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Einleitung

1. Einleitung
1.1. Definitionen pflanzenbasierter Erndhrungsformen

Grundsatzlich gibt es keine einheitliche Form einer pflanzenbasierten Erndhrungsweise [1].
Unter Vegetarismus versteht man eine Vielzahl von Erndhrungsweisen (Abbildung 1). Alle
vegetarischen Erndhrungsformen haben gemeinsam, dass sie Lebensmittel von getdteten
Tieren ausschliel3en [2]. Dazu zahlt neben Fleisch und Fisch, ebenso die daraus hergestellten
Produkte, wie z.B. Wurstwaren oder Gelatine [2]. Eine Sonderform bilden die

Pescetarier:innen, die Fisch aber kein Fleisch verzehren.

@ = O |
Pescetarier:innen X v v Vv
Ovo-Lacto-Vegetarier:innen X X v v
Ovo-Vegetarier:innen X X v X
Lacto-Vegetarier:innen X X X v
Veganer:innen X X X X

Abbildung 1: Formen der pflanzenbasierten Erndhrung (eigene Abbildung)

Jedoch lassen sich nach Grad der Vermeidung tierischer Lebensmittel bzw. tierischer
Produkte verschiedene pflanzenbasierte Ernahrungsformen genauer definieren (Abbildung 1).
So verzehren Ovo-Lakto-Vegetarier:innen neben pflanzlichen Lebensmitteln auch Milch und
Eier, sowie daraus hergestellte Produkte [1]. Ovo-Vegetarier:innen essen neben pflanzlichen
Nahrungsmitteln ebenfalls Eier, aber keine Milch oder Milchprodukte [1]. Der Veganismus ist
die konsequenteste Erndhrungsweise mit Ausschluss jeglicher tierischer Lebensmittel bzw.
Produkte, es werden ausschlieBlich pflanzliche Lebensmittel verzehrt [1]. Zudem verwenden
viele Veganer:innen auch keine Gebrauchsgegenstdnde oder Materialien, die von Tieren
stammen, wie z.B. Wolle, Leder oder Seide [1].

1.2. Pflanzenbasierte Erndhrungsformen in Deutschland

In Deutschland gibt es seit den 1990er Jahren einen Trend der vegetarischen und zunehmend
veganen Ernahrungsformen [1]. Aktuell liegt der geschatzte Anteil von Vegetarier:innen bei
etwa 7-10% [2,3]. Laut dem Institut fir Demoskopie Allensbach ernahren sich etwa 8 Millionen

Menschen in Deutschland vegetarisch [4], eine halbe Million Menschen mehr als noch im Jahr
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2021 [4]. Einer veganen Ernahrungsweise folgten im Jahr 2022 1-2% (etwa 1.6 Millionen
Personen) der deutschen Bevdlkerung [3,5] mit einem Zuwachs von ca. 170.000 Personen als
noch im Vorjahr [5]. Allerdings kann der Anteil vegan oder vegetarisch lebender Menschen in
Deutschland nur geschatzt werden, die Angaben in wissenschaftlichen Studien sind dabei
meist niedriger als die Angaben von Meinungsforschungsinstituten [1]. Dennoch lasst sich
zusammenfassen, dass nach Schatzungen etwa 10 Millionen Menschen in Deutschland einer

veganen oder vegetarischen Erndhrungsweise folgen.

Zudem schranken immer mehr Menschen den Konsum von Fleisch in Deutschland ein. Laut
dem Bundesministerium fur Erndhrung und Landwirtschaft bezeichneten sich 44% der
deutschen Bevolkerung 2022 als flexitarisch [3]. So werden Menschen bezeichnet, die ganz
bewusst den Konsum von Fleisch einschranken [3]. Eine einheitliche Definition wie hoch der

maximale Verzehr sein darf, gibt es aber bisher nicht [1].

Die Einteilung nach der Lebensmittelauswahl erlaubt eine Klassifizierung der vegetarischen
Ernahrungsformen, doch die Grinde warum sich Menschen dazu entscheiden sind
vielschichtig [2]. Die Entscheidung fiir eine pflanzenbasierte Ernahrung ist oftmals Teil eines
Lebensstilkonzeptes, dass Uber die Auswahl von Nahrungsmitteln hinausgeht [2]. Dabei
werden auch Aspekte des Tierschutzes und Tierrecht, Umweltschutz, Klimawandel oder
Perspektiven der Welterndhrung, sowie physische und mentale Gesundheit etc. einbezogen
[2].

e . I,F'
Schliissel- B
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melet schocklersnde
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Magzantsarnarung
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WVeganer im sozizken Umfeld Hohe formale Bildung
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Faktoren
Bestehende vegetarische Emahrung Paolitisch griin oder links
Fraditionelle werte hinterfragen
Gesellschaft werdndem wollen Offen fiir neue Lebensstile \_ )

Abbildung 2: Individuelle Entstehung des Veganismus ((ibernommen aus Bundesinstitut fiir
Riskobewertung [6])
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Die Entscheidung fir eine vegane Lebensweise ist meist durch das Zusammenwirken von
Einstellungen, beglinstigenden Faktoren und einem ethischen Motiv gepragt, zudem gibt es
haufig ein Schlisselereignis (Abbildung 2) [6]. Insgesamt sind vor allem ethische Motive eine
der haufigsten Beweggriinde [1,6], gefolgt von gesundheitlichen und ékologischen Motiven [1].

Dabei sind die personlichen Motive nicht fixiert und kénnen sich im Laufe der Zeit wandeln [1].

1.3. Gesundheitliche Aspekte einer veganen Ernahrung
1.3.1. Nahrstoffversorgung bei veganer Ernahrungsweise

Grundsatzlich gibt es vielfaltige Auspragungen einer veganen Ernahrungsweise [7],
entsprechend abwechslungsreich bzw. auch eintonig kann die Lebensmittelauswahl gestaltet
werden. Dennoch ist bei einigen Nahrstoffen eine ausreichende Versorgung nicht oder nur
schwer moglich [8]. Der kritischste Nahrstoff ist hierbei Vitamin B12 [8,9], denn Cobalamine
kénnen von Pflanzen nicht gebildet werden [9]. Ein Vitamin B12 Mangel hat schwerwiegende
Konsequenzen [9]. Dieser fuhrt zu einer Stérung der Methioninsynthese und folglich zu einem
Mangel an reaktionsfahigem Folat [9]. In Folge kommt es zu einer unzureichenden DNA-
Synthese mit Zellteilungsstérungen im gesamten Organismus [9]. Leitsymptom ist hierbei die
makrozytare hyperchrome Anamie [9]. Schwerwiegender wiegen neben den hamatologischen
Symptomen die neurologischen Folgen der funikulare Myelose [9]. Um potentielle irreversible
neurologische Schaden zu vermeiden, wird empfohlen, dass Veganer:innen dauerhaft ein
Vitamin-B12-Praparat einnehmen sollten [8,9]. Andere potenziell kritischen Nahrstoffen sind
laut der Deutschen Gesellschaft fur Erndhrung (DGE) bei einer veganen Erndhrungsform
Proteine bzw. unentbehrliche Aminosduren und langkettige Omega-3-Fettsduren wie
Eicosapentaensaure (EPA) und Docosahexaensaure (DHA) [8]. Wichtige Vitamine wie
Riboflavin (Vitamin B2) und Vitamin D, sowie einige Mineralstoffe und Spurenelemente
(Calcium, Eisen, Jod, Zink, Selen) gelten ebenso als potentiell kritische Nahrstoffe [8]. Dies
bestatigt auch ein systematisches Review aus dem Jahr 2021 [10]. Das Review zeigte, dass
Veganismus mit einer geringeren Aufnahme verschiedener Vitamine (B2, Niacin (B3), B12,
D), sowie einiger Mineralstoffe und Spurenelemente (Calcium, Kalium, Jod, Zink, Selen)

assoziiert ist [10].

Neben der Nahrstoffzufuhr kann die Bewertung der Nahrstoffversorgung auch Uber den
Ernahrungsstatus erfolgen [7]. Der Ernahrungsstatus umschreibt den ernahrungsbedingten
korperlichen Zustand [7]. Dieser ergibt sich aus Bilanz von Bedarf und Verbrauch von
Nahrstoffen (und Nahrungsenergie) und kann anhand von Biomarkern gemessen werden [7].
Wenn diese Bilanz nicht ausgeglichen ist, kann der Erndhrungsstatus auch Auswirkungen auf
den Gesundheitsstatus haben, wobei Ubergange flieRend sind und Wechselwirkungen

bestehen [7]. Eine langfristige unzureichende Nahrstoffzufuhr kann somit zu einem
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unzureichenden Ernahrungsstatus und infolgedessen zu einem schlechten Gesundheitsstatus

fuhren, welcher sich durch latente oder manifeste Krankheitsbilder du3ern kann [7].

Seit den 1990er Jahren fand ein Paradigmenwechsel statt, so wurde in der Vergangenheit in
wissenschaftlichen Studien oft einseitig pflanzenbasierte Ernahrungsformen hinsichtlich
mdglicher Nahrstoffmangel untersucht [11]. Schlielllich sind eher praventive und
therapeutische Aspekte in den Mittelpunkt des wissenschaftlichen Interesses gerickt [11].
Dabei zeigte sich, dass pflanzenbasierte Kostformen (Abbildung 3) das Risiko flr
verschiedene Erkrankungen [12], wie Typ 2 Diabetes (T2D) [13], Herz-Kreislauferkrankungen
[14] und fur einige Krebserkrankungen [15] senken kénnen. Hier muss jedoch betont werden,
dass die vegane Erndhrungsweise weniger umfangreich untersucht wurde, als im Vergleich

zu vegetarischen Kostformen.
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Abbildung 3: Mébgliche Auswirkungen auf die Gesundheit bei veganer Ernéhrungsform
(bernommen aus Fachgesellschaft fiir Erndhrungstherapie und Prdvention (FET) e.V. [16],

mit freundlicher Genehmigung)

1.3.2. Vegane Erndhrung und inflammatorische Biomarker

Anders als bei akuten Entziindungsreaktionen, welche durch eine begrenzte Hochregulierung
der Entzindungsaktivitat gekennzeichnet sind und einen wichtigen Schutzmechanismus des
Korpers darstellen [17], sind chronisch-persistierende subklinische Entziindungsreaktionen
(sogenannte low-grade Inflammation (niedrigschwellig) oder silent (stille) Inflammation) [18]

gepragt durch anhaltende Entziindungsaktivitaten [19]. Damit ist unter anderem die anhaltende

5
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Produktion von proinflammatorischen Zytokinen, aber auch proinflammatorischen Lipiden wie

Eicosanoiden gemeint [19].

Es qilt als bekannt, dass es einen Zusammenhang zwischen low-grade Inflammationen und
einem erhohten Risiko flr verschiedene chronische Krankheiten gibt [17,19,20]. Somit kénnen
inflammatorische Biomarker auch als intermedidre Risikofaktoren fir die Entwicklung
chronischer Krankheiten dienen. Tatsachlich wurden Assoziationen zwischen erhéhten
Konzentrationen von inflammatorischen Biomarkern wie hochsensitivem C-reaktivem Protein
(hsCRP) oder Interleukin-18 (IL-18) mit den pathogenetischen Mechanismen chronischer
Erkrankung wie T2D [21] oder Herz-Kreislauf-Erkrankungen aufgezeigt [22,23]. Im Gegensatz
dazu wurde berichtet, dass die Konzentration des antiinflammatorischen Hormons Adiponektin

in inversem Zusammenhang mit diesen Krankheiten in Verbindung steht [24,25].

Verschiedene modifizierbare Einflussfaktoren gelten als Risikofaktor fir low-grade
Inflammation [17,20]. Neben der korperlichen Inaktivitat, (viszeraler) Adipositas oder
psychischem Stress, gilt auch die Ernahrung als ein mdglicher Einflussfaktor [17,20]. Zwei
systematische Ubersichtsarbeiten mit Metaanalysen zeigten, dass pflanzenbetonte
Ernahrungsformen, im Vergleich zu nicht pflanzenbetonten Ernadhrungsformen, mit niedrigeren
CRP-Konzentrationen assoziiert sind [26,27]. Diese Ubersichtsarbeiten schlossen dabei nicht
nur Studien mit den Erndhrungsformen des Vegetarismus ein, sondern auch
Ernahrungsformen der mediterranen Ernahrung, Nordic Diet und Dietary Approaches to Stop
Hypertension (DASH) [26,27]. In gewissem Malde konnte Eichelmann et al. auch fir Interleukin-
6 (IL-6) (-0.25 ng/l, 95%-KI: -0.56 bis 0.06), sowie I8sliches interzellulares Adhasionsmolekil-
1 (sICAM) (-25.1 ng/ml, 95%-KI: -52.3 bis 2.17) eine Verringerung der durchschnittlichen
Konzentrationen bei einer pflanzenbetonten Erndhrungsform aufzeigen [26]. Fir
Tumornekrosefaktor-a (TNF-a), Resistin, Adiponectin und Leptin wurden keine wesentlichen
Veranderungen festgestellt [26,27]. Hierbei muss jedoch betont werden, dass CRP
wissenschaftlich am umfassendsten im Vergleich zu anderen inflammatorischen Biomarkern

untersucht wurde.

