinction between Horses and Ponies

In the present study, ponies and horses were differentiated based on body weight
(ponies < 300 kg; horses > 300 kg). This is a rather rough method. An individual may fall
into different groups when losing or putting on weight. With a limit of 300 kg BW, it is
unlikely that a horse would be classified as a pony, but it is quite likely that some ponies
might be categorized as horses. In retrospective studies in a meta-analysis, it is not possible
to obtain data on the breeds unless they are given in the study. This would reduce the
amount of data considerably. It would be even more effective if the classification could
also consider breeds known for being easy keepers, such as certain draft horse types or
Andalusians (PRE), or be based on wither height.

Despite the aforementioned considerations, ponies had lower endogenous faecal Mg
losses compared to horses. A possible explanation might be that most ponies originate
from relatively cold regions. Plants grown at lower temperatures usually have lower Mg
content than plants grown at higher temperatures [80]. This might force the ponies to
accumulate Mg. Other effects such as a higher Ca retention in ponies or a potentially higher
digestibility at low intake were not sufficiently clear-cut.

32



Animals 2024, 14, 2765

14 of 21

4.3. Metabolic Body Weight as Calculation Basis and Differences between Horses and Ponies

In the present meta-analysis, all data are presented per kg of MBW. In species with
widely varying adult body weights such as horses or dogs, this has been discussed exten-
sively [24,81-83]. To ensure accuracy, all data were also plotted per kg of body weight (BW)
where applicable. There was no difference in the results, except for apparent Ca digestibil-
ity. For Ca, the difference in apparent Ca digestibility between ponies and horses at low
intake was not measurable when intake was expressed as mg/kg BW instead of per kg
MBW. The comparison of apparent Ca digestibility was re-evaluated in horses and ponies
at an intake level below requirements, in this case, the requirements of NRC 2007 [84],
i.e., below 40 mg/kg BW. The data distribution was somewhat different (14 ponies and
10 horses compared to 15 ponies and 8 horses) because requirement limits were either
given per kg MBW or kg BW. The apparent digestibility was still numerically different, but
the difference was not statistically significant (pony: —9.8%; horse: —26.2%; p = 0.095). It
remains unclear whether the observed difference between ponies and horses in apparent Ca
digestibility at low intake is due to the dimension or is simply a result of data distribution.
In contrast, the aforementioned differences between horses and ponies in apparent Mg
digestibility remained significant, regardless of the method of plotting or the dimension
(Figures 13 and 14).

4.4. Effect of Mineral Sources on Mineral Metabolism

When the apparently digested amount of Ca was plotted against intake, it became
evident that the regressions for “organic” or “inorganic” sources were different, with a
higher slope for the “organic” sources, suggesting a higher true digestibility. Ca in grass
is mainly soluble [85]. The solubility of Ca in grass or legumes amounts to 50 to 80% [86].
The “inorganic” sources were mostly CaCO3 and CaHPOj. These compounds are not very
soluble in water. In horses, Ca is mainly absorbed in the small intestine [79]. Therefore, it
is not surprising that highly soluble sources have a higher apparent digestibility than Ca
compounds with low water solubility.

When the regression between Ca intake and apparently digested Ca was calculated
across all data, the resulting equation aligned with the findings of Kienzle and Burger [1].
The slope of the regression equation multiplied by 100 represents the true digestibility. The
intercept shows the endogenous losses. The endogenous losses divided by the slope equal
the Ca that is required to replace faecal losses (Table 1). The intercept, slope and the required
Ca to replace faecal losses diverge between Ca from “organic” and “inorganic” sources
(Table 1). This can have consequences in practical feeding. Here, “organic” Ca primarily
originates from forages. Thus, horses consuming forage-based rations are more likely to
tolerate a marginal Ca intake than horses being fed cereal-based supplemented rations,
provided the forage does not derive from exceptionally high oxalate plants. Ca from oxalate
is known to be poorly available for horses [87,88], and therefore, Ca requirements increase
with high levels of oxalate [89].

Table 1. Comparison of the results of the present study with those of Kienzle and Burger.

Study and Topic Ca P Mg
True digestibility [%]
following Kienzle and Burger 5 23 46
. oy eqe . All data: 65 All sources except All data: 45
True digestibility [%] in th i P
rue gf;s:ent :{u[d 1in the Organic”: 80 water-soluble “inorganic™: Pony: 44
p study “Inorganic”: 50 18 Horse: 46
Endogenous losses [mg/kg
MBW] following Kienzle 39 26 9

and Burger
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Table 1. Cont.
Study and Topic Ca P Mg
Endogenous losses [mg /kg ,,Slrlggit::;?;o tA" SIOUI;';:CL::.cxccpt . AIILS:;?:;-I
i . waler-soluble "norganic : :
MBW] in the present study “Inorganic”: 103 25 Horse: 17
Mineral requirements [mg/kg
MBW] to replace faecal losses =39/59 x 100 = 66 £26/28 x 100 =93 £9/46 x 100 =20
following Kienzle and Burger
Mineral requirements [mg/kg All data = 77/65 x 100 =118 All data =11/45 x 100 =24
MBW] to replace faecal losses “Organic” = 50/80 x 100 =63 =25/18 x 100 =139 Pony =5/44 x 100=11
in the present study “Inorganic” = 103/50 x 100 = 206 Horse = 17/46 = 37

Serum Ca levels did not exhibit any effects related to the source or amount of intake,
nor did they differ between ponies and horses. There was no difference between postpran-
dial and preprandial sampling time. The only factors that influenced serum Ca levels were
aluminium in the diet and the manipulation of acid-base balance in the excluded studies.
It is very well known that serum Ca concentration is tightly regulated [90-94] and this has
been reconfirmed.

Renal Ca excretion showed no significant effects of being a pony or a horse or of the
Ca source that was used. Kienzle and Burger [1] postulated a broken-line model between
Ca intake and renal excretion with a breakpoint at about 394.3 mg/kg MBW Ca intake.
In the present meta-analysis, no clear-cut breakpoint was identified, and the relationship
between intake and renal excretion was not particularly strong. However, in the present
study, the limitation for the Ca:P ratio was 1:1 to 5:1. By contrast, Kienzle and Burger [1]
limited their data to a Ca:P ratio between 1:1 and 2:1. If the data of the present meta-
analysis were similarly limited to a Ca:P ratio between 1:1 and 2:1, they showed a curvy
linear relationship between Ca intake and renal excretion rather than a broken-line model
(Figure 18). For practical feeding, it is important to note that renal Ca excretion begins to
increase substantially at an intake of around 300 mg/kg MBW. This intake is approximately
twice the required amount.
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Figure 18. Relationship between Ca intake and renal Ca excretion (both in mg/kg MBW). Only
data up to intake of 1000 mg/kg MBW were taken into account. Ca:P ratio was limited to 1:1-2:1.
Experiments with shifts in acid—base balance were excluded.

Retention of Ca can be caused by reduced bone turnover [95]. If so, it is mandatory
that P is also retained. The data showed a weak correlation between Ca and P retention
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(r = 0.374). It is also obvious that errors in the collection of faeces and urine, as well as in
the measurement of food, typically result in an overestimation of retention. Therefore, a
correlation between Ca and P retention is to be expected. The retention may as well be
caused by Ca and/or P accumulation in the gut or bladder. In that case, Ca retention can
be independent of P retention. Therefore, Ca and P retention should not be overinterpreted.
Nevertheless, it appears that ponies retain more Ca and P compared to horses. A possible
explanation is that ponies, being easy keepers [96], retain more Ca and P to provide for
their needs during periods of low food intake. The impact of P solubility on Ca and P
retention could not be clearly determined due to the distribution of the data.

Water-soluble P showed a higher apparent digestibility than all other P sources. The
same issue applied to true digestibility, particularly at high intake (Figure 8). This cor-
responds with a higher P serum level, in most cases even above the reference range, as
well as with an increased renal P excretion. Similar effects have been reported in other
species such as humans, dogs and cats [2,17-20,97]. Here, the resulting hyperphosphatemia
and hyperphosphaturia are considered a potential health risk [5,14,98]. Currently, it is not
recommended to use water-soluble “inorganic” P sources for horses and ponies.

Given this recommendation to avoid water-soluble “inorganic” P sources, true di-
gestibility and faecal endogenous losses should only be calculated for other P sources that
can potentially be used for equines. The resulting true digestibility of P was lower than
the calculations of Kienzle and Burger [1], which included water-soluble “inorganic” P
sources (Table 1). The resulting P requirement would be 1.5 times higher than the current
recommendations.

The apparent digestibility of Mg was not affected by any one source. This was expected
because the “inorganic” Mg was in more than 50% of the studies MgQ, which is known to
be highly available [99]. Mg from leaves is highly available as well, even in humans [100],
whose digestive capacity for plant material is much lower than that of horses. When
plotting faecal Mg excretion against intake in a modified Lucas test, the true digestibility
for Mg matched the results of Kienzle and Burger [1] and so did the endogenous losses
across all data from ponies and horses. As mentioned above, the true Mg digestibility did
not differ between ponies and horses, but the endogenous Mg losses were lower in ponies.
Therefore, a lower Mg requirement for ponies could be postulated (Table 1).

The distribution of serum Mg levels did not permit an evaluation of differences
between ponies and horses. In the overlap area, where data from both ponies and horses
were available, no difference could be observed. The slight increase in serum Mg content
with increasing Mg intake supports the well-known fact that Mg blood levels can be used
to estimate Mg supply [94]. An exception was the data by Pferdekamp [50], which showed
comparatively low serum Mg levels despite high Mg intake. One possible explanation for
this finding is the extremely high intake of Ca and P in this study. It is known that high
levels of Ca and P reduce the availability of Mg [61,101,102] and lead to lower serum Mg
levels [103].

Renal Mg excretion increased with higher Mg intake (y = 0.3308x — 0.2206; 2 =0.773)
as well as with higher apparently digested Mg (Figure 16). This concurs with previous
research [104]. There was very little Mg retention, and it was independent of intake.
However, there was a weak correlation between Ca retention and Mg retention, as well as
between P retention and Mg retention, particularly when both values were greater than
zero (Ca/Mg retention: r = 0.498; P/Mg retention: r = 0.606). This finding suggests that the
aforementioned errors during collection may indeed play a role. Retention data should be
interpreted with great caution.

5. Conclusions

Water-soluble “inorganic” P sources such as Na,HPO,, NaH; PO, or even Ca(H;POy),
are more readily available than other “inorganic” and “organic” P sources. Water-soluble
“inorganic” P leads to an increase in both serum P levels and renal excretion. In other
species, this has been shown to pose a health risk. Including data from experiments
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with water-soluble P sources into the regression calculations for true digestibility may
subsequently lead to an underestimation of factorially calculated P requirements in horses
being fed water-insoluble P.

In the Lucas test, the true digestibility of Ca from “organic” sources was higher than
from “inorganic” sources. Thus, horses consuming forage-based rations are more likely to
tolerate a marginal Ca intake than horses deriving Ca from mineral salts.

True digestibility of Mg was the same in horses and ponies. But endogenous Mg
losses were significantly higher in horses than in ponies. This finding suggests a lower
requirement for ponies compared to horses.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390 /ani14192765/s1: Figure 51: Flow diagram for study search and
selection based on Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA);
Table S1: Number of included studies and participants for each graph.

Author Contributions: Conceptualization, E.K.; methodology, E.K. and 1.M.; validation, EK. and
LM.; formal analysis, LM.; investigation, LM. and EK.; resources, not applicable; data curation,
E.K. and LM.; writing—original draft preparation, .M. and E.K.; writing—review and editing, LM.;
visualization, I.M.; project administration, not applicable. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Data presented in this study are available upon request from the
corresponding author.

Acknowledgments: We thank Linda Boswald for help with the test of Ho.

Conlflicts of Interest: The authors declare no conflicts of interest.

References

1.  Burger, A. Literatur-Studie zur Faktoriellen Ableitung des Mengenelement-Bedarfs fiir Erhaltung Beim Pferd. Ph.D. Thesis,
Ludwig-Maximilians-Universitit Miinchen, Ingolstadt, Germany, 2011.

2. Dobenecker, B.; Kienzle, E.; Siedler, S. The source matters—effects of high phosphate intake from eight different sources in dogs.
Animals 2021, 11, 3456. [CrossRef] [PubMed]

3. Lineva, A,; Kirchner, R.; Kienzle, E.; Kamphues, ].; Dobenecker, B. A pilot study on in vitro solubility of phosphorus from mineral
sources, feed ingredients and compound feed for pigs, poultry, dogs and cats. J. Anim. Physiol. Anim. Nutr. 2019, 103, 317-323.
[CrossRef] [PubMed]

4. Dobenecker, B.; Reese, S.; Herbst, S. Effects of dietary phosphates from organic and inorganic sources on parameters of phosphorus
homeostasis in healthy adult dogs. PLoS ONE 2021, 16, e0246950. [CrossRef] [PubMed]

5. Calvo, M.S.; Moshfegh, A J.; Tucker, K.L. Assessing the health impact of phosphorus in the food supply: Issues and considerations.
Ado. Nutr. 2014, 5, 104-113. [CrossRef] [PubMed]

6.  Siedler, S.; Dobenecker, B. The source of phosphorus influences serum PTH, apparent digestibility and blood levels of calcium
and phosphorus in dogs fed high phosphorus diets with balanced Ca/P ratio. In Proceedings of the Waltham International
Nutritional Sciences Symposium, Chicago, IL, USA, 18-21 October 2016; pp. 18-21.

7.  Eller, P; Eller, K.; Kirsch, A.H.; Patsch, J.J.; Wolf, A M.; Tagwerker, A.; Stanzl, U.; Kaindl, R.; Kahlenberg, V.; Mayer, G. A murine
model of phosphate nephropathy. Am. |. Pathol. 2011, 178, 1999-2006. [CrossRef]

8. MacKay, E.M.; Oliver, ]J. Renal damage following the ingestion of a diet containing an excess of inorganic phosphate. J. Exp. Med.
1935, 61, 319. [CrossRef]

9.  Schneider, P; Pappritz, G.; Miiller-Peddinghaus, R.; Bauer, M.; Lehmann, H.; Ueberberg, H.; Trautwein, G. Potassium hydrogen
phosphate induced nephropathy in the dog. 1. Pathogenesis of tubular atrophy (author’s transl.). Vet. Pathol. 1980, 17, 699-719.
[CrossRef]

10. Schneider, P.;; Miiller-Peddinghaus, R.; Pappritz, G.; Trieb, G.; Trautwein, G.; Ueberberg, H. Potassium hydrogen phosphate
induced nephropathy in the dog. II. Glomerular alterations (author’s transl.). Vet. Pathol. 1980, 17, 720-737. [CrossRef]

11. Sage, A.P; Lu, J.; Tintut, Y.; Demer, L.L. Hyperphosphatemia-induced nanocrystals upregulate the expression of bone morpho-

genetic protein-2 and osteopontin genes in mouse smooth muscle cells in vitro. Kidney Int. 2011, 79, 414-422. [CrossRef]

36



Animals 2024, 14, 2765 18 of 21

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

23.

24,

25.

26.

27.

29.

31.

32.

® e

37.

Takeda, E.; Yamamoto, H.; Taketani, Y. Effects of natural and added phosphorus compounds in foods in health and disease. In
Clinical Aspects of Natural and Added Phosphorus in Foods; Springer: Berlin/Heidelberg, Germany, 2017; pp. 111-121.

Di Marco, G.5.; Hausberg, M.; Hillebrand, U.; Rustemeyer, F.; Wittkowski, W.; Lang, D.; Pavenstadt, H. Increased inorganic
phosphate induces human endothelial cell apoptosis in vitro. Am. J. Physiol.-Ren. Physiol. 2008, 294, F1381-F1387. [CrossRef]
Ritz, E.; Hahn, K.; Ketteler, M.; Kuhlmann, M.K.; Mann, J. Phosphate additives in food—A health risk. Dtsch. Arzteblatt Int. 2012,
109, 49.

Ori, Y.; Herman, M.; Gafter, U.; Chagnac, A.; Korzets, A.; Tobar, A.; Chernin, G.; Izhak, O.B. Acute phosphate nephropathy—An
emerging threat. Am. |. Med. Sci. 2008, 336, 309-314. [CrossRef] [PubMed]

Pastoor, E; Klooster, A.T.v.T.; Mathot, |.; Beynen, A. Increasing phosphorus intake reduces urinary concentrations of magnesium
and calcium in adult ovariectomized cats fed purified diets. J. Nutr. 1995, 125, 1334-1341. [PubMed]

Dobenecker, B.; Hertel-Bohnke, P.; Webel, A.; Kienzle, E. Renal phosphorus excretion in adult healthy cats after the intake of
high phosphorus diets with either calcium monophosphate or sodium monophosphate. |. Anim. Physiol. Anim. Nutr. 2018, 102,
1759-1765. [CrossRef]

Dobenecker, B.; Webel, A.; Reese, S.; Kienzle, E. Effect of a high phosphorus diet on indicators of renal health in cats. J. Feline Med.
Surg. 2018, 20, 339-343. [CrossRef]

Coltherd, ].C.; Staunton, R.; Colyer, A.; Thomas, G.; Gilham, M.; Logan, D.W.; Butterwick, R.; Watson, P. Not all forms of dietary
phosphorus are equal: An evaluation of postprandial phosphorus concentrations in the plasma of the cat. Br. |. Nutr. 2019, 121,
270-284. [CrossRef]

Steffen, C.; Dobenecker, B. The phosphate additives phosphoric acid and sodium phosphate lead to hyperphosphatemia as well
as increased FGE23 and renal phosphate excretion in healthy cats. J. Urol. Ren. Dis 2023, 8, 1338.

Boswald, L.; Dobenecker, B.; Clauss, M.; Kienzle, E. A comparative meta-analysis on the relationship of faecal calcium and
phosphorus excretion in mammals. |. Anim. Physiol. Anim. Nutr. 2018, 102, 370-379. [CrossRef]

Boswald, L.E; Matzek, D.; Popper, B. Digestibility of crude nutrients and minerals in C57Bl/6] and CD1 mice fed a pelleted lab
rodent diet. Sci. Rep. 2024, 14, 1791. [CrossRef]

Boswald, L.E; Wenderlein, |.; Siegert, W.; Straubinger, R.K.; Kienzle, E. True mineral digestibility in C57Bl/6] mice. PLoS ONE
2023, 18, €0290145. [CrossRef]

GfE (Gesellschaft fiir Erndhrungsphysiologie). Empfehlungen zur Energie-und Nihrstoffoersorqung von Pferden; DLG: Frankfurt,
Germany, 2014; Volume 11, p. 190.

Geor, R.].; Harris, P; Coenen, M. Equine Applied and Clinical Nutrition: Health, Welfare and Performance; Saunders Elsevier: Oxford,
UK, 2013; p. 679.

Page, M.].; McKenzie, ].E.; Bossuyt, PM.; Boutron, I.; Hoffmann, T.C.; Mulrow, C.D.; Shamseer, L.; Tetzlaff, ] M.; Akl, E.A;
Brennan, S.E. The PRISMA 2020 statement: An updated guideline for reporting systematic reviews. BMJ 2021, 372, n71. [CrossRef]
[PubMed]

Baker, L.A. The Comparison of Two Forms of Sodium and Potassium and Chloride versus Sulfur in the Dietary Cation-Anion Balance
Equation and Subsequent Effects on Acid-Base Status and Mineral Balance in Sedentary Horses; Oklahoma State University: Stillwater,
OK, USA, 1995.

Baker, L.; Wall, D.; Topliff, D.; Freeman, D.; Teeter, R.; Breazile, ].; Wagner, D. Effect of dietary cation-anion balance in mineral
balance in anaerobically exercised and sedentary horses. J. Equine Vet. Sci. 1993, 13, 557-561. [CrossRef]

Barsnick, R. Untersuchungen zur Akzeptanz und Verdaulichkeit von Trockenschnitzeln Unterschiedlicher Konfektionierung
beim Pferd. Ph.D. Thesis, Tierdrztliche Hochschule Hannover, Hannover, Germany, 2003.

Berchtold, L. Untersuchungen zum Einfluss der Anionen-Kationen-Bilanz auf den Mineralstoff-und Siure-Basen-Haushalt bei
Ponys. Ph.D. Thesis, Ludwig-Maximilians-Universitit Miinchen, Ingolstadt, Germany, 2009.

Caple, L; Doake, P; Ellis, P. Assessment of the calcium and phosphorus nutrition in horses by analysis of urine. Aust. Vet. ]. 1982,
58,125-131. [CrossRef]

Eilmans, I. Fettverdauung Beim Pferd Sowie die Folgen Einer Marginalen Fettversorgung. Ph.D. Thesis, Tierdrztliche Hochschule
Hannover, Hannover, Germany, 1991.

Fowler, A.L. Factors Influencing Phosphorus Excretion by Horses. Ph.D. Thesis, University of Kentucky, Lexington, KY, USA, 2018.
Gomda, Y.M. Untersuchungen iiber die Renale, Fikale und Kutane Wasser-und Elektrolytausscheidung bei Pferden in Ab-
hingigkeit von Fiitterungszeit, Futtermenge Sowie Bewegungsleistung. Ph.D. Thesis, Tierdrztliche Hochschule Hannover,
Hannover, Germany, 1988.

Giildenhaupt, V. Vertriglichkeit und Verdaulichkeit eines Alleinfutters fiir Pferde in Kombination mit Stroh. Ph.D. Thesis,
Tierdrztliche Hochschule Hannover, Hannover, Germany, 1979.

Giinther, C. Untersuchungen iiber die Verdaulichkeit und Vertriglichkeit von Hafer, Quetschhafer, Gerste und Mais Beim Pferd.
Ph.D. Thesis, Tierdrztliche Hochschule Hannover, Hannover, Germany, 1984.

Hovt, ].; Potter, G.; Greene, L.; Vogelsang, M.; Anderson, ]J., Jr. Electrolyte balance in exercising horses fed a control and a
fat-supplemented diet. J. Equine Vet. Sci. 1995, 15, 429-435. [CrossRef]

Hoyt, ].; Potter, G.; Greene, L.; Anderson, J., Jr. Mineral balance in resting and exercised miniature horses. J. Equine Vet. Sci. 1995,
15, 310-314. [CrossRef]

37



Animals 2024, 14, 2765 19 of 21

39.

40.

41.

43.

45.

46.

47.

48.

49.

50.

51.

52.

53.

55.

57.

59.

61.

62.

Krull, H. Untersuchungen iiber Aufnahme und Verdaulichkeit von Griinfutter beim Pferd. Ph.D. Thesis, Tierdrztliche Hochschule
Hannover, Hannover, Germany, 1984.

Lavin, T.; Nielsen, B.; Zingsheim, ].; O’Connor-Robison, C.; Link, J.; Hill, G.; Shelton, ]. Effects of phytase supplementation in
mature horses fed alfalfa hay and pelleted concentrate diets. J. Anim. Sci. 2013, 91, 1719-1727. [CrossRef]

Lindemann, G. Untersuchungen iiber den Einfluss von Lactose-und Stirkezulagen auf die Verdaulichkeit von NH3-
aufgeschlossenem Stroh beim Pferd. Ph.D. Thesis, Tierdrztliche Hochschule Hannover, Hannover, Germany, 1982.

McKenzie, R.; Blaney, B.; Gartner, R. The effect of dietary oxalate on calcium, phosphorus and magnesium balances in horses. J.
Agric. Sci. 1981, 97, 69-74. [CrossRef]

Mueller, R.K. Effect of Dietary Cation-Anion Difference on Acid-Base Status Energy Digestibility and Mineral Balance in Sedentary
Horses Fed Varying Levels and Sources of Starch. Ph.D. Thesis, Oklahoma State University, Stillwater, OK, USA, 1999.

Mundt, H.-C. Untersuchungen Uber die Verdaulichkeit von Aufgeschlossenem Stroh Beim Pferd. Ph.D. Thesis, Tierdrztliche
Hochschule Hannover, Hannover, Germany, 1978.

Nehring, T. Einfluss der Futterart auf die Nettoabsorption von Calcium Sowie Magnesium und Phosphor Beim Pferd. Ph.D.
Thesis, Tierarztliche Hochschule Hannover, Hannover, Germany, 1991.

Neustadter, L.-T. Untersuchungen zu Moglichen Auswirkungen einer Unterschiedlichen Mengenelementversorgung auf den
Mineralstoffhaushalt von Pferden. Ph.D. Thesis, Tierédrztliche Hochschule Hannover, Hannover, Germany, 2015.

O’Connor, C.; Nielsen, B.; Woodward, A.; Spooner, H.; Ventura, B.; Turner, K. Mineral balance in horses fed two supplemental
silicon sources. J. Anim. Physiol. Anim. Nutr. 2008, 92, 173-181. [CrossRef]

Olsman, A.; Huurdeman, C.; Jansen, W.; Haaksma, ].; van Oldruitenborgh-Oosterbaan, M.S.; Beynen, A. Macronutrient
digestibility, nitrogen balance, plasma indicators of protein metabolism and mineral absorption in horses fed a ration rich in
sugar beet pulp. [. Anim. Physiol. Anim. Nutr. 2004, 88, 321-331. [CrossRef]

Pérez Noriega, H.R. Untersuchungen Uber den Postprandialen Wasser- und Elektrolythaushalt des Pferdes unter Variation des
Wasser- und Futterangebots. Ph.D. Thesis, Tierarztliche Hochschule Hannover, Hannover, Germany, 1989.

Pferdekamp, M. Einfluss Steigender Proteinmengen auf den Stoffwechsel des Pferdes. Ph.D. Thesis, Tierarztliche Hochschule
Hannover, Hannover, Germany, 1978.

Roose, K.; Hoekstra, K.; Pagan, ].; Geor, R. Effect of an Aluminum Supplement on Nutrient Digestibility and Mineral Metabolism
in Thoroughbred Horses. 2001, pp. 364-369. Available online: https:/ /www.researchgate net/publication /238095379_Effect
of _an_aluminum_supplement_on_nutrient_digestibility_and_mineral metabolism_in_Thoroughbred_horses (accessed on 6
August 2024).

Saastamoinen, M.; Sarkijarvi, S.; Valtonen, E. The Effect of Diet Composition on the Digestibility and Fecal Excretion of Phosphorus
in Horses: A Potential Risk of P Leaching? Animals 2020, 10, 140. [CrossRef]

Schiele, K. Einfluss Reduzierter Futterzuteilung Zweier Verschiedener Heuqualititen auf Passagedauer und Verdaulichkeit bei
Ponies. Ph.D. Thesis, Ludwig-Maximilians-Universitit Miinchen, Ingolstadt, Germany, 2008.