Weitere Metaanalysen [28,29] fokussierten sich explizit auf den Vegetarismus und berichteten
ebenfalls, dass eine vegetarische Lebensweise mit niedrigeren CRP-Konzentrationen
assoziiert ist [28,29]. Auch hier ist die Studienlage in Hinblick auf andere inflammatorischen
Biomarker sehr limitiert [28,29].

Es Iasst sich vermuten, dass ein vorteilhaftes inflammatorisches Biomarkerprofil von Personen
mit pflanzenbasierten Ernahrungsformen einen protektiven Einfluss auf das Erkrankungsrisiko
von T2D, Herz-Kreislauferkrankungen oder fur bestimmte Krebserkrankungen haben kénnte.
Denn wie oben beschrieben, gilt es als bekannt, dass Menschen die einer pflanzenbasierten

Kostform folgen, ein verringertes Risiko dieser chronischen Krankheiten haben [12].
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Es lasst sich zusammenfassen, dass bisher einige Studien die Zusammenhange zwischen
einer pflanzenbasierten Ernahrungsweise und inflammatorischen Biomarkern untersucht
haben. Dabei fokussieren sich diese Studien jedoch fast ausschlief3lich auf CRP sowie auf
vegetarische Ernahrungsformen. Wissenschaftliche Studien, die neben CRP noch andere
inflammatorische Biomarker oder vegane Ernahrungsweisen untersuchen, sind bisher sehr
limitiert [30,31].

1.3.3. Vegane Erndhrung und Knochengesundheit

Im Gegensatz zu den beschriebenen vorteilhaften Auswirkungen einer pflanzenbasierten
Ernahrung auf die Gesundheit, wird berichtet, dass vegane Ernahrungsformen in Hinblick auf
die Knochengesundheit negative Auswirkungen haben kénnen (Abbildung 3). So wurde eine
geringere Knochengesundheit (niedrigere Knochendichte und hoéhere Frakturraten) bei
Veganer:innen im Vergleich zu Mischkdstler:innen in aktuellen Ubersichtsarbeiten [32,33]
gezeigt, ebenso in drei Metaanalysen mit Beobachtungsstudien [34-36] und in einer aktuellen
grofden prospektiven Studie (n=54.898) [37].

An der Knochengesundheit sind eine Vielzahl von Nahrstoffen beteiligt (Abbildung 4) [33]. Das
Skelett ist kein starres, sondern ein sehr dynamisches und stoffwechselaktives Gewebe [38]
und reagiert duflierst empfindlich auf seine Mikroumgebung [39]. So kann ein anhaltendendes
Ungleichgewicht zu einem betrachtlichen Knochenverlust fuhren [39]. In diesem
Zusammenhang werden Erndhrungsgewohnheiten und die damit verbundene Aufnahme
wichtiger Nahrstoffe als ein wichtiger modifizierbarer Einflussfaktor fur die Knochengesundheit

angesehen [39,40].
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Abbildung 4: Néhrstoffe fiir gesunde Knochen (libernommen aus Rittenau [41], mit freundlicher

Genehmigung)
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Wie bereits dargestellt, kann es bei einer veganen Erndhrungsform zu einer unzureichenden
Versorgung einiger Nahrstoffe kommen [8,9]. Dies kann zu einer verminderten
Knochengesundheit bei Veganer:innen beitragen. So sind beispielsweise Calcium und Vitamin
D als wichtige Determinanten der Knochengesundheit bekannt [40], doch gelten gleichzeitig
als potenziell kritische Nahrstoffe bei Veganer:innen [8,9]. Auch andere potentiell kritische
Nahrstoffe einer veganen Ernahrung, wie z.B. langkettige Omega-3 Fettsauren, Vitamine B12,
Vitamin A oder Spurenelemente (Zink, Selen, Jod) [8] sind mit der Knochengesundheit
assoziiert (Abbildung 4) [39]. Andererseits kann eine vegetarische und vegane
Ernahrungsweise auch wichtige Nahrstoffe liefern, die einen protektiven Einfluss auf den
Knochen haben, z. B. Vitamin K [38,39,42] und Folat [38,43-45].

Demzufolge erfordern mehrere Nahrstoffe besondere Aufmerksamkeit fur die
Knochengesundheit bei Veganer:innen. Eine geringere Knochengesundheit einem einzigen
ernahrungsbedingten Biomarker zuzuschreiben, ware jedoch angesichts der Komplexitat der
homdostatischen Regulationsmechanismen des Knochens zu vereinfacht [46]. Bisher fehlen
jedoch Studien, die den Einfluss verschiedener Nahrstoffe und anderer knochenrelevanter

Biomarker auf die Knochengesundheit in Kombination untersucht haben.

1.3.3.1. Einfluss der Saurelast auf den Knochen

Der physiologische pH-Wert im Blut liegt im Bereich von 7.35 bis 7.45 und ist von hdchster
Bedeutung fir die Funktion der Stoffwechselprozesse im menschlichen Organismus [47].
Daher wird der pH-Wert des Blutes durch umfangreiche Puffersysteme nahezu konstant
gehalten [47]. Abweichungen vom Normbereich kénnen den Ablauf physiologischer Prozesse
im Organismus erheblich beeintrachtigen, dabei flihren schon geringe Abweichungen zu
massiven Stérungen im Stoffwechsel [47]. Die Regulation des pH-Wertes erfolgt neben den
Puffereigenschaften des Blutes, sowie der extra- und intrazellularen Kompartimente, auch
durch die Lunge, Niere und Leber, die fir die Metabolisierung und Ausscheidung von Sauren

verantwortlich sind [47].

In den letzten Jahrzehnten zeigte sich, dass eine westliche Ernahrung eine Ursache fir eine
latente Azidose sein kann [48]. So entsteht bei einer westlichen Ernahrung oft ein Uberschuss
an Sauren durch potente Saurebildner in unseren Lebensmitteln, z.B. Fleisch und
Fleischwaren, Fisch, Kase, Eier und bestimmte Getreide wie Hafer und verarbeitete
Weizenprodukte [49]. Viele Obst- und Gemisesorten gelten dagegen als Basenbildner [49].
Zum Ausgleich einer erndhrungsbedingten latenten Azidose sind vor allem die
Adaptationsmechanismen der Niere wichtig, da die Pufferkapazitaten im Bindegewebe, Blut
und Koérperzellen vermindert bzw. Gbermalig beansprucht sind [50]. Ein typisches Anzeichen

der latenten Azidose ist daher eine erhéhte Nettosdureausscheidung ber die Nieren und eine
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Abnahme des Harn-pH-Wertes [50]. Eine tendenziell azidotische Stoffwechsellage Uber einen
langeren Zeitraum kann Ursache fir vielseitige endokrin-metabolische Veranderungen mit
langfristigen gesundheitlichen Folgen sein, wie z.B. negative Folgen fir die
Knochengesundheit [51]. Denn eine leichte Azidose kann zu einer gesteigerten Aktivitat der
Osteoklasten und damit zu erhéhten die Resorption des Knochens fithren [51]. Dennoch sind
die Ergebnisse wissenschaftlicher Studien uneindeutig. Tatsachlich zeigen einige Studien,
dass eine hohe Saurelast durch die Nahrung mit einer schlechteren Knochengesundheit
(unguinstige Knochenparameter, niedrigere Knochendichte oder Frakturen) assoziiert ist [52-

55], eine Metaanalyse konnte jedoch nur schwache oder keine Assoziationen aufzeigen [56].

Durch pflanzenbasierte Ernahrungsformen, insbesondere eine vegane Erndhrung ist ein
Uberschuss von Basenbildnern durch Obst und Gemise im Vergleich zu potenten
Saurebildnern zu erwarten. Tatsachlich zeigten wissenschaftliche Publikationen, dass vegane
Ernahrungsformen mit einer niedrigen Saurelast der Nahrung assoziiert sind [49,57-60]. In
Hinblick auf die Knochengesundheit lasst sich vermuten, dass die geringe Saurelast fir
Veganer:innen moglicherweise einen wichtigen Einflussfaktor fir die Knochengesundheit
darstellen konnte. Tatsachlich kommt ein narratives Review zum Schluss, dass die geringe
Saurelast einer veganen Ernahrung die Knochen von Veganer:innen schiitzt [61], zumindest
bei einer ausreichenden Nahrstoffzufuhr [33]. In der wissenschaftlichen Debatte wird aber auch
diskutiert, dass die Vorteile einer Alkalisierung der Erndhrung fur die Knochengesundheit nur
auf Menschen beschrankt sein kdonnten, die gewdhnlich eine Erndhrung mit einem hohen
Gehalt an potenzieller renaler Saurelast (PRAL) zu sich nehmen, eine verminderte
Saureausscheidungsfahigkeit der Nieren haben und/oder Menschen mit Pradispositionen z.B.
(altersbedingte) eigeschrankte Nierenfunktion oder ein metabolisches Syndrom [62,63]. Das
wirde bedeuten, dass Veganer:innen mit ihrer vermuteten geringen Saurelast nicht zusatzlich
von einer weiteren Alkalisierung der Erndhrung in Hinblick auf die Knochengesundheit
profitieren. Daher muss der komplexe Zusammenhang einer veganen Ernahrung, Saure- oder

Basenlast durch die Nahrung und der Knochengesundheit weiter untersucht werden.

1.4. PFAS in der veganen Ernahrung

Per- und Polyfluoralkylsubstanzen (PFAS) sind eine komplexe Gruppe von kunstlich
hergestellten Industriechemikalien, die nicht nattrlich vorkommen [64]. Es handelt sich um
organischen Verbindungen, bei denen die am Kohlenstoff gebundenen Wasserstoffatome
vollstandig (perfluoriert) oder teilweise (polyfluoriert) durch Fluoratome ersetzt wurden [64]. Die
Gruppe der PFAS unterscheiden sich hinsichtlich der Kohlenstoffkettenlangen und den im
Molekil vorhandenen funktionellen Gruppen, z.B. einer Carboxygruppe oder Sulfonatgruppe
[64]. Aufgrund ihrer wasser-, fett- und schmutzabweisenden Eigenschaften kommen sie seit

Jahrzehnten flir die Herstellung zahlreicher Verbraucherprodukte zum Einsatz, z.B.
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antihaftbeschichtetes Kochgeschirr, Sport- und Outdoorbekleidung, sowie

Schutzbeschichtungen fir Papier, Lebensmittelverpackungsmaterialien oder Kosmetika [64].

Aus diesen Alltagsgegenstanden werden PFAS in die Umwelt freigesetzt und gelangen so in
die Nahrungskette [65]. Neben der externen Exposition durch Luft und Staub ist der Verzehr
von Lebensmitteln und Trinkwasser fir den Menschen ein Hauptweg der Exposition
(Abbildung 5) [65,66].

PFAS — Verbreitung

.
tiber LlIft, Wasser MEERESSTROMUNGEN f—
und Boden

* . DEPOSITION

*
AUS DER LUFT

ABLUFT

FLUORPOLYMERHERSTELLER, * * KLARSCHLAMM BEREGNUNGSWASSER
VERWENDUNG YON PFAS -

HALTIGEN MATERIALIEN YERUNREINIGTER KOMPOST
ILLEGALE ABLAGERUNGEN
LANDWIRTSCHAFT

ERZEUGNISSE LUFT

HAUSHALTE

s KLARANLAGE
KOMMUNALER
KLARSCHLAMM
ABWASSER
!

* GRUNDWASSER ¥  # SEDIMENT & * # & &  GRUNDWASSER

Abbildung 5: Verbreitung von PFAS dlber Luft, Wasser und Boden (veréndert nach

Umweltbundesamt [66], mit freundlicher Genehmigung)

Langkettige PFAS haben eine lange physiologische Halbwertszeit (HWZ) und akkumulieren
nach der Aufnahme Uber Trinkwasser, Lebensmittel oder tiber andere Quellen im Korper [64].
Dabei sind vier Verbindungen mit ihren langen HWZ besonders relevant: Perfluoroctansaure
(PFOA, HWZ: 2.7-8.5 Jahre), Perfluoroctansulfonsaure (PFOS, HWZ: 3.1-5.4 Jahre),
Perfluornonansaure (PFNA, HWZ: 1.7-3.2 Jahre) und Perfluorhexansulfonsaure (PFHxS,
HWZ: 4.7-8.5 Jahre) [64]. In Summe reprasentieren diese vier PFAS mehr als 90 % der

nachweisbaren PFAS im Serum/Plasma von Erwachsenen in Industrielandern [64].