Schmidt, M. Untersuchungen tiber die Vertraglichkeit und Verdaulichkeit eines Pelletierten Mischfutters fiir Pferde in Kombina-
tion mit Heu und NH3-Aufgeschlossenem Stroh. Ph.D. Thesis, Tierdrztliche Hochschule Hannover, Hannover, Germany, 1980.

Schnurpel, B. Einfluss von Futterart und Hohe der Ca-Aufnahme auf Ca-Blutspiegel und Renale Ca-Exkretion beim Pferd. Ph.D.
Thesis, Tierdrztliche Hochschule Hannover, Hannover, Germany, 1991.

Schryver, H.; Hintz, H.; Craig, P. Phosphorus metabolism in ponies fed varying levels of phosphorus. J. Nutr. 1971, 101, 1257-1263.
[CrossRef] [PubMed]

Schryver, H.; Parker, M.; Daniluk, P.; Pagan, K.; Williams, J.; Soderholm, L.; Hintz, H. Salt consumption and the effect of salt on
mineral metabolism in horses. Cornell Vet. 1987, 77, 122-131. [PubMed]

Schulze, K. Untersuchungen zur Verdaulichkeit und Energiebewertung von Mischfuttermitteln fiir Pferde. Ph.D. Thesis,
Tierédrztliche Hochschule Hannover, Hannover, Germany, 1987.

Stiirmer, K. Untersuchungen zum Einfluss der Fiitterung auf den Sidure-Basen-Haushalt bei Ponys. Ph.D. Thesis, Ludwig-
Maximilians-Universitit Munich, Munich, Germany, 2005.

Teleb, H. Untersuchungen iiber den Intestinalen Ca-Stoffwechsel beim Pferd nach Variierender Ca-Zufuhr und einer Oxalatzulage.
Ph.D. Thesis, Tierdrztliche Hochschule Hannover, Hannover, Germany, 1984.

Van Doorn, D.; Schaafstra, E; Wouterse, H.; Everts, H.; Estepa, ].; Aguilera-Tejero, E.; Beynen, A. Repeated measurements of P
retention in ponies fed rations with various Ca: P ratios. J. Anim. Sci. 2014, 92, 4981-4990. [CrossRef] [PubMed]

Van Doorn, D.; Everts, H.; Wouterse, H.; Homan, 5.; Beynen, A. Influence of high phosphorus intake on salivary and plasma
concentrations, and urinary phosphorus excretion in mature ponies. J. Anim. Physiol. Anim. Nutr. 2011, 95, 154-160. [CrossRef]
[PubMed]

Van Doorn, D.; Van der Spek, M.; Everts, H.; Wouterse, H.; Beynen, A. The influence of calcium intake on phosphorus digestibility
in mature ponies. J. Anim. Physiol. Anim. Nutr. 2004, 88, 412-418. [CrossRef] [PubMed]

Van Doorn, D.; Everts, H.; Wouterse, H.; Beynen, A. The apparent digestibility of phytate phosphorus and the influence of
supplemental phytase in horses. . Anim. Sci. 2004, 82, 1756-1763. [CrossRef]

38



Animals 2024, 14, 2765 200f21

65.

66.

67.

68.

69.
70.

71.

3 N

74.

75.

76.

78.

81.

82.

87.

89.

91.

92.

93.

Verthein, B. Auswirkungen Einer Enzymgabe auf die Futterverdaulichkeit beim Pferd. Ph.D. Thesis, Tierédrztliche Hochschule
Hannover, Hannover, Germany, 1981.

von Wedemeyer, H.C. Untersuchungen zum Calcium-, Phosphor-und Natrium-Umsatz des erwachsenen Pferdes. Ph.D. Thesis,
Georg-August-Universitit Gottingen, Gottingen, Germany, 1970.

Wall, D.; Topliff, D.; Freeman, D.; Wagner, D.; Breazile, ].; Stutz, W. Effect of dietary cation-anion balance on urinary mineral
excretion in exercised horses. J. Equine Vet. Sci. 1992, 12, 168-171. [CrossRef]

Weidenhaupt, K. Untersuchungen zum Kaliumstoffwechsel des Pferdes. Ph.D. Thesis, Tierdrztliche Hochschule Hannover,
Hannover, Germany, 1977.

Lucas, H.L. Stochastic elements in biological models; their sources and significance. Stoch. Models Med. Biol. 1964, 355-385.
Lensing, A. Eine Pilotstudie zum Einfluff der Fiitterung auf Knochenmarker beim Pferd. Ph.D. Thesis, Ludwig-Maximilians-
Universitit Miinchen, Ingolstadt, Germany, 1998.

Topliff, D.; Kennerly, M.; Freeman, D.; Teeter, R.; Wagner, D. Changes in urinary and serum calcium and chloride concentrations
in exercising horses fed varying cation-anion balances. In Proceedings of the 11th Conference of the Equine Nutrition and
Physiology Symposium, Stillwater, OK, USA, 18-20 May 1989; p. 1989.

Ralston, 5.L. The Effect of Diet on Acid-Base Status and Mineral Excretion in Horses. Equine Pract. 1994, 16, 10-13.

Schryver, H.; Hintz, H.; Lowe, ]. Calcium and phosphorus inter-relationships in horse nutrition. Equine Vet. |. 1971, 3, 102-109.
[CrossRef]

Kienzle, E.; Zeyner, A. The development of a metabolizable energy system for horses. |. Anim. Physiol. Anim. Nutr. 2010, 94,
€231-e240. [CrossRef] [PubMed]

Mack, J.; Alexander, L.; Morris, P.; Dobenecker, B.; Kienzle, E. Demonstration of uniformity of calcium absorption in adult dogs
and cats. J. Anim. Physiol. Anim. Nutr. 2015, 99, 801-809. [CrossRef] [PubMed]

Jenkins, K.; Phillips, P. The Mineral Requirements of the Dog: II. The Relation of Calcium, Phosphorus and Fat Levels to Minimal
Calcium and Phosphorus Requirements. J. Nutr. 1960, 70, 241-246. [CrossRef] [PubMed]

Dobenecker, B. Influence of calcium and phosphorus intake on the apparent digestibility of these minerals in growing dogs. J.
Nutr. 2002, 132, 16655-1667S. [CrossRef]

Stockman, |.; Villaverde, C.; Corbee, R.J. Calcium, phosphorus, and vitamin D in dogs and cats: Beyond the bones. Vet. Clin.
Small Anim. Pract. 2021, 51, 623-634. [CrossRef]

Cehak, A.; Wilkens, M.R.; Guschlbauer, M.; Mrochen, N.; Schrider, B.; Feige, K.; Breves, G. In vitro studies on intestinal calcium
and phosphate transport in horses. Comp. Biochem. Physiol. Part A Mol. Integr. Physiol. 2012, 161, 259-264. [CrossRef]

Grunes, D.; Welch, R. Plant contents of magnesium, calcium and potassium in relation to ruminant nutrition. J. Anim. Sci. 1989,
67, 3485-3494. [CrossRef]

Rucker, R.; Storms, D. Interspecies comparisons of micronutrient requirements: Metabolic vs. absolute body size. . Nutr. 2002,
132, 2999-3000. [CrossRef]

Rucker, R. Allometric scaling, metabolic body size and interspecies comparisons of basal nutritional requirements. J. Anim.
Physiol. Anim. Nutr. 2007, 91, 148-156. [CrossRef]

NRC (National Research Council). Nutrient Requirements of Dogs and Cats; The National Academies Press: Washington, DC, USA,
2006; p. 424.

NRC (National Research Council). Nutrient Requirements of Horses: Sixth Revised Edition; The National Academies Press: Washing-
ton, DC, USA, 2007; p. 360.

Kostytschew, S.; Berg, V. Die form der calciumverbindungen in lebenden pflanzengeweben. Z. Fur Wiss. Biologie. Abt. E Planta
1929, 8, 55-67. [CrossRef]

Pierce, E.C.; Appleman, C. Role of ether soluble organic acids in the cationanion balance in plants. Plant Physiol. 1943, 18, 224.
[CrossRef] [PubMed]

Swartzman, ].; Hintz, H.; Schryver, H. Inhibition of calcium absorption in ponies fed diets containing oxalic acid. Am. J. Vet. Res.
1978, 39, 1621-1623. [PubMed]

Blaney, B.; Gartner, R.; McKenzie, R. The inability of horses to absorb calcium from calcium oxalate. J. Agric. Sci. 1981, 97, 639—641.
[CrossRef]

Coenen, M.; Vervuert, 1. Pferdefiitterung; Georg Thieme Verlag: Stuttgart, Germany, 2019.

Hurwitz, S. Homeostatic control of plasma calcium concentration. Crit. Rev. Biochem. Mol. Biol. 1996, 31, 41-100. [CrossRef]
[PubMed]

Rosol, TJ.; Capen, C.C. Calcium-regulating hormones and diseases of abnormal mineral (calcium, phosphorus, magnesium)
metabolism. In Clinical Biochemistry of Domestic Animals; Elsevier: Amsterdam, The Netherlands, 1997; pp. 619-702.

Inoue, Y.; Osawa, T.; Matsui, A.; Asai, Y.; Murakami, Y.; Matsui, T.; Yano, H. Changes of serum mineral concentrations in horses
during exercise. Asian-Australas. J. Anim. Sci. 2002, 15, 531-536. [CrossRef]

Weisrock, K.U.; Winkelsett, S.; Martin-Rosset, W.; Forssmann, W.-G.; Parvizi, N.; Coenen, M.; Vervuert, L. Long-term effects of
intermittent equine parathyroid hormone fragment (ePTH-1-37) administration on bone metabolism in healthy horses. Vet. |.
2011, 190, e130-e134. [CrossRef]

39



Animals 2024, 14, 2765 21 0f21

94.

95.
96.

97.

98.

99.

100.

101.
102.

103.

104.

Vervuert, I; Kienzle, E. Assessment of Nutritional Status from Analysis of Blood and Other Tissue Samples. In Equine Applied and
Clinical Nutrition; Elsevier: Amsterdam, The Netherlands, 2013; pp. 425-442.

Bilezikian, ].P,; Raisz, L.G.; Martin, T.]. Principles of Bone Biology; Academic Press: Cambridge, MA, USA, 2008.

Coenen, M.; Kienzle, E.; Vervuert, I.; Zeyner, A. Recent German developments in the formulation of energy and nutrient
requirements in horses and the resulting feeding recommendations. J. Equine Vet. Sci. 2011, 31, 219-229. [CrossRef]

Siedler, S. Der Einfluss Verschiedener Phosphorquellen bei Alimentérer Phosphoriiberversorgung auf die Phosphorverdaulichkeit
und auf Ausgewdhlte Blutparameter beim Hund. Imu. Ph.D. Thesis, Ludwig-Maximilians-Universitit Munich, Munich,
Germany, 2018.

Calvo, ML.S.; Uribarri, J. Public health impact of dietary phosphorus excess on bone and cardiovascular health in the general
population. Am. |. Clin. Nutr. 2013, 98, 6-15. [CrossRef]

Harrington, D.; Walsh, ]. Equine Magnesium Supplements: Evaluation of Magnesium Oxide, Magnesium Sulphate and Magne-
sium Carbonate in Foals Fed Purified Diets. Equine Vet. |. 1980, 12, 32-33. [CrossRef]

Wilkinson, S.; Welch, R.M.; Mayland, H.; Grunes, D. Magnesium in Plants: Uptake, Distribution, Function, and Utilization by Man and
Animals; University of Basel: Basel, Switzerland, 1990.

Hintz, H.; Schryver, H. Magnesium metabolism in the horse. J. Anim. Sci. 1972, 35, 755-759. [CrossRef]

Vervuert, L; Stanik, K.; Coenen, M. Effects of different levels of calcium and phosphorus intake on calcium homeostasis in
exercising horses. Equine Vet. J. 2006, 38, 659-663. [CrossRef] [PubMed]

Toribio, R.E.; Kohn, CW.; Rourke, K.M.; Levine, A.L.; Rosol, T.]. Effects of hypercalcemia on serum concentrations of magnesium,
potassium, and phosphate and urinary excretion of electrolytes in horses. Am. J. Vet. Res. 2007, 68, 543-554. [CrossRef] [PubMed]
Stewart, A.]. Magnesium homeostasis and derangements. Equine Fluid Ther. 2015, 76-87. [CrossRef]

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 MDP1 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.

40



3.2. A Meta-Analysis on Quantitative Sodium, Potassium and Chloride
Metabolism in Horses and Ponies

e animals

‘MDPI

=

Review

A Meta-Analysis on Quantitative Sodium, Potassium and
Chloride Metabolism in Horses and Ponies

Isabelle Maier * and Ellen Kienzle

check for
updates

Academic Editor: Sven Dinicke

Received: 8 November 2024
Revised: 11 December 2024
Accepted: 10 January 2025
Published: 13 January 2025

Citation: Maier, L.; Kienzle, E. A
Meta-Analysis on Quantitative
Sodium, Potassium and Chloride
Metabolism in Horses and Ponies.
Animals 2025, 15,191. https:/ /
doi.org/10.3390/ani15020191

Copyright: © 2025 by the authors.
Licensee MDP1, Basel, Switzerland.
This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license
(https:/ /creativecommons.org/
licenses/by/4.0/).