Jungste Bewertungen der Europaischen Behdrde fur Lebensmittelsicherheit (EFSA) zeigten,
dass die Lebensmittelhauptgruppen "Fisch und andere Meeresfriichte", "Eier und Eiprodukte",
"Fleisch und Fleischerzeugnisse" und "Obst und Fruchterzeugnisse" maligeblich zur
Exposition gegenlber PFAS (insbesondere fir PFOS und PFOA) beitragen [64,67]. Daher
kann vermutet werden, dass die interne Exposition durch die Erndhrungsweisen beeinflusst

werden konnte. Durch den vollstandigen Verzicht auf tierische Produkte im Rahmen einer
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veganen Ernahrungsweise, konnten Veganer:innen niedrigere PFAS-Konzentrationen im Blut,

im Vergleich zu Mischkdstler:innen, haben. Studien zu diesem Thema fehlen jedoch noch.

Das o6ffentliche Bewusstsein fir mdogliche gesundheitliche Risiken von PFAS ist noch relativ
neu [68]. Die EFSA sieht die Uberzeugendste Evidenz fir die folgenden Gesundheitseffekte:
Anstieg des Leberenzyms Alanintransaminase, reduziertes Geburtsgewicht von Sauglingen,
verringerter Antikdrperbildung nach Impfung bei Sduglingen und einen Anstieg des Gesamt-
und LDL-Cholesterins (Low-Density-Lipoprotein) [67]. Tatsachlich zeigte ein aktuelles
systematisches Review, dass die PFAS Exposition mit hdheren Konzentrationen von Gesamt-
und LDL-Cholesterins assoziiert waren, insbesondere fir PFOA (Gesamt- und LDL-
Cholesterins), PFOS (Gesamtcholesterin) und PFNA (LDL-Cholesterin) [69]. Durch die
fehlende Aufnahme von tierischen Fetten ist bekannt, dass Veganer:iinnen niedrigere
Konzentrationen von Gesamt- und LDL-Cholesterin, im Vergleich zu Mischkdstler:innen,
haben [70]. Zudem kdnnten Veganeriinnen, wie oben beschrieben, auch eine geringere
externe und interne Exposition von PFAS aufweisen. Hinsichtlich der mdglichen Assoziationen
von PFAS auf Konzentrationen von Gesamt- und LDL-Cholesterins, kann eine vegane
Ernahrungsweise einen wichtigen Confounder darstellen, der bisher nur wenig oder gar nicht

in epidemiologische Studien bericksichtigt bzw. untersucht wurde.

1.5. ,,Risks and Benefits of a Vegan Diet” Studie

Bis auf die Ausnahme des systematischen Reviews mit Metaanalyse (Originalarbeit 2)
basieren alle Originalarbeiten dieser Habilitationsschrift auf der ,Risks and Benefits of a Vegan
Diet” (RBVD)-Studie. Die Studienteilnehmer:innen wurden per Aushang in (veganen)
Supermarkten auf die Studie aufmerksam gemacht[71]. Teilnehmer:innen fir die RBVD-Studie
waren Personen, die auf diese Aushange reagierten und das Studienzentrum am
Bundesinstitut flr Risikobewertung (BfR) per Telefon oder Mail kontaktierten (n=161) [71]. In
einem telefonischen Screening wurde die Studie erlautert und die Einschlusskriterien (Alter
30-60 Jahre, Ernahrungsform seit mindestens 1 Jahr) und Ausschlusskriterien (BMI = 30
kg/m?, Herz-Kreislauf-Erkrankungen, T2D, Krebs, Schwangerschaft, Stillen, aktuelle
Infektionen) Uberprift (Abbildung 6) [71]. Eine Mischkost wurde in der RBVD-Studie als ein
Verzehr von mindestens drei Portionen Fleisch oder zwei Portionen Fleisch und zwei
Portionen Wurst pro Woche definiert [71]. Veganer:innen verzichteten definitionsgemaf auf
den Konsum aller tierischen Lebensmittel [71]. Die Studie wurde in Ubereinstimmung mit der
Deklaration von Helsinki durchgefihrt und wurde von der Ethikkommission der Charité -
Universitatsmedizin Berlin genehmigt (Nr. EA4/121/16) [71].

Die Teilnehmerzahl basiert auf einer Powerkalkulation zur primaren Fragestellung
(Knochengesundheit) der RBVD-Studie (G-Power, t-Test fir unabhangige Stichproben) [71].
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Basierend auf Unterschieden in den Mittelwerten der Breitband-Ultraschall-Abschwachung
(BUA) wurde die Teilnehmerzahl unter der Annahme eines klinisch relevanten Unterschieds
von mindestens 5% zwischen Veganer:innen und Mischkdstler:innen (mit Signifikanzniveau
von 5%, Power von 80%) berechnet [71]. Somit wurden insgesamt 72 Teilnehmer:innen (n=36
Veganer:innen und n=36 Mischkostler:innen) im Alter zwischen 30 und 57 Jahren in die RBVD-
Studie eingeschlossen und von Januar bis Juli 2017 in Berlin am BfR untersucht (Abbildung
6) [71]. Die Gruppe der Veganer:innen und der Mischkdstler:innen wurden dabei nach Alter
und Geschlecht gematcht [71]. Wie erwartet, wurden durch das Matching keine Unterschiede
in Hinblick auf das Geschlecht und Alter zwischen Veganer:innen und Mischkostgruppe
festgestellt (Veganer:innen: 50% mannlich, medianes Alter: 37.5 Jahre; Mischkdstler:innen:
50% mannlich, medianes Alter: 38.5 Jahre) [71]. Die Veganer:innen folgten ihrer
Ernahrungsweise im Median 4.8 Jahre (Interquartilsabstand (IQR): 3.1-8.7) [71].

Im Rahmen der Studie wurden umfangreiche Daten der Teilnehmer:innen erhoben (Abbildung
6), dazu zahlen Fragebdégen zum Lebensstil, verschiedene Instrumente der
Ernahrungserhebung (Food-Frequency-Questionnaire (FFQ), 3-Tage-Wiegeprotokoll), aber
auch klinische Parameter, wie anthropometrische Male, Blutdruck oder Knochengesundheit.
Die Knochengesundheit wurde mit einem quantitativen Ultraschall (QUS) am Fersenbein
gemessen. Dabei wird die frequenzabhangige BUA und die Schallgeschwindigkeit (SOS) einer
Schallwelle gemessen, wahrend sie den Fersenknochen durchdringt. Aus beiden Werten wird
unter Bertcksichtigung des Alters der Steifigkeitsindex (SlI) berechnet. Auch Bioproben (Blut,
Urin und Stuhl) wurden gesammelt, auf deren Basis verschiedene Biomarker gemessen

wurden.

Weikert et al. [71] zeigte in der Basispublikation der RBVD-Studie Unterschiede in der
Aufnahme verschiedener Makronutrienten als auch der Mikronutrienten zwischen
Veganer:iinnen und Mischkdéstleriinnen bei vergleichbarer Energieaufnahme [71]. Bei
Veganer:innen sind dabei die hdoheren Aufnahmemengen von Ballaststoffen, aber auch
verschiedener Vitamine (Vitamin E, K, Folat), sowie Eisen, hervorzuheben [71]. Die Aufnahme

von Vitamin B12, D und Jod war dagegen geringer im Vergleich zu der Mischkostgruppe [71].

In Hinblick auf die Konzentrationen im Blut hatten Veganer:innen, im Vergleich zu den
Mischkoéstler:innen, geringere Konzentrationen der Vitaminen A, B2, B3 und E, sowie
Selenprotein P und Zink. [71]. Im 24-Stunden-Sammelurin hatten Veganer:innen, im Vergleich
zur Mischkostgruppe, eine geringere Calciumausscheidung sowie eine deutlich geringere
Jodausscheidung [71]. Die Jodausscheidung lag bei 31% der Veganer:innen der RBVD-Studie
unterhalb von 20 pg/l, dem Grenzwert der Weltgesundheitsorganisation (WHO) fur eine
schwere Unterversorgung [71]. Zudem zeigte sich, dass in der RBVD-Studie 97.2% aller

Veganer:innen innerhalb der letzten vier Wochen Supplemente eingenommen hatten, mit der
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haufigsten Supplementierung von Vitamin B12 (92%) [71]. Bei den Mischkdstler:innen

supplementierten insgesamt nur ein Drittel (33.3%) verschiedene Nahrstoffe [71].

Kontaktaufnahme (n=161)

Ausschlusskriterien:
BMI 230 kg/m?
Schwerwiegende Vorerkrankungen

Einschlusskriterien:
Alter: 30-60 Jahren
Ernahrungsform mindestens 1 Jahr

Ausschluss (n=60) <*—1T—» Warteliste (n=20)

n=81

Kein 2. Termin (n=2) <“—71—» BMI =30 ka/m? (n=5)

Keine Blutentnahme mdoglich (n=1) <—F— Nicht ntichtern (n=1)
\ 4
nach Alter und Geschlecht aematcht n=72

Veganer:innen (n=36) Mischkostler:innen (n=36)

[ n=18 Frauen ][ n=18 Manner ] [ n=18 Frauen ][ n=18 Manner ]

Fragebogen: Erndhrung: Klinische Bioproben:
- Demografie - FFQ Parameter: - Blut

- Lebensstil - Kurzfragebogen - Anthropometrie - Urin

- Medikation - 3-Tage- - Knochengesundheit - Stuhl

- Supplemente Wiegeprotokoll - Blutdruck

Abbildung 6: Uberblick Studiendesign der RBVD-Studie (veréndert nach Weikert et al. [71])
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1.6. Fragestellungen der vorliegenden Originalarbeiten

Ein Ziel der Originalarbeiten dieser Habilitationsschrift war es, inflammatorische Biomarker
umfassend bei Veganeriinnen im Vergleich zu Mischkéstleriinnen zu untersuchen
(Originalarbeit 1). Ziel dabei war es nicht nur hsCRP in der RBVD-Studie zu untersuchen,
sondern auch viele andere wichtige inflammatorische Biomarker: IL-18, Interleukin-1 receptor
antagonist (IL-1 RA), Intercellular adhesion molecule-1 (ICAM-1), Adiponectin, Omentin-1 oder
Resistin. Zudem wurde eine umfassende systematische Ubersichtsarbeit (Originalarbeit 2) mit
Metaanalyse angefertigt, die den Zusammenhang dieser inflammatorischen Biomarker

zwischen Vegetarismus und Veganismus im Vergleich zur Mischkost getrennt untersuchte.

Weitere Originalarbeiten hatten zum Ziel, die Knochengesundheit, welche mit quantitativem
Ultraschall gemessen wurde, zwischen Veganer:innen im Vergleich der Mischkdstler:innen in
der RBVD-Studie zu untersuchen (Originalarbeit 3 und 4). Dariberhinausgehend wurden
ernahrungsbedingte Biomarker in Blut oder Urin untersucht, die mit der Knochengesundheit
zusammenhangen. Dazu zahlen verschiedene Vitamine, Mineralstoffe, Fettsduren und
Aminosauren. Es wurden aber auch andere knochenrelevante Biomarker untersucht, wie
Biomarker des Knochenumsatzes, Calciumhomoostase, Inflammation und der Fibroblast
Growth Faktor 23 (FGF23) /a-Klotho-Signalachse. Durch die Anwendung der reduzierten
Rang Regression (RRR) wurde das Ziel verfolgt, ein exploratives Biomarkermuster zu
erkennen, dass moglicherweise eine Kombination von Biomarkern aufdeckt, die zur
Knochengesundheit beitragen (Originalarbeit 3). Eine weitere Originalarbeit (Originalarbeit 4)
untersuchte weiterfUhrend die Saurelast als einen mdoglichen Einflussfaktor auf die
Knochengesundheit bei Veganer:innen und Mischkdstler:innen. Dabei hatte die Studie das
Ziel die urindre potenzielle renale Saurelast (UPRAL) zu charakterisieren, sowie die 24-
Stunden-Harnausscheidungsprofile von saure- und basenrelevanten lonen und Urin-pH von
Veganer:innen im Vergleich zu Mischkdéstler:innen zu untersuchen. Zudem hatte die Studie
das Ziel zu untersuchen, ob die erwartete niedrige Saurelast bei einer veganen Erndhrung

einen Einfluss auf die Knochengesundheit hat.

Eine weitere Originalarbeit (Originalarbeit 5) hatte zum Ziel, die Unterschiede der internen
Exposition (Konzentration im Blut) verschiedener einzelner PFAS und ihrer Summe zwischen
Veganer:innen und Mischkostler:innen zu untersuchen. Auch Korrelationen von relevanten
Lebensmittelgruppen mit PFAS-Konzentrationen sollten untersucht werden. Zudem
untersuchte diese Arbeit auch den Einfluss einer veganen Erndhrung und der internen PFAS-

Exposition in Hinblick auf Cholesterinwerte.
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2. Eigene Arbeiten
2.1. Vegane Erndahrung und inflammatorische Biomarker

2.1.1. Unterschiede in den Konzentrationen von sieben inflammatorischen Biomarkern

zwischen Veganer:innen und Mischkostler:innen

Menzel J, Biemann R, Longree A, Isermann B, Mai K, Schulze MB, Abraham K, Weikert C,
Associations of a vegan diet with inflammatory biomarkers, Scientific Reports, 2020 Feb
6,10(1):1933. doi: 10.1038/s41598-020-58875-x.