Animal Nutrition and Dietetics, Department of Veterinary Sciences, Ludwig-Maximilians-Universitiat Minchen,
Schoenleutnerstr. 8, D-85764 Oberschleissheim, Germany; kienzle@tiph.vetmed.uni-muenchen.de
* Correspondence: isabelle.m. maier@gmail.com

Simple Summary: The current meta-analysis reviewed the literature researching the
metabolism of sodium (Na), potassium (K) and chloride (Cl) regarding possible differences
between ponies and horses, the effect of exercise and the impact of water deficiency. It
was found that working equines were able to digest Na and, to a lesser extent, K more
effectively than non-working animals. Regarding Cl availability, there was no difference
between working equines and those in maintenance. Ponies were able to digest Cl better
than horses, but without any relevance for practical feeding. Water deficiency affected the
K and Cl metabolism to a minor extent, while the Na metabolism remained unaffected.

Abstract: The goal of this meta-analysis was to (i) identify any potential differences in the

apparent and true digestibility, renal excretion, and retention between ponies and horses

and (ii) examine the impact of work on these parameters. Additionally, the study aimed to

(iii) evaluate the effects of water deficiency. This meta-analysis used data from 33 studies

and plotted them in diagrams similar to the Lucas test against mineral intake. Three studies

involved ponies that were later diagnosed with pituitary pars intermedia dysfunction

(PPID). These were compared with other data to identify quantitative differences, as they
may have clinical significance. If any significant difference was observed, the data were
not used for the evaluation of the aforementioned goals. Data were compared within
certain intake ranges using t-tests and ANOVA, followed by Holm-5idak post hoc tests.
Working equines showed significantly higher apparent and true Na digestibility and lower
endogenous faecal Na losses compared to non-working ponies and horses, suggesting a
rather important role of the gastrointestinal tract in the regulation of Na metabolism in
equines. The true K digestibility was also significantly higher in working animals than in
non-working ones, but the differences were quantitatively smaller than for Na. Retention
plus sweat losses for Na, K and Cl were higher in working animals compared to equines
in maintenance. Horses showed higher Na and K retention plus sweat losses compared
to ponies. These effects are likely attributable to greater sweat losses in working equines,
particularly horses. The apparent and true Cl digestibility was significantly higher in ponies
than in horses. A clinical relevance of this observation is rather unlikely, as the digestibility
remained very high in both. Water deprivation influenced serum Cl levels and increased
renal K excretion, which subsequently led to reduced K retention. Compared to other
animal species, no effects on blood K levels or Na metabolism were observed. The ponies
diagnosed with PPID exhibited a significantly lower apparent K digestibility compared to

healthy animals, which could be an important factor to consider when feeding soaked hay,
due to potential electrolyte losses during soaking.

Keywords: pony; horse; mineral; metabolism; sodium; potassium; chloride; digestibility
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1. Introduction

Na, K and Cl are crucial minerals in metabolism. Na and K are responsible for
the generation of cell membrane potentials and, in this context, are essential for muscle
and nerve cell functionality [1]. Additionally, Na plays a key role in blood pressure
regulation [2].

Na deficiency in horses may lead to behavioural changes, such as excessive licking,
affect the central nervous system, and can cause seizures [3,4]. Excessive Na and Cl intake
due to intense salt supplementation can be associated with gastric ulcers [5], fluid retention
in tissues and metabolic acidosis [6]. Muscle weakness and paralysis can be caused by K
deficiency [7]. However, a K deficiency is almost non-existent in equines [8], as rations
for horses are typically rich in K [9]. One factor that could contribute to K deficiency is
soaking hay, as this process can lead to significant K losses [10-12]. A considerable excess
of K can lead to disturbances in heart function [13] and can be involved in the development
of hyperkalemic periodic paralysis (HYPP) in predisposed horses [14]. Cl deficiency has
been documented to lead to metabolic alkalosis [8]. However, it is likely that this is not
primarily caused by Cl deﬁcicncy itself, but rather by the opposite changes in bicarbonate
concentration that typically accompany alterations in Cl balance [14]. For example, in hard-
working horses experiencing excessive chloride losses, it has been reported that bicarbonate
is reabsorbed by the kidneys to maintain electrical neutrality and that this bicarbonate
reabsorption can lead to the development of metabolic alkalosis [15].

The recommendations for the electrolyte supply of horses show an enormous range.
For instance, the recommended Na requirements for maintenance for a 500 kg horse range
from 3 to 13 g per day [16-18]. For working horses, the differences are even more relevant.
The recommended intake for a middle-sized horse engaged in hard work ranges from 22
to about 113 g Na per day [16-19]. Revisiting the underlying data might help explain the
different recommendations.

Faecal endogenous losses, apparent and true digestibility of minerals as well as data
on renal excretion and retention are important factors for factorial calculation of mineral
requirements for maintenance [18,20]. A previous meta-analysis by Kienzle and Burger [20]
showed a low true digestibility of Na in horses. The same was observed for other large
hindgut fermenters [21-23]. In the present meta-analysis, new data were included. In
light of a previous meta-analysis by Maier and Kienzle [24], which identified significant
differences between ponies and horses regarding apparent Mg digestibility, the present
meta-analysis aimed to evaluate whether such differences also exist for the minerals Na,
K and Cl. In addition to apparent digestibility, particular attention was given to potential
disparities in true digestibility and renal excretion. Furthermore, the effect of exercise on the
aforementioned parameters was also investigated. To the best of our knowledge, no data
are currently available on the extent to which physical activity influences the digestibility
of Na, K and Cl. A meta-analysis is particularly well suited for this purpose, making it a
valuable aspect to address within the scope of the present study. In two studies, experiments
were conducted under water restrictions. Since electrolytes, particularly Na, are closely
interconnected with water balance [2], these data were specifically marked, and the impact
of water restrictions on the mentioned parameters was also analysed. Coincidentally, data
were found from three studies with ponies which were later diagnosed with PPID. This
enabled a comparison of the quantitative metabolism of the three minerals mentioned in
preclinical PPID with other data.

2. Materials and Methods

The following databases were used for literature research: Google Scholar, the database
information system (DBIS) of the LMU Munich, PubMed and the Online Public Access
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Catalogue (OPAC) of the LMU Munich and the Bavarian State Library (BSB). “Mineral
digestibility, sodium, potassium, chloride, horse, pony, mare, gelding, salt, sodium chloride,
saline, salted, digestibility, availability, minerals, set elements, electrolytes, renal, kidney,
faecal, serum, blood, excretion, resorption or absorption” were the main keywords searched
for in different constellations. Studies that were used in a previous meta-analysis were also
included [20]. Only data from studies including mature equines (aged over 36 months,
as defined by the Society of Nutrition Physiology (GfE) [18]), which were not lactating or
pregnant, were considered. The analysis involved both equines at maintenance and those
during work (if the animals were exercised, as stated in the respective study), which was
indicated accordingly. Experiments with water deficiency (one trial by Hipp-Quarton [25]
and four trials by Pérez-Noriega [26]) were also considered and marked separately.

Analogous to the study by Maier and Kienzle [24], only studies that provided data
on at least two of the following parameters were included: daily mineral intake, apparent
digestibility, faecal excretion, renal excretion, and serum blood levels. Information on the
body weight or at least the breed of the animals had to be disclosed to estimate the body
weight. This estimation was based on the body mass in kg of large adult horses with a body
condition score (BCS) of 5-6 [18]. Additionally, details on age, breed and feed composition
were required. Both individual data and group averages were considered.

This meta-analysis followed the guidelines of the Systematic Reviews and Meta-
Analyses (PRISMA) statement [27]. The most recent source search was completed in
September 2024. The following studies were utilized: [3,25,26,28-57]. A flowchart illus-
trating the search and selection process is provided in Figure S1 of the Supplementary
Material, along with Table S1, which details the number of studies and participants used in
each graph.

The division into pony and horse was based on body weight (ponies < 300 kg;
horses > 300 kg).

The requirement recommendations set by GfE [18] were applied. The reference range
for serum mineral concentration was taken from the book Equine Applied and Clinical
Nutrition: Health, Welfare and Performance [58].

For the meta-analysis, all data on intake and excretion were calculated per kilogram
(kg) of metabolic body weight (MBW). Plots were created similar to those in the study
by Maier and Kienzle [24]. For all minerals, the Lucas test [20,59,60], with which an
apparently digested amount of a nutrient is plotted against intake, was used. Given that the
data distribution is appropriate for linear regression analysis, multiplying the regression
coefficient by 100 will indicate true digestibility (in%), while the intercept will indicate the
endogenous losses. The mineral requirement to replace faecal losses is then calculated by
dividing the endogenous losses by the true digestibility and multiplying by 100 [24].

Data on apparent mineral digestibility, serum concentration, renal excretion, and
retention were plotted against the intake of the respective mineral. The retention included
electrolyte losses via sweat in working animals and was calculated as follows: mineral
intake minus faecal losses minus urinary losses. An evaluation of retention, excluding
electrolyte losses through sweat (calculated as mineral intake minus faecal losses, urinary
losses and sweat losses), was also conducted for those studies where data on sweat losses
were available.

QOutliers, defined by three standard deviations, appeared in all serum plots and were
therefore eliminated from these diagrams. One of these outliers concerned the data from
Baker [28], whose serum levels for all minerals were in a range that could have caused
clinical issues. It is likely that there is an error in the units at some point. Additionally,
the data of Neustiddter for Na serum levels [43] and the data of O’Connor for the K serum
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level plot [44] produced outliers. Both used different measurement methods than the other
studies and were therefore not considered for the aforementioned graphs.

In almost all Cl diagrams, the data of Schryver [49] represented outliers. In addition,
the Cl balance given in this publication was positive, but renal excretion was higher than
intake. Presumably, there is some error in these data; therefore, the data were removed
from all Cl plots.

In the studies of Stiirmer [52], Berchtold [31] and Schiele [47], two ponies were in-
cluded, which were, after the completion of the study, diagnosed with PPID. An examina-
tion was conducted to determine whether any abnormalities existed in Na digestibility for
these ponies. No significant differences were found. Therefore, the aforementioned studies
were used for the calculations of Na. For K, the affected animals showed an exceptionally
low K digestibility of around 60%, even before diagnosis. In the study of Schiele [47], one
animal consuming overhanging hay had an apparent K digestibility of only 44%. In the
other studies stated above, only the average across all four ponies used was provided.
Serum K levels were within the reference range. Renal excretion in relation to intake but
not to the apparently digested amount of K showed a difference between the affected and
unaffected ponies. The mean retention, however, was clearly negative (—215 4+ 16 mg/kg
MBW) compared to all other studies (55.9 + 34.2 mg/kg MBW). Therefore, the studies
of Stiirmer [52], Berchtold [31] and Schiele [47] were removed from the calculations on
K. Data on Cl, including the affected ponies (i.e., Stiirmer [52] and Berchthold [31]), were
also checked for systematic differences. The apparent digestibility of Cl was significantly
higher than in other studies (p = 0.03). There were no data on serum CI. Renal excretion as
a percentage of intake for the studies stated above was significantly lower compared to all
other studies (p = 0.03), while the retention plus sweat losses as a percentage of intake was
significantly higher (p = 0.01). In turn, these studies were not considered for investigations
regarding Cl.

The comparison of two means was performed using Student’s f-test or, if the data
were not normally distributed, the Mann—Whitney rank sum test was applied. For analyses
involving more than one contributing factor, a two-way ANOVA was conducted utilizing
the Holm-Sidak post hoc test for all pairwise comparisons. The aforementioned tests
were conducted using SigmaPlot 14 (Systat Software, San Jose, CA, USA). Hyperbolic
regressions were computed as nonlinear inverse first-order regressions using SigmaPlot.
Linear regressions were also determined using SigmaPlot. Comparisons of linear regression
lines were made using the BiAS program with the test of Ho (BiAS. fiir Windows, Version
11.01, 2023, epsilon-Verlag, Frankfurt, Germany). The significance level was defined at
<0.05.

3. Results
3.1. Sodium
3.1.1. Na Digestibility

In Figure 1, the apparent digestibility of Na is plotted against Na intake. It shows
a typical hyperbolic curve with low apparent digestibility at an intake around or below
the requirement recommendations (27 mg/kg MBW, following GfE [18]). Working ponies
and horses appeared to have a higher apparent Na digestibility, especially at a low range
of intake. For a medium level of work (30% above maintenance), the recommended
Na requirement amounts to approximately 120 mg/kg MBW [18]. In the range below
a Na intake of 120 mg/kg MBW, there was a highly significant difference in apparent
Na digestibility between working and non-working horses (median working: 65%, n: 39;
median not working: 33%, n: 135; p < 0.001). There was no significant difference in apparent
Na digestibility between ponies and horses across the whole range of intake (median pony:
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58%, n: 198; median horse: 52%, n: 164; p = 0.08). The same was true if only trials with an
intake above the requirements were considered.

1400

Na apparent digestibility [%]

~300 | :
=350 |&
-400 " .
Naintake [mg/kg MBW]
® pony working O horse working
4 pony not working 4 horse not working
— regression pony - = = regression horse
O data of trials with a lack of water +++++++ requirement

Figure 1. Relationship between Na intake (in mg/kg MBW) and apparent Na digestibility (in%).
Regression lines mark the data of horses compared to ponies.