Die Ergebnisse der Originalpublikation werden im Folgenden zusammengefasst und kénnen dem

Abstract der Publikation &hneln. Die deutsche Ubersetzung erfolgte durch die Autorin.

Da sich die aktuellen wissenschaftlichen Studien fast ausschlieBlich auf CRP, sowie auf
vegetarischen Ernahrungsformen fokussieren, wurde in dieser Orginalarbeit nicht nur hsCRP
untersucht, sondern auch andere wichtige inflammatorische Biomarker: Adiponektin, ICAM-1,
IL-18, IL-1 RA, Omentin-1 und Resistin [72]. Dabei wurden Unterschiede dieser
inflammatorische Marker zwischen Veganer:innen (n=36) im Vergleich zu Mischkdstler:innen
(n=36) in der RBVD-Studie untersucht [72].

Bezluglich hsCRP wurden keine Unterschiede in den Konzentrationen zwischen
Veganer:iinnen und Mischkéstler:innen im adjustierten Modell gefunden (Adjustierung
wichtiger Lebensstilfaktoren) [72]. Dennoch zeigte sich, dass Mischkdstleriinnen im
unadjustierten Modell tendenziell hdhere hsCRP Werte (geometrischer Mittelwert: 0.94 mg/I
(95%-Konfidenzintervall (95%-KIl): 0.65-1.28) im Vergleich zu Veganer:innen (geometrischer
Mittelwert: 0.60 mg/l, 95%-KI: 0.36-0.87, p=0.09) hatten [72]. Weiterflihrend zeigte diese Arbeit
keine signifikanten Unterschiede zwischen Veganer:innen und Mischkostler:innen bei anderen
untersuchten inflammatorischen Biomarkern Adiponektin, ICAM-1, IL-18, IL-1 RA, Omentin-1
oder Resistin (alle p>0.05) [72].

In weiteren Analysen zeigte diese Arbeit auch, dass die Dauer der veganen Ernahrung positiv
mit IL-18 (Spearman r=0.44, p=0.02) korreliert [72]. AuBerdem hatten Veganer:innen, die
bereits mehr als 4.8 Jahre vegan lebten, tendenziell eher niedrigere hsCRP-Werte
(geometrischer Mittelwert: 0.50 mg/l, 95%-KI: 0.21-0.85) im Vergleich zu Veganer:innen, die
sich < 4.8 Jahre vegan ernahrten (geometrischer Mittelwert: 0.85 mg/l, 95%-KI:0.46-1.33,
p=0.09) [72]. Daruber hinausgehend waren auch Resistin-Konzentrationen stark mit der Dauer
einer veganen Ernahrung korreliert (Spearman r=0.59, p=0.0008) [72]. Der Taillenumfang und
BMI waren hingegen positiv mit hsCRP, ICAM-1, IL-1 RA und invers mit Adiponektin und
Omentin-1 korreliert [72].
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Associations of a vegan diet with
inflammatory biomarkers

Juliane Menzel™, Ronald Biemann?3, Alessa Longree?, Berend Isermann?3, Knut Mai**57,
Matthias B. Schulze?, Klaus Abraham? & Cornelia Weikert*

Vegetarian or vegan nutrition might influence inflammatory processes, thereby reducing the risk of
chronic diseases. As the vegan diet becomes more importance in modern societies, data from the “Risks
and Benefits of a Vegan Diet”-study has been used to investigate the associations of veganism with a
comprehensive spectrum of inflammatory biomarkers, compared to omnivores. This cross-sectional
study comprises 36 vegans and 36 omnivores (18 men and 18 women each) aged 30-60 years. No
significant differences in any of the investigated inflammatory biomarkers (high-sensitivity C-reactive
protein (hsCRP), interleukin-18 (IL-18), interleukin-1 receptor antagenist (IL-1 RA), intercellular
adhesion molecule-1 (ICAM-1), adiponectin, omentin-1 and resistin) were observed between vegans
and omnivores. However, the duration of a vegan diet was positively correlated with resistin (Spearman
r=0.59), IL-18 concentrations (Spearman r = 0.44) and IL-1 RA (Spearman r = 0.34). Moreover, the
present study supports BMI and waist circumference as important factors influencing the inflammatory
state. Further research is needed to evaluate associations between a vegan diet and inflammatory
biomarkers to provide more evidence about the inflammatory state as underlying mechanisms of a
vegan diet to influence the risk of numerous chronic diseases.

There is a growing trend for vegetarian and vegan diets in Germany and many Western countries'. These diets
are typically higher in fruits, vegetables, whole-grains, legumes, nuts, and various soy products?, corresponding
to larger amounts of antioxidant micronutrients such as vitamins C and E, phytochemicals and dietary fibre?>.
Especially, a growing trend toward veganism has arisen in the recent years, due to increasing awareness of the
compassion for animals and environmental problems associated with livestock farming. Furthermore, more and
more people are turning to a vegan diet also for the potential health benefits. Indeed, scientific evidence suggests
that a vegan or vegetarian diet may be protective against many chronic diseases like type 2 diabetes’, cardiovas-
cular diseases’, or cancer®. Recent research hypothesized links between low-grade inflammation and increased
risk of various diseases, which are known to be triggered by underlying inflammation. Thus, inflammatory bio-
markers may also act as intermediate risk factors in the development of chronic diseases. Actually, elevated levels
of inflammatory markers like high-sensitivity C-reactive protein (hsCRP), or interleukin 18 (IL-18) are found to
be associated with pathogenetic mechanisms of chronic diseases in type 2 diabetes” or cardiovascular disease®”.
In contrast, concentrations of the anti-inflammatory hormone adiponectin were found to be inversely associated
with these diseases'®!!,

Recent evidence proposed that inflammatory biomarker profiles can be modulated by plant-based diets, show-
ing an attenuation of inflammation markers as for instance CRP'*' or soluble intercellular adhesion molecule 1
(sICAM-1)"2. Similarly, meta-analyses noticed that vegetarian patterns were associated with lowered CRP con-
centrations®'%. Indeed, while the associations between vegetarian patterns on inflammatory biomarkers have
been investigated in some studies, comprehensive scientific research on the impact of an exclusive vegan diet on
inflammatory biomarkers is still missing. As the vegan diet becomes more importance in modern societies, the
present “Risks and Benefits of a Vegan Diet” study (RBVD-Study) aimed to investigate the association between
a vegan diet and inflammation by analyzing data of vegans and omnivores on a comprehensive spectrum of

*German Federal Institute for Risk Assessment, Department of Food Safety, Berlin, Germany. ?Institute for Clinical
Chemistry and Pathobiochemistry, Otto-von-Guericke University Magdeburg, Magdeburg, Germany. *Institute
of Laboratory Medicine, Clinical Chemistry and Malecular Diagnostics, University of Leipzig, Leipzig, Germany.
“Department of Endocrinology & Metabolism, Charité - Universitatsmedizin Berlin, Berlin, Germany. *Center for
Cardiovascular Research (CCR), Charité - Universitatsmedizin Berlin, Berlin, Germany. ®Clinical Research Unit, Berlin
Institute of Health, Berlin, Germany. “German Centre for Cardiovascular Research (DZHK), Partner Site Berlin, Berlin,
Germany. ®Department of Molecular Epidemiology, German Institute of Human Nutrition Potsdam-Rehbruecke,
Nuthetal, Germany. *email: Juliane.Menzel@bfr.bund.de

(2020) 10:1933 | https://doi.org/10.1038/s41598-020-58875-x
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Vegans (n=36) Omnivores (n=36) | p-value

Duration vegan diet [years] 4.8 (3.1-8.7)

Men [%)] 50% (18) 50% (18)

Age [years] 37.5(32.5-44.0) 38.5(32.0-46.0) 0.75
Waist circumference [cm]

Women 73.1+69 772162 0.07
Men 845489 86.0+6.1 0.56
Physical Activity [h/week] 2.8 (0.9-3.8) 2.3(1.2-4.1) 0.69
Walking [h/week] 7.0 (5.0-12.0) 5.5(3.5-11.8) 0.15
Smoking status [%] 0.30
Non-smoker 66.7% (24) 58.3% (21)

Ex-Smoker 22.2%(8) 16.7% (6)

Smoker 11.1% (4) 25.0% (9)

Education [%] 0.60
Low 0.0% (0) 2.8% (1)

Intermediate 30.6%(11) 30.6% (11)

High 69.4% (25) 66.7% (24)

Diet

Aleohol consumption [g/d]

Women 0.10 (0.00-4.69) 0.21 (0.02-4.88) 0.22
Men 0.04 (0.00-2.00) 3.85(0.36-16.2) 0.09
Consumption fruits and vegetables [g/d]

Fruits 185.5 (94.7-344.8) 152.3(62.2-215.2) 0.14
Vegetables 459.5 (228.8-635.8) 226.8 (114.0-302.2) 0.0001
Total consumption 683.0 (463.0-887.8) 3783 (216.0-523.0) <0.0001
Plasina phospholipid fatty acids proportions [%]

Total saturated fatty acids 46.0 (44.6-46.6) 47.3 (46.8-47.6) <0.0001
Total mono-unsaturated fatty acids 12.8(12.0-14.3) 12.3(11.6-13.8) 0.22
Total poly-unsaturated fatty acids 41.0 (39.9-42.4) 39.9(38.9-41.0) 0.008

Table 1. Characteristics of the study population according to a vegan or omnivorous diet (n=72). Variables
expressed as percentage (n) or mean + SD or median (IQR).

inflammatory biomarkers, i.e. high-sensitivity C-reactive protein (hsCRP), interleukin-18 (IL-18), interleukin-1
receptor antagonist (IL-1 RA), intercellular adhesion molecule-1 (ICAM-1), adiponectin, omentin-1 and resistin.

Results

The distribution of general characteristics of the 72 sex- and age matched participants is shown in Table 1,
according to vegan (n =36) or omnivorous diet (n= 36). The median duration of veganism was 4.8 years (IQR:
3.1-8.7). As expected, we observed no differences in sex and age between vegans and omnivores (vegans: 50%
male, median age: 37.5 years (min-max: 30.0-57.0); omnivores: 50% male, median age: 38.5 years (min-max:
30.0-57.0)). Moreover, we observed no differences in waist circumference, physical activity, smoking status, edu-
cation status or alcohol consumption (all p > 0.05), However, vegans had a higher intake of vegetables, whereas no
difference in fruit intake has been observed. Further, compared to omnivores, the plasma levels of saturated fatty
acids (SFA) were lower in vegans, while levels of poly-unsaturated fatty acids (PUFA) were higher.

As depicted in Table 2, we observed no significant differences of the inflammatory biomarkers i.e. adiponec-
tin, ICAM-1, TL-18, TL-1 RA, omentin-1 or resistin between vegans in comparison to omnivores (all>0.05).
Regarding hsCRP in the unadjusted model, omnivores were with a tendency more likely to have higher hsCRP
levels (0.94 mg/l (95%-CI 0.65-1.28)) compared to vegans (0.60 mg/l (95%-CI 0.36-0.87), p=0.09), neverthe-
less, with additionally adjustment of lifestyle factors this difference was further diminished (p = 0.35, Table 2).
Interestingly, the duration of a vegan diet was positively correlated with IL-18 (Spearman r=0.44, p=0.02,
Table 3). Further, long-time vegans (>4.8 years) were with a tendency more likely to have lower hsCRP level
(0.50 mg/1 (95%-CI 0.21-0.85) compared to vegans adhering to a vegan diet less than 4.8 years (0.85mg/1 (95%-CI
0.46-1.33), p=0.09). IL-1 RA was positively correlated with the duration of a vegan diet in model 1 (Spearman
r=10.35, p=0.03), however, this association was diminished with additionally adjustment (Table 3). Moreover,
increased resistin concentrations were highly correlated with the duration of a vegan diet (Spearman r= 0.59,
p=0.0008, model 2). Moreover, waist circumference and BMI were positively correlated with hsCRP, ICAM-
I, IL-1 RA and inversely correlated with adiponectin and omentin-1, although the correlations were less pro-
nounced for BMI (Table 3). As shown in Table 3, plasma concentrations of SFA were positively correlated to
resistin, and inversely correlated to the anti-inflammatory biomarker adiponectin and omentin-1. Higher levels
of PUFA were correlated with lower levels of hsCRP (Table 3). For consumption of fruits and vegetables we
noticed no association to any of the investigated inflammatory biomarkers (Table 3). In sensitivity analyses, the
observed associations were not substantially altered neither by the exclusion of participants taking anti-rheumatic
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Vegans (n=36) Omnivores (n=36) | p-value

Adiponectin [ngfml]*

Model 1 4.37 (3.84-4.96) 4.06 (3.57-4.62) 043
Model 2 4.44 (3.34-5.90) 4.15 (3.17-5.43) 0.46
hsCRP [mg/1]*

Model 1 0.60 (0.36-0.87) 0.94 (0.65-1.28) 0.09
Model 2 0.44 (0.00-1.08) 0.61 (0.14-1.27) 0.35
ICAM-1 [ng/ml]*

Model 1 531.3 (498.6-566.0) 557.5(523.3 594.0) 0.29
Model 2 600.8 (523.9-689.1) 615.2 (540.3-700.5) 0.60
IL-18 [pg/ml]*

Model 1 44.4 (29.6-66.4) 55.5(37.1-82.8) 0.44
Model 2 72.6(28.2-184.6) 95.6(39.2-231.0) 0.37
IL-1RA [pg/mlJ*

Model 1 203.0 (165.2-249.4) 199.7 (162.5-245.3) 0.91
Model 2 175.5 (107.5-286.5) 170.3 (107.0-270.8) 0.85
Omentin-1 [ng/ml]"

Model 1 501.4 (449.6-553.3) 505.0(453.1-556.9) 0.92
Model 2 511.7 (396.6-626.8) 507.7 (398.7-616.7) 0.91
Resistin [ng/ml]®

Model 1 6.85(6.22-7.47) 7.20 (6.58-7.82) 0.43
Model 2 5.87 (4.51-7.23) 6.38 (5.09-7.67) 0.25

Table 2. Inflammatory biomarkers according to a vegan or omnivorous diet (n = 72). *Expressed as geometric
mean (95%-CI), "Expressed as mean (95%-CI), Model 1: unadjusted, Model 2; adjusted for age, sex, smoking
status, education, waist circumference, physical activity, alcohol consumption.

or analgesic drugs, nor the exclusion of extreme concentrations of the inflammatory biomarkers or the addition-
ally adjustment for type of diet (data not shown).