The amount of apparently digested Na in relation to intake is shown in Figure 2. Dark
green dots mark the animals that were exercised during the experiments. Non-working
ponies and horses are represented by light green triangles. Trendlines were calculated
for either working or non-working ponies and horses (Figure 2). There was a significant
difference between these trendlines (p = 0.003), which represent true digestibility when
multiplied by 100. The standard error of the mean (SEM) of the regression line was much
higher in the non-working animals.
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Figure 2. Apparently digested Na in relation to Na intake (both in mg/kg MBW). Trendlines mark
working and non-working horses and ponies.

3.1.2. Serum Na Concentration

Figure 3 shows the serum Na concentration in relation to Na intake. The serum
Na level was almost the same, both above and below the recommended requirements of
27 mg/kg MBW following GfE [18] (mean up to this requirement = 134.88 mg /kg MBW;
mean above this requirement = 135.98 mg/kg MBW). There was no effect of being a pony
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or a horse or of working or not working. The distribution of the data did not allow for a
statistical evaluation using ANOVA. The data on animals with water deficiency did not
deviate from the overall dataset.
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Figure 3. Serum Na concentration (in mmol/L) potted against Na intake (in mg/kg MBW).

3.1.3. Na Renal Excretion

There was no effect of being a pony or horse on renal Na excretion in relation to intake
or to apparently digested Na. Working or not working, however, displayed a clearcut effect
in both cases. Figure 4 shows the renal Na excretion in relation to apparently digested Na.
It was visibly higher in non-working ponies and horses.

1600
z 1400
E y=0.001x2+0.918x+8.199 N g
> 1200 R2=0.949 = et
¥ SEM=25.382 & S
$ 1000 A = -
g 7 -
— wo A - - - A
= ® -
5 A S
= @ ~ A
& ase L~ ° y =0.001x2+0.018x+47.16
Y 400 A 7" o R2=0.838
5 ot s s ad o ”:.—" SEM=16.254
§ ° - -
E I d - ) fe
200 0 200 400 600 800 1000 1200
Na apparently digested [mg/kg MBW]
® working 4+ mot working
O data of trials with a lack of water — — — Polynomial (working)

Polynomial (not working)

Figure 4. Relationship between apparently digested Na and renal Na excretion (both in mg/kg
MBW). Trendlines mark working and non-working horses and ponies.

3.1.4. Na Retention (Plus Sweat Losses)

Na intake minus faecal and renal excretion represents retention and sweat losses. In
Figure 5, this parameter is plotted against Na intake. Retention in non-working ponies
and horses rose with increasing intake. At very high intakes, however, it decreased again.
This happened in ponies and in horses; however, the effect was stronger in horses. A
two-factorial ANOVA of Na retention plus sweat losses in percentage of Na intake with
the factors pony vs. horse and working vs. not working showed a significant difference
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between working and non-working ponies and horses (p < 0.001). Working horses had
a higher retention plus sweat losses in percentage of intake than working ponies (horse
working: mean = 24%; pony working: mean = 15%). In non-working animals, it was
the opposite: horses had a more negative retention in percentage of intake than ponies
(horse not working: mean = —22%; pony not working: mean = —16%). The retention in
non-working animals in percentage of intake averaged —18%. The retention plus sweat
losses in working animals in percentage of intake averaged 17%.
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Figure 5. Relationship between Na intake and Na retention plus sweat losses (both in mg/kg MBW).

After accounting for sweat losses, the retention of Na was predominantly negative,

whereas the losses through sweat were comparatively high (Figure 6). The apparent
digestibility in the studies considered averaged 76%.
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Figure 6. Box plot of Na sweat losses and Na retention (both in mg/kg MBW). The horizontal

line represents the median, while the cross indicates the mean. Only data on working ponies,

including information on Na sweat losses, were available [25,26,33,36,38]. Trials with water deficiency

were excluded.
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3.2. Potassium
3.2.1. K Digestibility

In Figure 7, the apparent K digestibility is plotted against K intake. A typical hyperbolic
curve emerged. Data from trials with a lack of water did not exhibit any anomalies. The
regression lines between ponies and horses did not show any difference.
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not workir A not workir
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regression pony - = = regression horse

O data of trials with a lack of water

Figure 7. Apparent K digestibility (in%) plotted against K intake (in mg/kg MBW). The data of trials
that included ponies later diagnosed with PPID were not considered. Regression lines mark the data
of horses compared to ponies.

Figure 8 shows the apparently digested K quantity in relation to K intake. There was
an almost linear relationship between the factors. Studies with water deficiency did not
produce outliers in this plot. Trendlines were calculated for either working or non-working
ponies and horses (Figure 8). There was a significant difference between these trendlines
(p <0.001). The same applied when the data were considered up to an intake of 2500 mg/kg
MBW. Above this intake level, only working animals were represented due to the data
distribution. No differences between ponies and horses were observed for the non-working
animals (p = 0.47). Similarly, there was no significant effect of being a pony or horse among
the working animals (p = 0.48).

__ 4000
= y=0.858x—36.926
. . .
E % R2=0.993 %3
&0 3000 SEM =89.309 _.-.’--'
S P il
g 2500 - %
3 2000 o5 y=0.813x-43.084
7 - R*=0.975
Y A A
;%n 1500 e ",r" SEM=25.463
2 1000 o2
= ) iﬂ-‘ 2
g 500 _ofpt®
& i
E.- 0 e—
v 0 500 1000 1500 2000 2500 3000 3500 4000 4500
Kintake[mg/kg MBW]
® working 4+ not working
00 data of trials with a lack of water — — — Linear (working)

Linear (not working)

Figure 8. Relationship between K intake and apparently digested K (both in mg/kg MBW). The
data of trials that included ponies later diagnosed with PPID were not considered. Trendlines mark
working and non-working horses and ponies.
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3.2.2. Serum K Concentration

Figure 9 shows the serum K levels in relation to K intake. At an intake below the rec-
ommended requirements (139 mg/kg MBW [18]), K serum was partly below the minimum
reference range; otherwise, the K intake showed no influence. There was no effect of being
a pony or a horse (p = 0.34).
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Figure 9. Serum K concentration (in mmol/1) in relation to K intake (in mg/kg MBW). The data of
trials that included ponies later diagnosed with PPID were not considered.

3.2.3. K Renal Excretion

The renal K excretion shows an almost linear increase with rising intake (Figure 10).
With an intake of around 0 mg/kg MBW, renal K excretion was almost non-existent. The
recommended K requirement for maintenance is 139 mg/kg MBW [18]. At an intake
of more than 2500 mg/kg MBW, only data on ponies were available due to the data
distribution. A two-factorial ANOVA of renal K excretion with the factors pony vs. horse
and working vs. not working at an intake of 139-2500 mg/kg MBW showed no difference
between ponies and horses or working and non-working ponies and horses. There was
no significant interaction between these factors (p = 0.26). Data from studies with water
deficiency showed renal excretions in the upper range.
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Figure 10. Renal K excretion plotted against K intake (both in mg/kg MBW). The data of trials that
included ponies later diagnosed with PPID were not considered.
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3.2.4. K Retention Plus Sweat Losses

In Figure 11, retention of K (including sweat losses) is plotted against K intake. Retention
plus sweat losses in working and non-working ponies and horses increased with increasing
intake. At very high intakes, however, it decreased again in a pattern similar to that of Na.
At an intake range of 139-2000 mg/kg MBW, horses showed significantly higher retention
and sweat losses than ponies. There was a significant difference between working and
non-working ponies and horses (two-factorial ANOVA of K retention plus sweat losses at
an intake range of 139-2000 mg/kg MBW with the factors pony vs. horse and working vs.
not working: mean ponies = 65.3 mg/kg MBW; mean horses = 150.9 mg/kg; mean work-
ing = 157 mg/kg MBW; mean not working = 59.3 mg/kg MBW; p = 0.02). With a K intake of
above 2000 mg/kg MBW, the data distribution did not allow for a statistical evaluation for the
amount of K retention plus sweat losses or for the factors pony or horse and working or not
working. Data from experiments with water deficiency were significantly lower compared to
other data in the aforementioned range (p = 0.001; Figure 11). So were the results of Baker [28],
who added K as K salts, whereas in all other experiments, K originated from plants.
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Figure 11. K retention plus sweat losses in relation to K intake (both in mg/kg MBW). The data of
trials that included ponies later diagnosed with PPID were not considered.

K sweat losses and K retention after deducting sweat losses showed a pattern similar
to that of Na, yet the K retention remained entirely in the negative range (Figure 12).

g &§ &8 8

W cutaneous K losses [mg/kg MBW] K retention [mg/kg MBW]

Figure 12. Box plot of K sweat losses and K retention (both in mg/kg MBW). The horizontal line
represents the median, while the cross indicates the mean. Only data on working ponies, including
information on K sweat losses, were available. Trials with water deficiency were excluded.
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3.3. Chloride
3.3.1. Cl Digestibility
In Figure 13, the apparent digestibility of Cl is plotted against Cl intake. At an intake

of more than 250 mg/kg MBW, the apparent digestibility was greater in ponies than in
horses. The difference was significant (median pony = 98%, median horse = 94%, p < 0.001).
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Figure 13. Relationship between Cl intake (in mg/kg MBW) and apparent Cl digestibility (in%). The
data of trials that included ponies later diagnosed with PPID were not considered. Regression lines
mark the data of horses compared to ponies.

At low intake rates, the amount of apparently digested Cl plotted against Cl intake
(Figure 14) showed an almost linear relationship between these factors. At an intake of
above 600 mg/kg MBW, the apparently digested CI quantity seemed to be higher in ponies
than in horses. Trendlines were calculated separately for ponies and horses. There was a
significant difference between these trendlines (p < 0.001). The factors working and not
working did not show any significant differences (p = 0.18).
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Figure 14. Relationship between Cl intake and apparently digested Cl (both in mg/kg MBW). The

data of trials that included ponies later diagnosed with PPID were not considered. Trendlines mark
the data of horses compared to ponies.
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3.3.2. Serum Cl Concentration

The Cl serum concentration in relation to intake is shown in Figure 15. There was no
effect of being a pony or a horse. The serum Cl levels of experiments with water deficiency
were above the reference range (Figure 15).
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Figure 15. Serum Cl concentration (in mmol /1) plotted against Cl intake (in mg/kg MBW).

3.3.3. Cl Renal Excretion

In Figure 16, the renal excretion of Cl is plotted against Cl intake. The data show a
broad distribution. Working ponies and horses seemed to have a lower renal excretion than
non-exercised animals. A two-way ANOVA of renal Cl excretion as a percentage of intake
with the factors pony vs. horse and working vs. not working showed a significant difference

between working and non-working ponies and horses (mean working = 61 + 4%, mean not
working = 93 £+ 4%, p = 0.02).
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Figure 16. Renal Cl excretion in relation to Cl intake (both in mg/kg MBW). The data of trials that
included ponies later diagnosed with PPID were not considered.

3.3.4. Cl Retention Plus Sweat Losses

Figure 17 shows the retention and sweat losses of Cl in relation to Cl intake. Retention
plus sweat losses increased with increasing intake. The retention of working ponies and
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horses was significantly higher than the retention of non-working horses and ponies
(mean working: 217.8 + 38.4 mg/kg MBW; mean not working: —12.8 & 38.9 mg/kg MBW;
p <0.001). In non-working ponies and horses, the retention in percentage of intake averaged
3%. The retention plus sweat losses in working ponies and horses in percentage of intake
averaged 26%.
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Figure 17. Cl retention plus sweat losses in relation to Cl intake (both in mg/kg MBW). The data of
trials that included ponies later diagnosed with PPID were not considered.

The Cl retention shown in Figure 18 appears extremely negative, accompanied by very
high sweat losses.
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Figure 18. Box plot of Cl sweat losses and Cl retention (both in mg/kg MBW). The horizontal line
represents the median, while the cross indicates the mean. Only data on working ponies, including
information on Cl sweat losses, were available. Trials with water deficiency were excluded.

4. Discussion

As already described by Maier and Kienzle [24], apparent digestibility defines the
proportion of a consumed nutrient that is not excreted via the faeces. It does not consider
endogenous faecal losses. If these endogenous faecal losses are higher than intake, the
apparent digestibility can be negative, despite the absorption of a substantial amount of
the nutrient from the feed (see Figures 1, 7 and 13). In addition to measuring apparent
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digestibility, it is also possible to plot the apparently digested amount of a nutrient
against intake. This method, known as the Lucas test, has been used multiple times in
the past [20,24,60,61]. Serum concentration and renal excretion, as well as retention plus
sweat losses, can also be shown in relation to intake, allowing for the identification of
quantitative similarities and differences. In the present meta-analysis, these methods
were employed.

The distinction between pony and horse using a cut-off of 300 kg is a rather unrefined
method. As described in a previous meta-analysis by Maier and Kienzle [24], it is possible
that some heavier ponies are classified as horses. Nevertheless, there is no alternative
method in a meta-analysis without significantly limiting the data pool.

The same is true for the differentiation between working and non-working equines.
Work was not graded into light, medium or hard work. Estimating sweat losses based on
work intensity is not possible, as actual losses are heavily influenced by environmental
factors such as temperature or humidity [62]. For the same reason, it is equally impossible
to infer the intensity of work based on sweat losses. Therefore, retention was analysed
as retention plus sweat losses. However, data on electrolyte losses through sweat were
available for five studies involving working ponies [25,26,33,36,38]. Consequently, these
studies were used in a separate analysis to evaluate retention after deducting sweat losses.

Differences between ponies and horses have been investigated in the past, for example,
with regard to the microbiome [63-65] or the digestibility of crude nutrients [66-69]. How-
ever, to the best of our knowledge, the digestibility of minerals has not yet been investigated
in relation to differences between ponies and horses, except for an analysis by Maier and
Kienzle [24], or in relation to the association between digestibility and work. While there is
a wide range of studies on the influence of exercise and electrolyte losses through sweat in
general [62,70-77], none of these studies have measured digestibility.

Presenting all data per kg of MBW has been discussed extensively for species with
highly variable adult body weights, such as horses and dogs [18,78-80]. To ensure accuracy,
all diagrams were recreated using the reference measure of kg body weight (BW). No
differences were observed.

There was no difference between ponies and horses in terms of apparent Na digestibil-
ity or apparently digested Na (Figure 1) in relation to intake. Both parameters, however,
differed between working and non-working animals, with working animals having a higher
apparent digestibility. This also applied to true Na digestibility. Besides, the endogenous
losses were higher in animals that were not exercised. Especially in non-working animals,
the apparent and true digestibility of Na was relatively low compared to data from other
species such as dogs, cats, pigs and mice [81-85]. In horses and other large hindgut fer-
menters (Asian elephants, black rhinoceros), a rather low Na digestibility was described
by Clauss et al. [21,86]. Some of the black rhinoceros in the study by Clauss et al. [21]
had extremely low Na digestibility, even though the Na content in their diet was not very
low. Also, tapirs seem to be very similar in Na digestibility to horses [22]. In a study
by Holdg et al. [23], African elephants showed higher Na excretion in faeces in Na-rich
areas compared to lower faecal Na excretion in elephants from areas with comparatively
less Na. These findings suggest that several hindgut fermenters, including horses, may
be somewhat different from other species with regard to regulation of Na metabolism.
The suggested hypothesis is that the down- and upregulation of Na absorption from the
gastrointestinal tract plays a bigger role in horses than in species such as dogs, humans
and mice, where Na metabolism is not that strongly regulated via the intestine but much
more through renal mechanisms [87-89]. As shown in Figure 4, this does not imply that
the kidney is not involved in regulation in equines at all. Rather, it is likely involved to a
lesser extent, while the gastrointestinal tract also seems to play a significant role. The theory
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of increased regulation of Na absorption in the case of an increased Na requirement (i.e.,
work) is also supported by the lower variation of the data in working animals compared
to non-working horses and ponies (SEM trendline working = 9.523; SEM trendline not
working = 18.378).

A difference in Na digestibility between working equines and animals at maintenance
has a strong effect on the factorial calculation of requirements, especially for working
animals. In factorial calculation, the endogenous losses and sweat losses are summed up
and divided by true digestibility. If the true digestibility is higher, this will result in lower
figures. This considerable up and downregulation of intestinal Na absorption in horses
may in part explain why working horses appear to remain healthy, even if their factorially
calculated Na requirements are not completely met [90].

This may also explain why electrolyte loading for several days before strenuous
work is not recommended [91]. Presumably, it leads to downregulation of intestinal Na
absorption. The findings of Zeyner et al. [6] also strengthen this hypothesis. They fed either
0, 50 or 100 g (g) of salt (NaCl) per day to exercising horses and found stronger effects with
a lower dose. This finding could in part be explained by differences in intestinal absorption,
with lower absorption at higher doses. It also explains the findings on Na retention plus
sweat losses (Figure 5) in experiments with very high Na intake.

Renal Na excretion in comparison to intake and Na retention in working or non-
working animals reflects sweat losses. The differences between working ponies and horses
suggest lower sweat losses in ponies than in horses. While the sweat composition is
not systematically different, horses appear to produce more sweat when adrenaline is
injected [92]. Therefore, the hypothesis that horses produce more sweat during work
appears to be a likely explanation. Na retention excluding quantitative Na losses via sweat
could only be investigated for studies with ponies where quantitative data on sweat losses
were available. Due to the lack of data on sweat losses in working horses, it is unfortunately
not possible to assess the difference between ponies and horses in this context for all
minerals. Nonetheless, the very low Na retention combined with a relatively low apparent
Na digestibility is an interesting finding. In comparison to other mammals such as dogs,
where the apparent Na digestibility can reach up to 95% [81], horses do not appear to
achieve this even with significant sweat losses and low retention. The capacity for Na
absorption through the intestine seems to be limited in horses, even in working animals.
The same is true for the reduction of renal losses.

Apparent and true K digestibility in horses and ponies was higher than in other large
hindgut fermenters such as black rhinoceros and tapirs [21,93]. It was closer to other species
such as pigs, dogs, cats and mice [81,83,85,94]. Work increased the apparent and true K
digestibility of horses and ponies, presumably because of a higher requirement for sweat
losses, which resulted in an upregulation of intestinal absorption. Compared to Na, the
effect was smaller, but it should still be considered for factorial calculation of requirements.
In contrast to Na, in K, the status of deficiency is reflected by serum K, which affirms the
information provided by Vervuert and Kienzle [95]. The same is already known from other
species such as dogs, cats and humans [96,97]. K sweat losses plus retention were higher
in working horses than in working ponies, suggesting higher sweat losses in horses. The
explanation given for the differences in Na is probably also applicable to K.

The low K retention plus sweat losses observed during water deficiency could be the
result of activation of the renin—angiotensin—aldosterone system because thirst leads to
the release and activation of various hormones, ultimately resulting in the production of
aldosterone [98]. This hormone increases the reabsorption of Na into the blood through
Na-K pumps, which simultaneously leads to an increased excretion of K [99]. Similar to
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Na, K retention excluding K sweat losses was negative, with relatively high losses through
sweat. The interpretation of the results is in accordance with that of Na.

The apparent and true digestibility of Cl were extremely high. This is in agreement
with studies on other species such as dogs and cats [81,94]. There was a difference between
horses and ponies. Given the overall extremely high digestibility, the physiological signifi-
cance of this difference is unlikely to be of practical importance. An explanation might be
the allometric relationship between the size of the digestive tract and the MBW, which is
larger in ponies than in horses. The empty gastrointestinal tract amounts to 5% of BW [8].
With increasing size, the surface of the gastrointestinal tract then decreases in relation to
MBW, provided there is no compensation by an increase of villi and other structures which
enlarge the resorptive surface. To the best of our knowledge, this is not the case.

Serum Cl levels did not reflect the intake, as repeatedly reported before [95]. While the
same was true for Na, there was a difference between Na and Cl during water deficiency.
The serum Na concentration did not increase, but Cl serum levels did. This suggests a less
strict regulation of Cl metabolism compared to Na.

Renal excretion of Cl clearly showed effects on intake. Working animals had lower
renal excretion in relation to intake, suggesting sweat losses. Cl retention and sweat losses
reflected the other Cl results. The data distribution did not allow for a closer investigation
of Cl retention with respect to the potential difference between ponies and horses. To
the best of our knowledge, any such potential difference has not yet been investigated in
the literature. The sweat losses of Cl were extremely high (Figure 18). This is consistent
with previous reports indicating that Cl is lost in quantitatively high amounts through
sweat [15,77]. As a result, Cl exhibits the most negative retention compared to Na and K.
But the Cl digestibility was 93% in the studies considered, with renal Cl losses also being
very high. This provides interesting material for further investigations.

As described in the Section 2, some studies included animals later diagnosed with
PPID. With regard to clinical use of the data, it is worth discussing the findings in these
studies in comparison to all other studies. The most important difference was a very low
apparent K digestibility, of around 60% and less, compared to above 80% in the other
studies. In factorial calculation, this results in a requirement which is around 30% higher
than in healthy animals. In horse feed, especially in forage, K is normally abundant and
a deficiency is therefore virtually impossible [100]. Horses with PPID are mostly older
horses [101,102], which may be fed soaked hay to remove soluble carbohydrates and or
to remove dust from their diet. Soaking the hay may remove more than 50% of the K
content [10-12]. Therefore, in horses with PPID eating soaked hay, the resulting K intake
may become marginal. In contrast to K, Na metabolism in horses with PPID appeared to
be completely unaffected, whereas in other species, Cushing patients are reported to have
increased Na retention [103-106]. In the studies with elderly horses, Cl retention increased,
a finding which is not an eminent feature of Cushing’s disease in other species.

The observed increased digestibility of Na and K in working equines, combined with
the still highly negative retention, provides an important basis for further research.

5. Conclusions

The apparent Na digestibility in horses and ponies was relatively low, similar to other
hindgut fermenters. During physical activity, both apparent and true Na digestibility
increased considerably, suggesting a more important role of the gut in the regulation of Na
metabolism in equines than in other species. A similar effect was observed to a lesser extent
for K digestibility. For Cl, both apparent and true digestibility were notably high, with
ponies exhibiting even greater digestibility than horses. However, given the overall high C1
digestibility in both groups, this finding holds little relevance for practical feeding. Water
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deprivation led to increased serum Cl levels and decreased K retention due to relatively
elevated renal K excretion, likely influenced by aldosterone. In the ponies later diagnosed
with PPID, no impact on Na metabolism was detected. This contrasts with the findings
observed in other species. Furthermore, reduced K digestibility was noted in PPID-affected
animals, but there were no changes in blood K levels. Cl retention increased in animals

later diagnosed with PPID, which has not been previously reported in other species.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/ani15020191 /s1: Figure S1: Flow diagram for study search and
selection based on Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA);
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4. DISKUSSION

4.1. Kritik der Methodik

4.1.1. Modell Meta-Analyse

Eine Meta-Analyse dient als quantitatives Verfahren der Analyse von Ergebnissen
fritherer Studien sowie deren systematischer Neubewertung und der sich daraus
ergebenden Moglichkeit, tibergreifende Schlussfolgerungen zu ziehen (HAIDICH, 2010).
Sie fungiert entsprechend als eine statistische Methode, mit welcher Ergebnisse
verschiedener Studien zusammengefiihrt werden (HEDGES, 1992). Die Grundlage einer
jeden Meta-Analyse ist die Literaturrecherche. Obwohl es nicht moglich ist, ausnahmslos
jede relevante Studie zu einem Thema zu ermitteln (HAIDICH, 2010), bietet die Meta-
Analyse ein relevantes wissenschaftliches Instrument, mit welchem Effekte sichtbar
gemacht werden konnen, welche innerhalb der einzelnen Studien ggf. nicht erkennbar
waren und leisten somit einen wertvollen Beitrag zum Fortschritt der Wissenschaft
(GUZZO et al., 1987). Bereits einige wichtige Erkenntnisse der Tiererndhrung aus der
Vergangenheit wurden mittels Literaturstudien erlangt (KIENZLE & BURGER, 2011;
MACK etal., 2015; BOSWALD et al., 2018). Im Rahmen einer Literaturstudie muss kein
Tier Versuchsbedingungen ausgesetzt und beispielsweise einzeln standardisiert
untergebracht, Untersuchungen unterzogen oder zur Entnahme von Blutproben mit einer
Nadel punktiert werden. Unter dem Aspekt des Tierschutzes und des Gedankens an den
von Russell und Burch (1959) geprigten Begrift ,,replacement®, also unter anderem des
Anwendens von Alternativen zum Tierversuch wo moglich (CLARK, 2018), ist diese
Methode entsprechend als duBerst positiv zu bewerten. In diesem Zuge sollte immer eine
genaue Abwagung stattfinden, inwieweit zur Erlangung neuer Erkenntnisse Tierversuche
von Noten sind oder ob ggf. alternativ mithilfe bereits vorhandener Daten in der Literatur
erhobene Fragestellungen hinreichend beantwortet werden kénnen. Wichtig hierbei ist
ein stringentes Vorgehen bei der Datenauswahl sowie eine fundierte Datenanalyse unter

verschiedenen Gesichtspunkten.

4.1.2. Datenauswahl

Zur Aufnahme in die vorliegende Meta-Analyse mussten Studien mindestens zwei der
folgenden Informationen beinhalten: Bilanzdaten zu Aufnahme, fikaler Ausscheidung,
scheinbarer Verdaulichkeit und renaler Exkretion sowie Serumwerte der untersuchten
Mineralstoffe. Um die Ergebnisse der einzelnen Studien vergleichen zu kénnen, wurde

zudem das Korpergewicht der verwendeten Tiere benétigt. Damit konnten die Daten auf
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eine vergleichbare Bezugsgrole umgerechnet werden (mg/kg MBW). Wenn das
Korpergewicht nicht erhiltlich war, wurde dieses anhand der Angaben zur Rasse des
Pferdes bzw. Ponys geschdtzt. Hierfir wurden die Angaben zu typischen
Korpergewichten verschiedener Pferderassen nach GfE (2014) verwendet. Dieses
Vorgehen birgt das Risiko einer etwas ungenauen Bestimmung des Kdrpergewichts und
dadurch etwaiger Abweichungen in den eruierten Werten zu Aufnahme und fakaler bzw.
renaler Ausscheidung in Bezug auf das metabolische Korpergewicht. Da die Rasse genau
bekannt und deren typische Gewichte nach GfE (2014) zuriickzuverfolgen war, sind
grobe Ungenauigkeiten dennoch unwahrscheinlich.