Discussion

To the best of our knowledge, the present cross-sectional study is the most comprehensive study, investigat-
ing a wide spectrum of inflammatory biomarkers in exclusive vegans compared to omnivores. However, we
observed no significant differences of the inflammatory biomarkers hsCRP, adiponectin, ICAM-1, IL-18, IL-1
RA, omentin-1 or resistin between vegans and omnivores. Nevertheless, the duration of a vegan diet seemed
to have an impact on impaired inflammatory profiles. Interestingly, we detected trends towards differences in
inflammatory biomarkers dependent on plasma levels of SEA or PUFA. Further, the present study supports BMI
and waist circumference as important influencing factors on the inflammatory state.

Scientific evidence has been suggested that systemic low-grade inflammation is linked to various diseases.
Knowing that a vegan or vegetarian diet may be protective against many chronic diseases like type 2 diabe-
tes, cardiovascular diseases®, or cancer, recent research hypothesized that plant-based nutritional habits might
ameliorate inflammatory processes and accordingly, decrease circulating levels of inflammatory biomarkers and
therefore might cause the reduced risk of chronic diseases in these populations®'*-'%, However, up to date there
is restricted evidence, limiting conclusions regarding the effect of a vegan diet on inflammatory biomarkers.
Indeed, there are no studies, which perform comprehensive analyses to investigate the association of a vegan diet
on the inflammatory profile. Accordingly, until now, only two studies provide data on inflammatory biomarkers
in vegans (n=9)" or strict vegetarians (animal products less than once a month, n =66)'° as small subgroups,
while mainly investigating advanced glycation end products' or gut microbiota composition'® in a vegetarian
population. These studies showed conflicting results. Whereas Franco-de-Moraes ef al.'® observed higher CRP
levels in omnivores compared to vegans, Sebekov4 et al.'* noticed no differences in CRP levels. The latter is in line
with our results. Nevertheless, these studies are mainly focused on CRP as one marker of inflammation, whereas
the present study comprise a comprehensive investigation of a wide spectrum of inflammatory biomarkers in
exclusive vegans compared to omnivores, Further, knowing that vegetarian patterns on inflammatory biomarkers
have been investigated in more studies™", the limitations are similar. In fact, Craddock ef al." recently mentioned
in a systematic review and meta-analysis from 2019, that CRP was explored in seven studies, but significantly
lowered concentrations following a vegetarian-based diet was observed in four studies only'*. Further, the authors
haven been noticed that except of CRP, other inflammatory and immune biomarkers of interest were not reported
upon or were only explored in single studies, thereby limiting conclusions regarding the effect of vegetarian-based
dietary patterns on the inflammatory profile'". Interestingly, Haghighatdoost et al.> emphasize a trend towards
lower CRP concentrations in subjects following vegetarian diet of at least 2 years, while no significant effect was
found in participants with a duration time of less than 2 years, but at least 6 month®. In line with these observa-
tions, the present study noticed that ‘long-time’ vegans (>4.8 years) were more likely to have lower hsCRP level
compared to vegans adhering to a vegan diet < 4.8 years. Knowing, that scientific evidence proposed high resistin
and IL-18 level to induce insulin resistance and promote inflammatory processes, thereby playing a central role
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Duration ‘Waist . Fruits and
vegan diet circumference | BMI SFA MUFA PUFA vegetables
Vegans (n=36) (n=72) (=72) |(a=72) (a=72) (n=72) (n=72)
Adiponectin [ng/ml]
Model 1 —0.21 (0.21) —0.40 (0.0005) | —0.26 (0.03) [ —0.28(0.02) |0.15(0.20) 0.09 (0.45) (.15 (0.21)
Model 2 —0.13 (0.48) —0.34 (0.005) —0.24(0.06) | —0.26 (0.04) 0.08 (0.51) 0.16(0.21) 0.17 (0.18)
hsCRP [mg/l] |
Model 1 0.17 (0.32) 0.44 (0.0001) 0.39 (0.0007) | 0.25(0.03) 0.04(0.72) 0.24 (0.04) 0.08 (0.51)
Model 2 0.35 (0.07) 0.37 (0.003) 0.35 (0.005) 0.12(0.34) 0.07 (0.57) —0.27 (0.03) 0.03 (0.79)
ICAM-1 [ng/ml]
Model 1 0.09 (0.59) 0.39(0.0006) | 0.24 (0.04) 0.12(0.34) ~0.09(0.43) | —0.03(0.78)  —0.007 (0.95)
Model 2 0.11(0.57) 0.31 (0.01) 0.16(0.19) 0.04(0.76) —0.03(0.81) | —005(0.69)  —0.09 (0.48)
IL-18 [pg/ml]
Model 1 0.35 (0.04) 0.04(0.75) 0.04(0.77) 0.11(0.35) —0.04(0.74) | —0.07(0.57) —0.15(0.20)
Model 2 0.44 (0.02) —0.09 (0.49) 0.001 (0.99) 0.10(0.42) —0.10(0.42) | —0.04(0.78)  —0.07 (0.60)
IL-1 RA [pg/ml]
Model 1 0.35(0.03) 0.36 (0.0019) 0.24 (0.04) 0.10(0.39) —0.11(0.38) | 0.08 (0.50) 0.06 (0.60)
Model 2 0.34 (0.08) 0.42 (0.0006) 0.24 (0.06) 0.04(0.75) 0.08 (0.55) —0.03 (0.84)  0.003 (0.98)
Omentin-1 [ng/ml]
Model 1 —0.30 (0.08) —0.29(0.01) —0.27(0.02) | —0.31(0.008) |0.15(0.20) 0.08 (0.51) 0.09 (0.44)
Model 2 —0.24 (0.21) —0.26(0.04) —0.29(0.02) | —0.30(0.02) |0.08(0.51) 0.16 (0.20) —0.006 (0.96)
Resistin [ng/ml]
Model 1 0.47 (0.004) —0.13(0.29) —0.06 (0.63) [ 0.17 (0.15) —0.18(0.14) | 0.07 (0.55) | —0.06 (0.64)
Model 2 0.59 (0.0008) 0.17 (0.19) 0.09 (0.49) 0.30(0.02) —0.07 (0.61) —0.14 (0.27) —0.15(0.23)

Table 3. Spearman correlations of inflammatory biomarkers with duration of a vegan diet, waist circumference,
BMI, plasma SFA, MUFA, PUFA and consumption of fruits and vegetables. Expressed as Spearman rho
(p-value), Model 1: unadjusted, Model 2: mutually adjusted for age, sex, smoking status, education, waist
circumference, physical activity, alcohol consumption.

in various metabolic, inflammatory and autoimmune diseases'”'%, it was surprising, that increased resistin and
IL-18 concentrations were highly correlated with the duration of a vegan diet, and in some degree, also IL-1 RA.
This needs to be verified by further studies, as the effects of short-term or long-term adherence to a vegetarian
or vegan diet on low-grade inflammatory state remain underestimated. Taken together, more research is highly
warranted to evaluate associations between a vegan or vegetarian diet and inflammatory biomarkers to provide
more evidence that a vegan or vegetarian diet may be beneficial to prevent or counteract inflammatory state and
might be a nutritional approach to prevent risk of chronic diseases.

Anarray of nutrients as well as non-nutritive bioactive components of dietary habits may influence the inflam-
matory profile'*". In this context, the type and quantity of dietary fat may be responsible for changes in inflamma-
tory biomarkers'*'. Indeed, scientific evidence linked dietary SFA to an impaired inflammation profile®, while
SFA intake is typically higher in non-vegetarians due to the consumption of animal products®. Vegetarian-based
populations typically consume a greater proportion of unsaturated fatty acids than non-vegetarians®', proposed
to be inversely associated with inflammation®2. Interestingly, the present study observed lower plasma levels of
SFA in vegans compared to omnivores, while the level of SFA was positive correlated to resistin. Inverse associa-
tions have been observed for the anti-inflammatory biomarker adiponectin and omentin-1. As expected, levels
of PUFA were higher in vegans compared to omnivores, and corresponding higher plasma PUFA concentrations
were inversely correlated with hsCRP concentration. Moreover, also intake of fruit and vegetables has been sug-
gested to attenuation inflammation indicated by a large body of scientific evidence®?. At the level of bioactive
compounds occurring in fruits and vegetables, primarily carotenoids and flavonoids seem to modulate inflam-
matory as well as immunological processes®*!. Nevertheless, the present study detected no correlation between
consumption of fruits and vegetables and inflammatory biomarkers.

It is important to note that overweight and obesity are associated with increased inflammation biomarkers®.
In line, BMI and waist circumference were correlated with almost all investigated inflammatory biomarkers, even
if obese individuals have been excluded from the study (exclusion criteria BMI > 30kg/m?). Nevertheless, these
findings support higher BMI and increased waist circumference as important influencing factors for impaired
inflammatory profiles although in non-obese participants.

The present study has several strengths. Our study covered a comprehensive spectrum of biomarkers that
reflect inflammation, including a set of novel markers at the site of adipose-tissue induced inflammatory response.
The study provides comprehensive high-quality data as a result of the standardized procedures, including the
collection of blood, in combination with extensive information from computer-based questionnaires, dietary
assessment by 3-day weighting protocol and anthropometric measurements, enabling us to adjust for the most
important potential confounders. However, some limitations of our study deserve to be mentioned. First, the
RBVD-study is relatively small, including 36 vegans and 36 omnivores. The study was powered for a primary
research question about differences in bone health between vegans and omnivores and therefore it cannot be
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ruled out that some findings that were of borderline statistical significance may have been due to insufficient
sample size. Second, the cross-sectional design of the present study does not allow for causal inference. Third, the
study included middle-aged healthy German men and women, and therefore the results may not be generalized
to other populations, such as other ethnic or age.

In conclusion, the RBVD-study is the first study providing a comprehensive spectrum of inflammatory bio-
markers in vegans compared to omnivores, observing no significant differences of the inflammatory biomarkers
hsCRP, adiponectin, ICAM-1, IL-18, IL-1 RA, omentin-1 or resistin between vegans and omnivores. Additional
studies based on larger study populations are required to further evaluate the associations between a vegan diet
and inflammatory biomarkers to provide more evidence that a vegan diet could provide means for prevention of
chronic disease risk.

Methods

RBVD-Study. Study population. Study participants were recruited by announcement and investigated from
01* January 2017 until 31 July 2017 in Berlin. Participants for the present study were individuals who responded
to this advertisement, contacted the study center at the German Federal Institute of Risk Assessment (BfR) via
phone or mail (n=161), following by a phone screening consisted of a brief explanation of the study and check-
ing inclusion criteria (age 30-60 years, following the diet at least 1 year) and exclusion criteria (BMI > 30kg/m?,
cardiovascular disease, type 2 diabetes, cancer, pregnancy, breastfeeding, current infection), A omnivorous diet
was defined as the consumption of at least three portions of meat per week or 2 portions of meat and 2 portions of
processed meat per week, whereas a vegan diet was defined as no consumption of any animal food products. Each
participant visited the study center twice. On their first visit, participants gave their written informed consent and
received instructions to document their diet by a three-day weighed food protocol. At the second visit, anthro-
pometric measurements and lifestyle characteristics were assessed, and a fasting blood sample was collected. As
shown in Fig. 1, the final study population comprises 36 vegans and 36 omnivores, which were matched by sex-
and age. The study was conducted in accordance with the Declaration of Helsinki. The study was approved by the
Ethics Committee of Charité University Medical Center Berlin (No. EA4/121/16).

Assessment of lifestyle characteristics.  Anthropometric measurements (weight, height, and waist circumference)
were collected by trained and quality-monitored personnel, while participants wearing only light underwear
and no shoes. Body weight was assessed by an electronic digital scale (Omron BF511, Germany) and the height
was measured using a flexible anthropometer (SECA, Germany). The formula for BMI comprises weight in kilo-
grams divided by height in meters squared. Waist circumference was defined as in the horizontal plane midway
between the lowest ribs and the iliac crest. Information on physical activity, educational level and smoking sta-
tus was assessed by computer-based questionnaires. The educational level was defined as ‘low education’ (no
degree), ‘intermediate education’ (vocational school, technical college) or *high education’ (university, university
of applied sciences). The amount of time spent on cycling, sports and gardening has been determined for summer
and winter separately [hours/week]. Physical activity contains the sum of average hours in summer and winter
per week of these activities. Walking comprises the sum of average hours per week during summer and win-
ter. Dietary habits including alcohol consumption, fruit and vegetable consumption were assessed by three-day
weighed food records for two week days and one weekend day. Data of the weighing protocols were merged
with the German national food code (Bundeslebensmittelschliissel Version 3.02, BLS) to assign with macro- and
micronutrients. In this manuscript the fruit and vegetable consumption (g/d) includes the sum of the intake of
fresh fruits, cooked, raw vegetables, as well as potatoes and legumes.

Blood collection and laboratory analysis.  About 60 mL of venous blood was collected from fasting participants at
the BfR study center. Several routine biomarkers including hsCRP were measured from fresh blood samples at the
accredited medical analytics laboratory (Labor28 GmbH, Berlin, Germany) immediately at each study day. About
half of blood was fractionated and aliquoted into serum, EDTA-plasma and erythrocytes, and stored in freezers
(—80°C) for conservation until time of analysis.

In 2018, inflammatory biomarkers other than hsCRP were measured in plasma samples at the Institute for
Clinical Chemistry and Pathobiochemistry, Otto-von-Guericke University Magdeburg (Magdeburg, Germany).
Plasma levels of IL-1 RA were analyzed using a sandwich ELISA from R&D Systems (Minneapolis, Minnesota,
USA) with intra-assay coefficients of variation between 3.7% and 7.3%, inter-assay coefficients of variation
between 6.7% and 11.0% and a limit of detection of 6.3 pg/ml. Plasma IL-18 was quantified with a sandwich
ELISA by IBL (Gunma, Japan) with intra-assay coefficients of variation between 4.9% and 10.8%, inter-assay coef-
ficients of variation between 5.2% and 10.0% and a limit of detection of 12.5 pg/ml. Plasma ICAM-1 concentra-
tions were analyzed using an immunoassay from Life Technologies (Carlsbad, California, USA) with intra-assay
coefficients of variation between 2.2% and 7.8%, inter-assay coefficients of variation between 5.1% and 11.1% and
a limit of detection of 2.2 ng/ml. Serum concentrations of total adiponectin were also measured with a sandwich
ELISA by ALPCO Diagnostics (Salem, New Hampshire, USA) with intra-assay coefficients of variation between
5.3% and 5.4%, inter-assay coefficient of variation between of 5.0% and a limit of detection of 0.019 ng/ml. Serum
omentin-1 concentrations were measured with a sandwich ELISA by Biovendor (Brno, Czech Republic) with
intra-assay coeflicients of variation between 3.2% and 4.1%, inter-assay coeflicients of variation between 4.4% and
4.8% and a limit of detection of 0.5 ng/ml. Plasma resistin levels were quantified with an sandwich ELISA from
R&D Systems (Minneapolis, Minnesota, USA) with intra-assay coeflicients of variation between 3.8% and 5.3%,
inter-assay coefficients of variation between 7.8% and 9.2% and a limit of detection of 0.026 ng/ml. Fatty acids
in plasma phospholipids were analyzed by gas chromatography by the German Institute of Human Nutrition in
Potsdam-Rehbruecke®®, The total saturated fatty acids (SFA), including myristic acid (C14:0), pentadecanoic acid
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Figure 1. Flowchart.

(C15:0), palmitic acid (C16:0), heptadecanoic acid (C17:0), stearic acid (C18:0) and arachidic acid (C20:0). The
total monounsaturated fatty acids (MUFA) containing palmitoleic acid (C16:1n7c), cis-vaccenic acid (C18:1n7c),
oleic acid (C18:1n9c¢), as well as gondoic acid (C20:1n9). The total polyunsaturated fatty acids (PUFA) including
alpha-linolenic acid (C18:3n3), eicosapentaenoic acid (C20:5n3), docosapentaenoic acid n-3 (C22:5n3) doco-
sahexaenoic acid n-3 (C22:6n3), linoleic acid (C18:2n6c¢), gamma-linolenic acid (C18:3n6), docosadienoic acid
(C20:2n6), dihomo-~-linolenic acid (C20:3n6), arachidonic acid (C20:4n6), adrenic acid (C22:4n6), and docos-
apentaenoic acid n-6 (C22:5n6).

Sample size estimation.  As the main research question of the RBVD-study is the investigation of bone health
following a vegan diet compared to omnivores, the power calculation was based on the bone health measure-
ment. The sample size was calculated, assuming a clinically relevant difference of at least 5% in bone health (esti-
mated based on broadband ultrasound attenuation measurements) between vegan and omnivores. Along with a
level of significance of 5% and a power of 80%, in total 72 participants were required (36 vegans, 36 omnivores)
(Gpower, t test for independent samples).

Statistical analyses. Normally distributed variables were reported as mean and standard derivation (SD), skewed
variables were reported as median and interquartile range (IQR) and log-transformed for analyses. Categorical
variables were reported as percentage. For comparison of the characteristics of vegans compared to omnivores, a
Chi-Square test for categorical variables and a Student’s t test or Mann-Whitney U test for continuous variables
were used.

To investigate the association of veganism with inflammatory biomarkers compared to omnivores, an analysis
of variance (ANOVA) was performed for model 1 (unadjusted). Additionally, a multivariable adjusted analysis
of covariance (ANCOVA) was conducted to detected differences between vegans and omnivores in model 2,
adjusted for age, sex, smoking status, education, waist circumference, physical activity and alcohol consumption.
Independent of the type of diet, differences in inflammatory biomarkers according to the duration of a vegan diet,
waist circumference, BMI, total SFA, total MUFA, total PUFA and fruit and vegetable consumption, have been
investigated. Correlations between inflammatory biomarkers and duration of a vegan diet (in vegans only, n=36),
waist circumference, BMI, total SFA, total MUFA, total PUFA and fruit/vegetable consumption were assessed
using spearman correlation (unadjusted, Model 1) and spearman partial correlation mutually adjusted for age,
sex, smoking status, education, waist circumference, physical activity, alcohol consumption (model 2). For model
2, a multivariable adjusted ANCOVA were performed to investigate differences in inflammatory biomarkers
according to the duration of a vegan diet (cut off median: 4.8 years). Skewed variables that were log-transformed
before ANOVA or ANOVA were back-transformed and expressed as geometric means and 95%-CI.
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Sensitivity analyses were carried out after exclusion of participants taking anti-rheumatic or analgesic drugs.
In detail, analyses were performed after exclusion of participants with regular intake of anti-rheumatic and anal-
gesic drugs (at least 3 times within last week before examination) (n = 2), additionally participants with single
dose within the last week before examination (n =7), participants with single dose within in the last two weeks
before examination (n = 18), participants with single dose within the last month before examination (n=27).
Further, in sensitivity analyses extreme concentrations of the inflammatory biomarkers have been excluded (<1
or > 99'" percentile), respectively (n=2). To eliminate the influence of the type of diet L.e. a vegan or omnivorous
diet, the spearman partial correlations have been additionally adjusted for type of diet. All statistical analyses were
performed using SAS software, version 9.4 (SAS institute, Cary, N.C., USA). P values of<0.05 were considered
statistically significant.

Data availability
The datasets generated during and/or analyzed during the current RBVD-Study are not publicly available due to
provisions of the written informed consent.
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2.1.2. Unterschiede in den Konzentrationen von verschiedenen inflammatorischen
Biomarkern zwischen Veganer:innen/Vegetarier:innen und Mischkostler:innen -

Systematisches Review mit Metaanalyse

Menzel J, Jabakhanji A, Biemann R, Mai K, Abraham K, Weikert C, Systematic review and
meta-analysis of the associations of vegan and vegetarian diets with inflammatory biomarkers,
Scientific Reports, 2020 Dec 10;10(1):21736. doi: 10.1038/s41598-020-78426-8.

Die Ergebnisse der Originalpublikation werden im Folgenden zusammengefasst und kénnen dem

Abstract der Publikation &hneln. Die deutsche Ubersetzung erfolgte durch die Autorin.

In bereits existierenden systematischen Ubersichtsarbeiten wird der Vegetarismus und
Veganismus bisher zusammen mit anderen pflanzenbasierten Ernahrungsformen betrachtet
[73]. Um Unterschiede von Konzentrationen inflammatorischer Biomarkern explizit zwischen
Vegetarier:innen und Veganer:innen in Vergleich zur Mischkost getrennt zu untersuchen,
wurde in dieser Originalarbeit ein systematisches Review mit Metaanalyse erarbeitet [73],

dabei wurden auch die Ergebnisse der Originalarbeit 1 aufgenommen.

Die systematische Literatursuche wurde in den Datenbanken Pubmed und EMBASE
durchgefihrt, dabei wurden Publikationen bis April 2020 betrachtet [73]. Es wurden folgende
Biomarker untersucht: CRP, IL-6, IL-18, IL-1 RA, TNF-q, E-Selektin, interzellulares
Adhasionsmolekil-1  (ICAM-1), monozytisches chemoattraktives Protein-1  (MCP-1),
Adiponektin, Omentin-1 und Resistin [73]. Von den 1073 identifizierten wissenschaftlichen
Publikationen zu diesem Thema, erfullten 21 Querschnittsstudien die Einschlusskriterien und

wurden in das systematische Review (und Metaanalyse) einbezogen [73].

Bezlglich der veganen Ernahrung zeigte sich, dass insgesamt nur 3 von 21 Studien den
Zusammenhang zwischen einer veganen Ernahrungsweise im Vergleich zu einer Mischkost
in Bezug auf CRP in gesunden Populationen untersuchten [73]. Die Originalpublikation 1 ist
dabei eine dieser Publikation. Eine durchgefuhrte Metaanalyse zeigte, dass eine vegane
Ernahrungsweise mit niedrigeren CRP-Werten im Vergleich zu Mischkostler:innen assoziiert
waren (Mittelwertdifferenz: -0.54 mg/l, 95%-Kl: -0.79 bis -0.28, p<0.0001) [73]. Andere
inflammatorische Biomarker z.B. TNF-q, IL-18, Adiponektin u.a. wurden nur von zwei weiteren

Studien untersucht [73].

Hinsichtlich der vegetarischen Ernahrung untersuchten 19 von 21 Studien die Konzentrationen
von CRP zwischen Vegetarismus im Vergleich zur Mischkost [73]. Vierzehn Studien schlossen
gesunde Teilnehmer:innen ein, sechs Studien untersuchten vorerkrankte Teilnehmer:innen
[73]. Die Metaanalyse zeigte, dass die Assoziationen hinsichtlich CRP bei Vegetarier:innen
weniger stark ausgepragt war (Mittelwertdifferenz: -0.25 mg/l, 95%-KI: -0.49 bis 0.00, p=0.05)
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[73]. Zudem war bei vorerkrankten Patient:innen mit eingeschrankter Nierenfunktion die
Assoziation fur CRP bei vegetarischer Ernahrungsweise mit -3.91 mg/l (95%-KIl: -5.23 bis -
2.60; p<0.0001) deutlich starker ausgepragt [73]. Fur alle anderen inflammatorischen

Biomarker wurden keine wesentlichen Assoziationen beobachtet [73].
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Systematic review

and meta-analysis

of the associations of vegan
and vegetarian diets

with inflammatory biomarkers

Juliane Menzel'™", Afraa Jabakhanji', Ronald Biemann®3, Knut Mai*>¢, Klaus Abraham® &
Cornelia Weikert*

Plant-based diets like vegetarian or vegan diets might influence circulating levels of inflammatory
biomarkers, thereby reducing the risk of chronic diseases. This systematic review and meta-analysis
aimed to investigate the associations of veganism and vegetarianism with circulating inflammatory
biomarkers in comparison to omnivores, Literature search was conducted in Pubmed and EMBASE
until April 2020 and mean differences of biomarkers were assessed for: C-reactive protein (CRP),
interleukin-6 (IL-6), interleukin-18 (IL-18), interleukin-1 receptor antagonist (IL-1 RA), tumor

necrosis factor-alpha (TNF-a), E-selectin, intercellular adhesion molecule-1 (ICAM-1), monocyte
chemoattractant protein-1 (MCP-1), adiponectin, omentin-1 and resistin. Of initially identified

1073 publications, 21 cross-sectional studies met the inclusion criteria and were included in the
systematic review and meta-analysis. Vegan diet was associated with lower levels of CRP compared to
omnivores [mean difference - 0.54 mg/l, 95%-Cl: -0.79 to - 0.28, p <0.0001]. This association was less
pronounced in vegetarians [mean difference - 0.25 mg/l, 95%-Cl: - 0.49 to 0.00, p=0.05]. In patients
with impaired kidney function, the association between vegetarian nutrition and CRP was much
stronger with - 3.91 mg/l (95%-Cl: - 5.23 to - 2.60; p <0.0001). No substantial effects were observed
for all other inflammatory biomarkers. Despite strong associations between CRP and a vegan or
vegetarian diet were seen, further research is needed, as most inflammatory biomarkers were
investigated only in single studies so far.