Die Studienauswahl wurde weiter eingeschrinkt durch die alleinige Beriicksichtigung
von erwachsenen Pferden und Ponys ab einem Alter von drei Jahren (GFE, 2014), welche
sich weder in Laktation noch Trachtigkeit befanden. Daraus ergibt sich eine gewisse
Limitierung in der Ergebnisinterpretation hinsichtlich der Anwendbarkeit der Ergebnisse
auf die nicht beriicksichtigten Lebensphasen. Nichtsdestoweniger erfordert die in der
Meta-Analyse angestrebte Vergleichbarkeit der Ergebnisse eine ausschlieBliche
Verwendung von Tieren, welche keinen vom Erhaltungsstoffwechsel des Pferdes oder
Ponys maligeblich abweichenden Bedarf aufweisen. Dies ist aber bei Equiden im
Wachstum und wihrend der Trichtigkeit und Laktation der Fall (GFE, 2014), weshalb
diese Tiere in der Studie nicht beriicksichtigt wurden. Arbeitende Pferde und Ponys
weisen hinsichtlich der Mengenelemente Calcium, Phosphor und Magnesium keinen
erhohten Bedarf auf (GFE, 2014) und wurden entsprechend in der ersten Studie mit
einbezogen. Zwar zeigen auch diese Mengenelemente gewisse Verluste iliber den
Schweil3, welche allerdings gering sind (HARRIS et al., 2006). Hinsichtlich der
Mineralstoffe Natrium, Kalium und Chlorid, fiir welche durchaus ein Mehrbedarf fiir
Leistung empfohlen wird (GFE, 2014), wurden die arbeitenden Tiere mit den nicht
arbeitenden Pferden und Ponys im Erhaltungsstoffwechsel verglichen und dies

entsprechend kenntlich gemacht.

4.1.3. Metabolisches Korpergewicht als Bezugsgrofie

Die teils in ihrer Einheit variierenden Angaben aus den jeweiligen Studien wurden im
Zuge der Vergleichbarkeit auf eine BezugsgroBBe umgerechnet. Wie schon in
vorangegangenen Meta-Analysen, beispielsweise von Kienzle und Burger (2011), Mack
et al. (2015) und Boswald et al. (2018), wurde hierfiir das metabolische Korpergewicht
mg/kg MBW herangezogen. In Spezies, in welchen das Korpergewicht je nach Grof3e
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stark variieren kann, ist diese Bezugsgrofe sinnvoll (NRC, 2006; RUCKER, 2007; GFE,
2014). Eine Zuteilung von Néhrstoffen anhand des Korpergewichts (mg/kg BW) wiirde
zu groben Uber- (bei groBen Individuen) oder Unterschitzungen (bei kleinen Individuen)
des Bedarfs fiihren (RUCKER & STORMS, 2002). Insofern gestaltet sich die Auswahl

des metabolischen Kdrpergewichts als gemeinsame Bezugsgrdfie als sinnvoll.

4.1.4. Einteilung in Pony und Pferd

Als Grundlage fiir die Klassifizierung in Pony oder Pferd wurde in der aktuellen Meta-
Analyse das Korpergewicht der Tiere herangezogen. Bei einem Gewicht oberhalb von
300 kg wurden die Tiere in die Kategorie Pferd eingeteilt, wahrend leichtere Tiere als
Ponys gewertet wurden. Es ist bei einem solchen Vorgehen durchaus moglich, dass
manche Ponys mit mehr Gewicht als 300 kg als Pferde gewertet wiirden. Umgekehrt
(leichtere Pferde als 300 kg) ist das eher als unwahrscheinlich anzunehmen. Um diese
Ungenauigkeit zu eliminieren, wurden die Studien, von welchen die Rasse bekannt war,
nochmals iiberpriift. Ein Pony aus der Studie von Schiele (2008) beispielsweise war
zeitweise schwerer als 300 kg. Dieses Pony wurde dennoch als Pony gewertet und nicht
als Pferd. Da nicht in allen Studien die Rasse der Tiere angegeben war, hitte eine
Einteilung auf dieser Grundlage zu einer Limitierung der Studienauswahl gefiihrt. Eine
Einteilung nach Widerristhohe beispielsweise wiirde eine noch effektivere Losung
darstellen, gleichzeitig wire die Auswahl an in Frage kommenden Studien dann noch
starker begrenzt. Aus diesem Grund stellt die Einteilung nach Korpergewicht die einzig
mogliche Vorgehensweise dar. Zwar konnte eine mogliche Fehleinstufung einiger Ponys
als Pferde vorhandene Unterschiede verschleiern, umgekehrt aber ist es
unwahrscheinlich, dass Unterschiede aufgezeigt werden, die nur durch die Verteilung der

Tiere auf die beiden Gruppen zustande kommen.
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4.2. Diskussion der Ergebnisse

4.2.1. Unterschiede zwischen Pony und Pferd

Die Ergebnisse der vorliegenden Meta-Analyse zeigten geringere endogene fékale
Magnesiumverluste bei Ponys im Vergleich zu Pferden. AuBBerdem lag die scheinbare
Verdaulichkeit von Calcium bei einer Aufnahme unterhalb des Bedarfs bei Ponys hoher
als bei Pferden. Ebenso lief3 sich bei Ponys eine hohere Calciumretention feststellen. Die
scheinbare und wahre Verdaulichkeit von Chlorid war bei Ponys hoher als bei Pferden.
Die bei Ponys im Vergleich zu Pferden beobachteten geringeren endogenen fékalen
Verluste an Magnesium fitlhren zu einem faktoriell kalkulierten geringeren
Magnesiumbedarf bei Ponys. Womdglich ldsst sich diese Beobachtung darauf
zuriickfiihren, dass Ponys typischerweise eher aus kalten Regionen stammen und
Pflanzen, welche bei niedrigen Temperaturen aufwachsen, geringere Magnesiumgehalte
aufweisen als bei hoheren Temperaturen gedichene Pflanzen (GRUNES & WELCH,
1989). Ponys wiren vor diesem Hintergrund entsprechend eher dazu gezwungen,
Magnesium zu sparen. Da Ponys im urspriinglichen Habitat hiufig wenig Futter
vorfinden, wiére es denkbar, dass mit niedriger Futteraufnahme auch gelegentlich eine
niedrige Calciumaufnahme einhergeht, sodass eine effizientere Absorption bei geringer
Aufnahme von Bedeutung sein konnte. Damit lief3e sich die bei Ponys beobachtete hohere
scheinbare Calciumverdaulichkeit im Bereich niedriger Aufnahmen unterhalb des
Bedarfs erkléren.

Obwohl die Interpretation der Retention in Bezug auf Komplikationen des
Messverfahrens vorsichtig erfolgen muss, konnte die hohere Calciumretention bei Ponys
im Vergleich zu Pferden ebenfalls damit erkldrt werden, dass Ponys sich durch
Speicherung von Calcium auf Zeiten geringer Nahrungsaufnahme vorbereiten.

Eine denkbare Begriindung fiir die vergleichsweise hdhere scheinbare als auch wahre
Chloridverdaulichkeit bei Ponys im Vergleich zu Pferden konnte die bei Ponys groflere
allometrische Beziehung zwischen der Grofe des Verdauungstrakts und des
metabolischen Kdrpergewichts darstellen. Der leere Magen-Darm-Trakt entspricht 5 %
des Korpergewichts (COENEN & MEYER, 2019a). Sofern es nicht zu einer
Kompensation durch Vergroerung der resorptiven Oberfliche kommt, nimmt die
Oberfliche des Verdauungstrakts im Verhéltnis zur metabolischen Kdorpermasse mit
zunehmender Grofle des Tieres ab, was fiir eine groBere resorptive Fahigkeit des Ponys

sprechen wiirde.
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4.2.2. Einfluss der Mineralstoffquelle

Speziell fiir Phosphor ergaben sich interessante Erkenntnisse hinsichtlich der
verwendeten Phosphorquelle. So konnte, obwohl die renale Phosphorexkretion bei
Equiden physiologischerweise gering ist (TORIBIO, 2007), bei Verwendung
anorganischer, insbesondere wasserloslicher Phosphorquellen ein Anstieg von Phosphor
im Harn beobachtet werden. Auch eine Hyperphosphatdmie trat bei Einsatz der genannten
Quellen auf. Zudem zeigten wasserldsliche anorganische Phosphorquellen eine héhere
scheinbare und wahre Verdaulichkeit als Phosphor organischer oder schlecht
wasserloslicher anorganischer Herkunft. Fiir Calcium wiederum lag die wahre
Verdaulichkeit organischen Calciums oberhalb derer anorganischer Calciumquellen.
Hinsichtlich der Magnesiumverdaulichkeit konnte kein Unterschied zwischen den
verwendeten Quellen festgestellt werden.

Der beobachtete Phosphoranstieg in Serum und Harn unter Einsatz anorganischer,
insbesondere gut wasserloslicher Phosphatquellen (Monocalciumphosphat (Ca(H2PO4)»),
Natriumhydrogenphosphat (Na;HPOs) und Natriumdihydrogenphosphat (NaH2PO4)),
deckt sich mit bisher bekannten Ergebnissen bei Hunden und Katzen (PASTOOR et al.,
1995; DOBENECKER et al., 2018a; COLTHERD et al., 2019; DOBENECKER et al.,
2021a; STEFFEN & DOBENECKER, 2023). Es ist davon auszugehen, dass diese
Ergebnisse auf ein Gesundheitsrisiko hindeuten. So ist bekannt, dass ein hoher
Phosphorkonsum beim Menschen das Risiko fiir verschiedene chronische
Gesundheitsprobleme steigert (CALVO et al., 2014). Zu nennen sind hier vorwiegend
Risiken fiir die Nierengesundheit in Form makroskopischer Nierenldsionen (MACKAY
& OLIVER, 1935) und tubuldrer Ablagerungen (ELLER et al.,, 2011) sowie
phosphorinduzierte Gefillschiden (SAGE et al., 2011; RITZ et al, 2012) und
Beeintrachtigungen der Zellgesundheit (DI MARCO et al.,, 2008). Aber auch ein
Zusammenhang zwischen hoher Phosphoraufnahme und der Entstehung von Osteoporose
wurde vermutet (JOWSEY et al., 1974). Auch bei Hunden konnten die genannten Effekte
bereits beobachtet werden: Hochldsliche anorganische Phosphate zeigen hier potenziell
gravierende Auswirkungen auf den Stoffwechsel und gefdhrden in diesem
Zusammenhang wiederum die Gesundheit von Nieren, Herz-Kreislauf- und Skelett-
System (DOBENECKER et al., 2021b). Bei Pferden kommen weit oberhalb des Bedarfs
liegende Versorgungen mit Phosphor hdufig vor (KIENZLE & BOCKHORNI, 2018),
wobei dieser zum GrofBteil aus Futterzusdtzen stammt (VAN OST, 2015). Wenn dabei

wasserlosliche anorganische Phosphate verwendet werden, ist dies als besonders kritisch
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zu betrachten. Unter diesen Aspekten sollten wasserldsliche, anorganische Phosphate in
der Erndhrung von Equiden derzeitig gemieden werden. Die in der vorliegenden Arbeit
zudem festgestellte hohere scheinbare und wahre Verdaulichkeit wasserloslicher
anorganischer Phosphate im Vergleich zu Phosphor aus anderen Quellen spielt dann eine
groB3e Rolle. Denn wenn wasserldsliche Phosphorquellen nun nicht mehr verwendet und
in diesem Zuge aus der Bedarfsberechnung ausgeklammert werden, ergibt sich durch die
niedrigere wahre Verdaulichkeit der iibrigen Phosphorquellen ein hdherer
Phosphorbedarf als in den aktuellen Empfehlungen angenommen.

Dass fiir Calcium organischen Ursprungs eine hohere wahre Verdaulichkeit als fiir
Calcium anorganischer Herkunft festgestellt werden konnte, konnte mit der Loslichkeit
der Calciumquellen zusammenhéngen. Wéhrend Calcium aus Gras vorwiegend 16slich ist
(KOSTYTSCHEW & BERG, 1929) und in Gras und Leguminosen eine Loslichkeit von
50 bis 80 % aufweisen kann (PIERCE & APPLEMAN, 1943), ist die héufigste
verwendete anorganische Quelle Calciumcarbonat (CaCOs3) im Vergleich dazu nur
schlecht loslich in Wasser (SEIDELL, 1928). Da bei Pferden die Calciumaufnahme
hauptséchlich im Diinndarm in Form von Ca?'-Ionen stattfindet (CEHAK et al., 2012),
ist eine bessere Verdaulichkeit gut loslicher Quellen im Vergleich zu schlecht 16slichen
Komponenten nicht verwunderlich und konnte entsprechend die hohere Verdaulichkeit
des Calciums aus organischen Quellen erklédren. Fiir die praktische Fiitterung lasst sich
schlussfolgern, dass vorwiegend mit Raufutter gefiitterte Equiden eine knappe
Calciumversorgung voraussichtlich besser verkraften als solche, die Calcium
iiberwiegend aus anorganischen Ergédnzungen erhalten. Dies setzt allerdings voraus, dass
keine Pflanzen wie beispielsweise Tropengriser verwendet werden, die einen hohen
Gehalt an Oxalat aufweisen, welches bekanntermallen die Verfiigbarkeit von Calcium fiir
Pferde herabsetzt (SWARTZMAN et al., 1978; BLANEY et al., 1981).