Since recent years, a growing trend for vegetarian and vegan diets can be recognized in Germany and other
Western countries'. These plant-based diets were typically characterized by a higher consumption of fruits,
vegetables, legumes, whole-grains, nuts, and various soy products?, corresponding to a lower intake of saturated
fat and cholesterol?, as well as a larger amounts of antioxidant micronutrients like vitamins C and E, dietary fibre
and phytochemicals®’. Due to the increased awareness of environmental problems and compassion for animals,
a growing trend toward veganism has remarkably emerged in the past few years. Another decisive factor for
people turning to a vegan diet is the potential of health benefits. As a matter of fact, scientific evidence leads to the
assumption that a vegetarian or vegan nutrition may be protective against many chronic inflammatory diseases
like type 2 diabetes®, cardiovascular diseases’, or cancer®. Interestingly, recent research suggested associations
between low-grade inflammation and increased risk of various chronic discases. Hence, the development of
chronic diseases could be influenced by inflammatory biomarkers acting as intermediate risk factors. In fact, it
has been found that elevated concentrations of inflammatory markers like high-sensitivity C-reactive protein
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Systematic literature search
Pubmed (n=539), Embase (n=511), Reference lists (n=23)

Duplicates removed (n=848)

Identification

Records screened by title and abstract

o

£ (n=225)

c

o

b Not related studies (n=91) Study conducted in children (n=12)

w Review articles and/or meta-analysis (n=36) Missing full-text or conference abstract (n=13)

In-vivo and in-vitro studies (n=13)

Full-text articles assessed for eligibility

£ (n=60)
3
a No biomarker of interest (n=6) Modified vegan or vegetarian diet (n=10)
w Inappropriate definition of vegan/vegetarian diet (n=5) Repetitive study with other title (n=1)
Inappropriate definition of control group (n=7) Article in Japanese (n=2)
Concomitant intervention (n=4) Authors providing no additional information of published articles (n=4)

Studies included in the systematic review
(n=21)

Figure 1. Flowchart. Selection process from initial search to final number of the included studies.

(hs-CRP), interleukin 6 (IL-6) or tumor necrosis factor-a (INF-a) were associated with pathogenetic mecha-
nisms of numerous chronic diseases in type 2 diabetes’, cardiovascular disease® or selected cancer types’, On the
contrary, concentrations of adiponectin were inversely associated with these diseases'""%.

Recent scientific evidence suggested that plant-based diets may modulate inflammatory biomarker profiles,
showing an attenuation of inflammation markers as for instance CRP, IL-6 and soluble intercellular adhesion
molecule 1 (SICAM-1)"*""°. Up to date, meta-analyses noticed that vegetarian nutrition is associated with lower
CRP concentrations™'®, while the impact of an exclusive vegan diet on inflammatory biomarkers was only exam-
ined by few studies. Therefore, we aimed to conduct a systematical review and meta-analysis to investigate the
effects ofavegetarian or vegan diet on a comprehensive spectrum of inflammatory biomarkers, i.e. C-reactive
protein (CRP), interleukin-6 (IL-6), interleukin-18 (IL-18), interleukin-1 receptor antagonist (IL-1 RA), tumor
necrosis factor-alpha (TNF-a), E-selectin, intercellular adhesion molecule-1 (ICAM-1), monocyte chemoat-
tractant protein-1 (MCP-1), adiponectin, omentin-1 and resistin, in healthy and diseased population, separately.

Results

The systematic literature search produced a total of 1073 citations through database searching. In detail, we iden-
tified 511 publications from Embase, 539 from PubMed and 23 additional publications from manual searching
the reference lists. After exclusion of duplicates from different databases (n =848), publications reduced to 225
articles. After initial screening by titles and abstracts, 165 publications did not meet the study inclusion crite-
ria and were excluded. From the remaining 60 citations, further 39 records were excluded following full-text
assessment. In total, 21 studies have been included in the present systematic review. Detailed processes of study
selection are shown in Fig. 1'%,

Main characteristics of the included 21 studies are summarized in Table 1. Studies were conducted
across 3 continents, most studies were conducted in Asia (12 studies'?*-272%323536) followed by Europe (6
studies'®2021:283037) and South America (3 studies'7***'). All studies, with exception of one prospective study®,
used a cross-sectional design. However, the study with a prospective design has been considered as cross-
sectional study, because we only used cross-sectional data from the baseline characteristics.

Twenty studies investigated the association between a vegetarian diet and inflammatory biomarkers compared
to omnivores'’ ¢, two studies of them examined also the association between a vegan diet and inflammatory
biomarkers, in parallel to a vegetarian diet'***. The study by Menzel et al.*” investigated the association between a
vegan diet and inflammatory biomarkers compared to an omnivorous diet only. In total, the duration time follow-
ing a vegan diet ranged from at least one year up to 20 years, and for vegetarian diet from one year up to 25 years.

(2020) 10:21736 | https://doi.org/10.1038/s41598-020-78426-8 natureresearch
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Mezzano et al. (1999)"
Country Chile n (n=26) (n=26) CRP
Study design Cross-sectional Age" 47.0+12.7¢ 39.5£12.2°
Study population Apparently healthy BMI® 23,0433 230+3.3
(n) (n=52)
Male % (n) 46.1% (n=24) Duration® | =1
Sebekovi et al. (2001)"®
Country Slovak Republic n (n=19) (n=9) (n=19) CRP
Study design Cross-sectional Age* 136125 [36.6+3.0° 305+16°
ff“a‘d" population E’:‘szrl‘;““” healiby | pype 220+0.05¢ 206+0.8¢ 23840040
Male % (n) 38% (n=23) Duration® | 8.2+0.8° 72+1.0°
Szeto et al. (2004)"°
Country China n (n=30) (n=30) CRP
Study design Cross-sectional Age* 44.2£9.0° 44.0£9.2¢
fl:\;dy population apfzge)m]y healthy BMI" NR NR
Male % (n) 10% (n=6) Duration® | 21.8£12.2¢
Krajcovicova-Kudlackova et al. (2005)™
Country Slovak Republic n (n=133) (n=137) hs-CRP
Study design Cross-sectional Age* 462+ 14° 472144
f:)‘d” population apfz%")"y healthy | 5y 229402 247403
Male % (n) 35.5% (n=96) Duration® | 10.4 +0.4°
Sebekovi et al. (2006)"
Country Slovak Republic n (n=90) (n=46) hs-CRP
Study design Cross-sectional Age* 37.7 (35.1-40.3)F 37.7 (33.5-40.7)"
f:)‘dy population alpfal';g;"y healthy | pyypo 227 (22.1-233)f 3.8 (22.7-24.9)
Male % (n) 36% (n=49) Duration* | 2-25
Chen et al. (2008)%
Country Taiwan n (n=99) (n=99) hs-CRP
Study design Cross-sectional Age® 51.248.9° 49.4+9.6°
f:“)‘d" Population. g‘Pfﬁf;‘;'ly healthy | pygpo 229428 238436
Male % (n) 43.9% (n=87) Duration* | =1
Hung et al. (2008)*
Country Taiwan n (n=71) (n=388) CRP
Study design Cross-sectional Age* 49.1+11.2¢ 50.6+£9.5°
fl‘]‘)‘d!’ population | APPRER 2:];'“ BMI* 26227 239£3.1°
drome (n=459)
Male % (n) 57.7% (n=265) Duration® | NR
Chen et al. (2011)*
Country Taiwan n {n=173) (n=190) hs-CRP
Study design Cross-sectional Age* 54.0+9.7° 49.9+9.8°
?:l‘)‘d" population apfig']" healthy | gyypo 229429 233350
Male % (n) 0% (n=0) Duration® | =1
Suetal. (2011)*
Country Taiwan n (n=19) (n=41) hs-CRP
Study design Cross-sectional Age* 58.616.0° 57.2£54°
?':.)!dy population apfgzc)m]y healthy | o 232427 231429
Male % (n) 0% (n=0) Duration® | 10.8+7.5
Wu et al. (2011)*
Country Taiwan n (n=19) (n=299) hs-CRP
Study design Cross-sectional Age* 63.3+2.6° 57.5%1.2°
Continued
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f{‘s‘“” population II:I;E':;‘(‘ZIL’; g | oM 227403 202£0.8°
Male % (n) 46.9% (n=149) Duration®* | NR
Lee et al. (2014)”
Country Republic of Korea | n (n=357) (n=357) hs-CRP
Study design Cross-sectional Age 52.8+8.5¢ 53.8+8.7
?:)‘d" population :rp Eﬁeﬁﬁﬂ? 2:1;‘1\3 BMI® 24.92.9° 237£33
drome (n=714)
Male % (n) 42.9% (n=306) Duration® | NR
Montalcini et al. (2015)*
Country Ttaly n (n=26) (n=26) 1L-6
Study design Cross-sectional Age* 32.6+8.4° 305+6.7 TNF-a
?:)ld!’ population alPEE;';)"“Y healthy | gy 21.9+2.0° 21.8+2.0¢ MCP-1
Male % (n) 50% (n=26) Duration® | 23
Chuang et al. (2016)*
Country Taiwan n (n=686) (n=3423) CRP
Study design Cross-sectional® Age" 42.2412.3° 45.1+12.2° |
f"“;d" popalation al’fffl‘;“;}y healthy | pyypo 200300 229432
Male % (n) 27.1% (n=1115) Duration® | =3
Kandouz et al. (2016)°
Country United Kingdom n (n=16) (n=122) CRP
Study design Cross-sectional Age* 71.7+11.6° 63.7+16.9°
?:de population ﬁ‘i"gﬁﬂ““ BMI® 254452 265+6.0°
Male % (n) 63.9% (n=88) Duration® | early adult hood
Lee et al. (2016)"'
Country Taiwan n (n=54) (n=100) hs-CRP
Study design Cross-sectional Age® 65.1411.3° 57.7+£10.5° 1L-6
f;‘;dy population (ngelg fji"‘b““ BMI® 249462 265457
Male % (n) 41.5% (n=64) Duration® | =1
Ouetal. 2016)° )
Country Taiwan n (n=21) (n=42) hs-CRP
Study design Cross-sectional Age* 56.2+13.7° 56.3+£11.7°
f.;‘dy population aiazlgil; Patients BME 2044216 2255348
Male % (n) 22.6% (n=12) Duration® | 21.5
Acosta-Navarro et al. (2017)"
Country Brazil n (n=44) (n=44) hs-CRP
Study design Cross-sectional Age® 455+7.8° 46.8+9.6°
?rtl\;dy population glpfggt)m]yhcahhy BMI* 23.1+2.9¢ 272448
Male % (n) 100% (n=88) Duration* | 17.8£12.5
Franco-De-Moraes et al. (2017)*
Country Brazil n (n=102) (n=66) (n=100) CRP
Study design Cross-sectional Age® 49.6+8.6° 49.6+8.5° 49.1+£8.2° E-selectin
ff;)‘d” poptilation apf‘;‘;;n)'ly healthy | 5y 242439 | 232241 264547 TNF-a
Male % (n) 45.8% (n=123) Duration® | =1 =1
Tseng et al. (2018)*
Country Taiwan n (n=15) (n=140) hs-CRP
Study design Cross-sectional Age" 632425 585413
}S:de population ?;fg“:fa'fi; 5 | BM » 20.2+0.5 224402
Male % (n) 45.1% (n=70) Duration* | NR
Ganie etal. (2019)*
Continued
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Diet group characteristics Studied

Study characteristics ‘Vegetarians Vegans Omnivores biomarkers | SQS
Country India n (n=179) (n=141) hs-CRP 7
Study design Cross-sectional Age" 26.5+6.0° 26.6+4.1° 1L-6
Study population Apparently healthy BMI® AT G TNE-a
(n) (n=320)
Male % (n) 0% (n=0) Duration® | NR Adiponectin
?;‘;d?’ population | peog (no14g) | n (n=82) (n=62) Resistin
Male % (n) 0% (n=0) Age* 25.713.8° 26.1+4.4°

BMI® 24.9+3.6° 246435

Duration® | NR

Menzel et al.(2020) 7

Country Germany n (n=36) (n=36) hs-CRP 6

Study design Cross-sectional Age* 37.5 (32.5-44.0)8 | 38.5 (32.0-46.0)¢ | IL-18

ff]‘;dy Population. apf‘;?)m}y healthy | i 22.9:32° 240£2.1° IL1RA

Male % (n) 50% (n=36) Duration® [ 4.8 (3.1-8.7)8 ICAM-1
Adiponectin
Omentin-1
Resistin

Table 1. Characteristics of reviewed studies on the association of vegan or vegetarian diet with inflammatory
biomarkers. “Reported in years; b reported in kgfmz; “expressed as mean + SD; Ymean + SE; *mean + SEM;
mean (95%-CI); # median (IQR); " using baseline values; ' mean across both diet groups; SQS: Study Quality
Score (using Newcastle—Ottawa Quality Assessment Scale adapted for cross-sectional studies); NR: not
reported.