Hinsichtlich der scheinbaren Magnesiumverdaulichkeit konnte kein Unterschied
beziiglich der verwendeten Quelle verzeichnet werden. Dies ldsst sich dadurch
nachvollziehen, dass es sich bei dem hauptsidchlichen anorganischen Anteil des
Magnesiums um Magnesiumoxid (MgO) handelte, welches als hochverfligbar gilt
(HARRINGTON & WALSH, 1980), wihrend aber auch Magnesium aus Bléttern selbst
fiir Menschen sehr gut verfiigbar ist (WILKINSON et al., 1990), deren Fahigkeit zur

Verdauung pflanzlichen Materials deutlich geringer ist als jene des Pferdes.
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4.2.3. Einfluss korperlicher Arbeit

Arbeitende Equiden wiesen eine hohere scheinbare und wahre Verdaulichkeit des
Natriums sowie geringere endogene fikale Natriumverluste auf als Ponys und Pferde im
Erhaltungsstoffwechsel. In geringerem Ausmall war eine solche Zunahme der wahren
Verdaulichkeit auch fiir Kalium zu beobachten. Fiir Chlorid konnten keine signifikanten
Unterschiede zwischen arbeitenden und nicht arbeitenden Equiden beziiglich der
scheinbaren oder wahren Verdaulichkeit gefunden werden, allerdings schieden arbeitende
Pferde und Ponys deutlich weniger Chlorid iiber den Harn aus als Equiden in Ruhe.

Die Natriumverdaulichkeit ist insbesondere bei nicht arbeitenden Pferden und Ponys
verglichen mit anderen Spezies (ENTRINGER et al.,, 1975; MEYER et al., 1999;
BURMEIER, 2017; BOSWALD et al., 2023; BOSWALD et al., 2024) eher niedrig. Sie
dhnelt jedoch der von weiteren Dickdarmverdauern (CLAUSS et al., 2007; CLAUSS et
al., 2009). In einer Studie von Holde et al. (2002) zeigten afrikanische Elefanten in
natriumreichen Gebieten eine hohere Natriumausscheidung im Kot im Vergleich zu
geringeren Natriumausscheidungen bei Elefanten aus Gebieten mit vergleichsweise
weniger Natrium. Diese Erkenntnisse lassen vermuten, dass bei Dickdarmverdauern der
Absorption von Natrium iiber den Darm neben den renalen Mechanismen eine grof3ere
Rolle in der Regulation zukommt als bei anderen Spezies wie Menschen, Hunden und
Mausen, bei welchen der Natriummetabolismus in erster Linie {iber die Niere gesteuert
wird (SELKURT, 1954; BIE, 2018). Diese Steigerung der Natriumabsorption im Darm
bei arbeitenden Equiden konnte zum Teil einen Erkldrungsansatz dafiir liefern, wieso
arbeitende Pferde in der Regel keine Symptome eines Natriummangels zeigen, selbst
wenn ihr faktoriell kalkulierter Natriumbedarf nicht ganz gedeckt ist (VAN OST, 2015).
Damit konnte ebenfalls erkldrt werden, weshalb die gezielte Zufiihrung von Elektrolyten,
um den Korper auf anstrengende Aktivititen vorzubereiten, bei Equiden nicht empfohlen
wird (SCHOTT II & HINCHCLIFF, 1998). Denn wenn davon ausgegangen wird, dass
die Up-Regulation der intestinalen Natriumabsorption etwas mehr Zeit in Anspruch
nimmt als die Regulation iiber die Niere, wiirde eine sehr reichliche Natriumzufuhr
unmittelbar vor korperlicher Arbeit hdchstwahrscheinlich zu einer geringeren
Verdaulichkeit fiihren. Fiir die genannte Hypothese sprechen auflerdem die Ergebnisse
einer Studie von Zeyner et al. (2017), in welcher arbeitenden Pferden unterschiedliche
orale Dosen Salz (NaCl) verabreicht wurden und bei kleinerer Dosis stirkere
Auswirkungen auf den Metabolismus beobachtet werden konnten. Dies konnte mit der

hier vermuteten intestinalen Natriumregulation bei Equiden in Einklang gebracht werden,
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nidmlich einer vermehrten Natriumabsorption aus dem Darm bei niedriger Salzdosis und
im umgekehrten Fall einer verminderten intestinalen Natriumabsorption bei reichlicher
Salzfiitterung.

Auch die wahre Kaliumverdaulichkeit nahm bei Pferden und Ponys durch Arbeit zu, was
in die faktorielle Kalkulation des Kaliumbedarfs einbezogen werden sollte.

Die bei arbeitenden Pferden und Ponys im Gegensatz zu Equiden in Ruhe verzeichnete
deutlich geringere Chloridausscheidung iiber den Harn spricht fiir hohe Schweif3verluste
an Chlorid bei korperlicher Aktivitéit. Fiir die in der vorliegenden Arbeit verwendeten
Studien, in welchen die Schweillverluste gemessen wurden, traf dies auch zu, was sich
mit Berichten iiber quantitativ hohe Chloridverluste tiber den Schweif3 bei arbeitenden

Equiden deckt (FLAMINIO & RUSH, 1998; SPOONER et al., 2010).
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5. ZUSAMMENFASSUNG

In der vorliegenden Meta-Analyse wurde der Calcium-, Phosphor- und Magnesium-
stoffwechsel hinsichtlich etwaiger Unterschiede zwischen Ponys und Pferden sowie des
Einflusses verschiedener Mineralstoffquellen, insbesondere des Phosphors, untersucht.
Hierfiir wurden die in der Meta-Analyse von Kienzle und Burger (2011) verwendeten
Dissertationen sowie weitere Studien beriicksichtigt, welche iiber Google Scholar, das
DBIS der LMU Miinchen, PubMed und den OPAC der LMU Miinchen sowie der
Bayerischen Staatsbibliothek gesucht wurden. Daten aus 42 Studien wurden zugrunde
gelegt und in Bezug auf die Parameter Verdaulichkeit, renale Exkretion, Retention und
Serumgehalt analysiert. Des Weiteren sollten die Mengenelemente Natrium, Kalium und
Chlorid unter Beriicksichtigung der genannten Parameter untersucht werden, wofiir
Literaturdaten aus 33 Studien mittels oben genannter Recherche gefunden und evaluiert
wurden. Neben etwaigen Unterschieden zwischen Ponys und Pferden stand hier der
Einfluss korperlicher Arbeit auf den Stoffwechsel der genannten Mineralstoffe im
Vordergrund. Um die Daten miteinander vergleichen zu kénnen, wurden alle Angaben auf
die gemeinsame Bezugsgrofle mg/kg MBW umgerechnet. Als Hauptmethode wurden
Diagramme verwendet, welche dem Lucas Test zur Bestimmung der wahren
Verdaulichkeit und der endogenen fdkalen Verluste dhneln. Die Analyse der Daten
innerhalb spezifischer Aufnahmebereiche erfolgte mittels t-Tests und ANOVAs, gefolgt
von Holm-Sidak-Post-hoc-Tests.

Der Einsatz anorganischer wasserloslicher Phosphate fiihrt bei Pferden und Ponys zu
Hyperphosphatdmie und Hyperphosphaturie (Tabelle 2). Dieses Phdnomen ist bereits bei
anderen Spezies als Gesundheitsrisiko bekannt.

Die wahre Verdaulichkeit von Natrium lag bei arbeitenden Equiden im Vergleich zu nicht
arbeitenden Pferden und Ponys hoher (Tabelle 2). Der Darm scheint bei Equiden
entsprechend eine grofBere Rolle in der Regulation des Natriumstoffwechsels zu spielen

als bei anderen Spezies.

Tabelle 2: Ubersicht iiber die relevanten Ergebnisse der vorliegenden Arbeit.

Calcium
Parameter Anorganisch Organisch
Scheinbare Verdaulichkeit in % * 39+18 48 £ 10
n=127 n=163
Wahre Verdaulichkeit in % ! 50 80
n=164 n=149
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Phosphor
Parameter Anorganisch, gut Sonstige
wasserloslich
Scheinbare Verdaulichkeit in % ~ 20 (12:31) 8 (-1,5:16)
n=40 n =264
Renale Exkretion in % der scheinbar 32 (17:66) 4 (2:10)
verdauten Phosphormenge ™ n=10 n=:67
Serumwerte in mmol/l * 1,62 +£0,23 1,01 £0,19
n=10 n=60
Magnesium
Parameter Pony Pferd
Wahre Verdaulichkeit in % ! 44 46
n=136 n=181
Endogene fikale Verluste in mg/kg 5 17
MBW 2 n=136 n=181
Natrium
Parameter Arbeit Erhaltung
Wahre Verdaulichkeit in % ! 87 80
n=92 n=276
Endogene fikale Verluste in mg/kg 26 36
MBW ? n=92 n=276
Kalium
Parameter Arbeit Erhaltung
Wahre Verdaulichkeit in % ! 86 81
n=92 n =205
Endogene fikale Verluste in mg/kg 37 43
MBW 2 n=292 n=205
Chlorid
Parameter Pony Pferd
Scheinbare Verdaulichkeit in % ~ 98 (94:99) 94 (90:96)
n=26 n=38
Wahre Verdaulichkeit in % ! 100 93
n=26 n=38

* Two Way Analysis of Variance, Holm-Sidak-Post-hoc-Test (MW + SD)
“ Mann-Whitney Rank Sum Test (M (Q1:Q3))

" Student’s t-test (MW = SD)

! Berechnet im Lucas Test aus der Steigung der Regressionsgleichung.

2Berechnet im Lucas Test aus dem Y-Achsenabschnitt der Regressionsgleichung.
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SUMMARY

6. SUMMARY

In the present meta-analysis, calcium, phosphorus, and magnesium metabolism were
examined regarding potential differences between ponies and horses, as well as the
influence of different mineral sources, particularly phosphorus. For this purpose, the
dissertations used in the meta-analysis by Kienzle and Burger (2011) and other studies
were considered, which were searched via Google Scholar, the DBIS of LMU Munich,
PubMed, and the OPAC of LMU Munich and the Bavarian State Library. Data from 42
studies were used and analyzed with regard to the parameters of digestibility, renal
excretion, retention, and serum levels. Furthermore, the macroelements sodium,
potassium, and chloride were studied considering the aforementioned parameters, for
which literature data from 33 studies were found and evaluated through the
aforementioned search methods. In addition to potential differences between ponies and
horses, the influence of physical work on the metabolism of the aforementioned minerals
was the main focus. To enable comparison of the data, all values were converted to the
common reference unit of mg/kg BW. Diagrams similar to the Lucas test for determining
true digestibility and endogenous faecal losses were used as the primary method. Data
analysis within specific intake ranges was performed using t-tests and ANOVAs, followed
by Holm-Sidak post-hoc tests.

The use of inorganic water-soluble phosphates leads to hyperphosphatemia and
hyperphosphaturia in horses and ponies (Table 2). This phenomenon is already known as
a health risk in other species.

True digestibility of sodium was higher in working equines compared to non-working
horses and ponies (Table 2). The intestine seems to play a greater role in regulating

sodium metabolism in equines than in other species.

Table 2: Overview of the relevant results of the present study.

Calcium
Parameter Inorganic Organic
Apparent digestibility in % * 39+ 18 48 £ 10
n=127 n=163
True digestibility in % ! 50 80
n=164 n= 149
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Phosphorus
Parameter Inorganic, water Remaining
soluble
Apparent digestibility in % 20 (12:31) 8 (-1.5:16)
n=40 n =264
Renal exkretion in % of the apparently 32 (17:66) 4 (2:10)
digested phosphorus quantitiy ~ n=10 n==67
Serum level in mmol/1 f 1.62+0.23 1.01 £0.19
n=10 n=60
Magnesium
Parameter Pony Pferd
True digestibility in % ! 44 46
n=136 n=181
Endogenous faecal losses in mg/kg 5 17
MBW 2 n=136 n=181
Sodium
Parameter Arbeit Erhaltung
True digestibility in % 87 80
n=92 n=276
Endogenous faecal losses in mg/kg 26 36
MBW 2 n=92 n=276
Potassium
Parameter Arbeit Erhaltung
True digestibility in % ! 86 81
n=92 n =205
Endogenous faecal losses in mg/kg 37 43
MBW 2 n=292 n=205
Chloride
Parameter Pony Pferd
Apparent digestibility in % 98 (94:99) 94 (90:96)
n=26 n=38
True digestibility in % 100 93
n=26 n=38

* Two Way Analysis of Variance, Holm-Sidak-Post-hoc-test (MW + SD)
 Mann-Whitney Rank Sum test (M (Q1:Q3))

"Student’s t-test (MW = SD)

! calculated in the Lucas test from the slope of the regression equation.

2 calculated in the Lucas test from the y-intercept of the regression equation.
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TABELLENANHANG

8. TABELLENANHANG

Die fiir die Meta-Analyse verwendeten Daten in Form einer detaillierten Tabelle sowie

deren Quellenangaben sind der beigefiigten CD entnehmbar.
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