Selected studies were published between 1999'7 to 2020%”. Numbers of study participants varied between
n=>52"% and n=4109%. Overall, analysis comprised a total number of 2291 vegetarians, 111 vegans and 5868
omnivores, with a mean age of 46.2 years (vegans: 41.7 years; vegetarians: 49.6 years; omnivores: 47.2 years). The
BMI was on average 23.1 kg/m? of all studies (not reported for Szeto et al.'”) (vegans: 22.2 kg/m?; vegetarians:
23.0 kg/m? omnivores: 23.9 kg/m?). Of all participants, 89.8% had a healthy mean BMI of < 25.0 kg/m? and
10.2% had a mean BMI between 25.0 and 29.9 kg/m’. No study included participants with mean BMI =30 kg/m”.

The majority of the studies were conducted in apparently healthy participants comprising 88.2% of the
participants (16 out of 21 studies, Table 1). Of note, Ganie et al.*® investigated 320 healthy participants and 144
women with polycystic ovary syndrome (PCOS), both groups separated by diet (vegetarian vs. non-vegetarian).
Hung et al.** and Lee et al.”” conducted the study in a mixed population of apparently healthy participants and
patients with metabolic syndrome (less than 20% of the study population). Moreover, six studies were conducted
in participants diagnosed with impaired kidney function®®*%**7 , type 2 diabetes’ or PCOS™. Seventeen studies
used populations consisting of men and women, only Acosta-Navarra et al.*? included exclusively male individu-
als, and three other studies included only female subjects*****_ In total, 38.2% of all involved participants were
male. With regard to the outcome assessment, most of the studies focused on CRP (n=20'"-*"*-7), whereas a
restricted number of studies evaluated IL-6 (n=3?%%-°), TNF-a (n =3**"), adiponectin (n=2"%) or resistin
(n=2%%). The other inflammatory biomarkers E-selectin (n=1*'), MCP-1 (n=1%), IL-18, IL-1 RA, ICAM-1
and omentin-1 were only analyzed in one study*’.

Association of vegan diet and inflammatory biomarkers. In total, only 3 out of 21 studies inves-
tigated the association between a vegan diet and an omnivorous diet in respect to circulating CRP levels in
apparently healthy individuals (Fig. 2A, Supplemental Table §1)****". Franco-De-Moraes et al. also investigated
the association between a vegan diet and the inflammatory biomarker E-selectin and TNF-a*. A recent study
provided new data regarding IL-18, IL-1 RA, ICAM-1, adiponectin, omentin-1 and resistin®".

‘When results of three or more studies were available, a meta-analysis has been performed. Hence, in vegans a
meta-analysis was only possible for CRP. As depicted in Fig, 2A, the present study observed lower CRP levels in
vegans compared to omnivores, showing a mean difference (MD) between vegans and omnivores of —0.54 mg/l,
95%-Cl: —0.79 to — 0.28 mg/l, p <0.0001). Regarding E-selectin and TNF-a, Franco-De-Moraes et al.** observed
no differences between vegans and omnivores (Table 2). Furthermore, Menzel et al.”” observed no differences
between vegans and omnivores with respect to IL-18, IL-1 RA, ICAM-1, adiponectin, omentin-1 and resistin
(Table 2).

Association of vegetarian diet and inflammatory biomarkers. 19 out of 21 studies'” "¢ investi-
gated the association between vegetarian diet and CRP, compared to omnivores. In detail, 14 studies!?-2337233.34.36
were conducted in apparently healthy participants and six in diseased individuals, i.e. patients with impaired

kidney function®****%* | type 2 diabetes®' or PCOS*. Moreover, in total four studies®*"*** investigated dif-
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A Vegans Omnivores
Mean+SD  n  Mean:SD  n  Weight MD (95%-Cl) MD (85%-Cl)
Sebekova (2001)* 087+135 9  081£113 19 62%  0.06(-0.96t0 1.08) + .
Franco-De-Moraes (2017)° 0.73:068 66  130£120 100 779% -057 (-086tc-0.28) — -
Menzel (2020)* 073:087 36  133:174 36  159% -060(-1.24100.04) — e
Random effect model 11 155 100%  -0.54 (-0.79 to -0.28) -
p<0.0001 ; ) i ) :
Heterogeneity: F=0%, Tau?=0.0, p=0.49 L, t t i
2 1 [ 1 2

Vegetarians Omnivores

Mezzano (1999) *
Sebekova (2001)*

Mean + SD n Mean + SD n Weight MD (95%-Cl)

0.43+ 053 26
0.40£1.74 19

052+0.84 26 7.8%
081£1.13 19 4.0%

-0.09 (-0.47 to 0.29)
041 (134 t0 0.52)

Szeto (2004)° 077129 30 1.30+1.38 30 5.5% -0.53 (-1.21t0 0.15)
Krajcovicova-Kudlackova (2005) * 072081 133 1.62+1.40 137 8.7% -0.80 (-1.17 to -0.63) ——
Sebekovd (2006) 0.87 £1.38 90 0.81£ 087 46 T7.7% 0.06 (-0.34 to 0.46)
Chen (2008) * 1.40 +2.30 99 230440 a9 3.8% -0.90 (-1.88 to 0.08) L 2
Hung (2008) * 170+130 71 230£320 388 74%  -0.60(-1.0410-0.16) —e—+
Chen (2011) * 1.80 £ 3.40 173 120+ 1.80 180 6.3% 0.60 (0.03 to 1.17) e
Su (2011)* 070£070 49  090%120 41 7.6%  -0.20(-0.62100.22)
Lee (2014) * 1.00£200 357 1.004200 357 B5%  000(-029t0029)
Chuang (2016) ° 160+250 686 210+480 3423 89%  -0.50(-0.74t0o-0.26) —e—
Franco-De-Moraes (2017)* 0874088 102 1.30+120 100  8.4%  -0.33(-0.6310-0.03) °
Acosta-Navarra (2017) # 0982072 44  147:137 44 7.2%  -0.49 (-0.95 0 -0.03) .
Ganie (2019)" 2192148 179 1.68:152 141 82%  051(0.18100.84) ——
Random effect model 2058 5041  100%  -0.25(-0.49 to 0.00) ’
p=0.05 !
Heterogeneity: 1*=80%, Tau’=0.16, p<0.00001 : ; ! :
* measured hs-CRP [mgi]; © measured CRP [mgfl] % i 0 i 2
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Figure 2. Forest plots of the effect of a vegan and vegetarian diet on CRP concentrations compared to
omnivorous diet in apparently healthy participants. Forest plot showing the overall effect of a vegan diet (A) or

a vegetarian diet (B) on CRP concentrations compared to omnivorous diet in apparently healthy participants.
Results are presented as mean difference (MD) (95%-CI). The study-specific MD and 95%-CI are represented by
the black dot and horizontal line, respectively. The center of the diamond and the vertical dashed line represent
the overall effect size of all studies; the width of the diamond represents the overall pooled 95%-CI.

ferences on E-selectin, TNF-a, IL-6, MCP-1, restistin and adiponectin in vegetarians compared to omnivores
(Table 2).

Among the different biomarkers, a meta-analysis was possible for CRP and TNF-a in apparently healthy
individuals. Regarding TNF-a no significant differences between vegetarians and omnivores have been observed
[mean difference 0.02 pg/ml, 95%-CI: - 0.39 to 0.43 pg/ml, p=0.93]. However, meta-analysis revealed lower CRP
levels in vegetarians compared to omnivores, showing a mean difference between vegetarians and omnivores
of —0.25 mg/1 (95%-Cl: - 0.49 to 0.00 mg/]; p =0.05) (Fig. 2B). The generated funnel plot for CRP showed no
evidence for publication bias (Supplemental Figure S1). In addition, also different statistical methods e.g. Egger
regression or Funnel plot regression showed no evidence for publication bias (Supplemental Table 52). Interest-
ingly, the association between vegetarian diet and CRP is much more pronounced in pre-diseased individuals
with impaired kidney function —3.91 mg/l (95%-CI: - 5.23 to - 2.60 mg/l; p<0.0001) (Table 3, Supplemental Fig-
ure $2). With regard to E-selectin and MCP-1, no significant differences between apparently healthy vegetarians
and omnivores have been observed (Table 2). Lower levels of IL-6 have been observed by Ganie et al. (p<0.01)%,
and in some degree by Montalcini et al. (p=0.50)** in apparently healthy vegetarians compared to omnivores.

Regarding pre-diseased participants, Lee et al. observed higher IL-6 levels in participants with type 2 diabe-
tes following a vegetarian diet (p=0.01)*". In participants with PCOS no differences were observed (p=0.91)*.
Furthermore, Ganie et al.* observed lower adiponectin levels in vegetarians compared to omnivores, however,
less pronounced in healthy participants (p=0.05) compared to participants with PCOS (p <0.001). With regard
to resistin, it has been observed that vegetarians have higher levels compared to ommnivores, however significant
in patients with PCOS only (p<0.001), not in apparently healthy participants (p=0.16)*.

Sensitivity analysis. Mean difference (95%-CI) of CRP concentrations were performed, according to pre-
specified potential sources of heterogeneity of study quality, continent or duration of vegetarian diet. Studies were
categorized into high-quality or low-quality studies using a cut-off point of 6 stars, Accordingly, with respect to
vegetarian diet, eight studies scored <6 stars; six studies scored = 6 stars (Table 1, Supplemental Table $3). No rel-
evant changes in results have been observed after stratifying by study quality (p for subgroup differences =0.61,
Supplemental Figure S3) or by continent (p for subgroup differences =0.73, Supplemental Figure $4). Regard-
ing duration of vegetarian diet (<10 or=>10 years), we observed no difference between both subgroups (p for
subgroup differences=0.35, Supplemental Figure $4). However, we observed lower CRP levels in vegetarians
compared to omnivores when the duration of the diet was =10 years (-0.42 mg/1 (95%-CI: -0.81 to -0.02 mg/l;
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Adiponectin [ng/ml]

Ganie et al. (2019)* Apparently healthy (n=320) | 6.75+4.45 720+538  [0.05

Ganie et al. (2019)™ PCOS (n=144) 315201 6334281 | <0.001

Menzel et al. (2020)*" Apparently healthy (n=72) 4.76+£2.23 432£1.57 0.52
E-selectin [pg/ml]

ft’:“(‘;‘ﬁ%l}f“’“‘ ‘ Apparently healthy (n - 268) ‘ 3454206 ‘ 3324273 ‘ 3924235 ‘ 0.06 ‘ 0.09
ICAM-1 [ng/ml]

Menzel et al. (2020)*" | Apparently healthy (n=72) | [5389+972 [5699+1250 | [036
1L-6 [pg/ml]

Montalcini et al. (2015)™ Apparently healthy (n=52) | 1.97+2.80 1.52£1.40 0.50

Lee etal. (2016)* Type 2 diabetes (n=154) 2.50+1.90 200+ 1.70 0.04

Ganie et al. (2019)* Apparently healthy (n=320) | 8.44+5.64 439+3.94 <0.01

Ganie el al. (2019) PCOS (n=144) 22954 14.40 19864785 | 0.91

IL-18 [pg/ml]

Menzel et al. (2020)" \ Apparently healthy (n=72) \ \ +55.3 | 89.4+76.3 | \ 0.20
IL-1 RA [pg/ml]

Menzel et al. (2020)7 ‘ Apparently healthy (n=72) | [ 268.5+317.9 | 231441333 | (090
MCP-1 [pg/ml]

Montalcini et al. (2015)% | Apparently healthy (n=52) [376.6%1382 | [320921337 [o7 [
Omentin-1 [ng/ml|

Menzel et al.(2020)7 | Apparently healthy (n=72) | [s0Lax163.5 [ 5050+ 1483 | [092
Resistin [ng/ml]

Ganie et al. (2019)* Apparently healthy (n=320) |6.18+3.69 5.48+3.10 0.16

Ganie et al. (2019)* PCOS (n=144) 10.84+4.54 6.27+2.28 <0.001

Menzel et al. (2020)” Apparently healthy (n=72) 685199 | 720175 0.43
TNF-a [pg/ml]

Montalcini et al. (2015)% Apparently healthy (n=52) 2414090 2.42£1.10 0.97

iR Apparently healthy (n=268) | 3134263 | 2674144 | 3105196 | 0.48 0.17
Ganie et al. (2019)™ Apparently healthy (n=320) | 24.18+20.18 229811642 | 0.2/

Ganie et al. (2019)% PCOS (n=144) 45.13435.74 3547+23.68 | 0.91

Table 2. Summary of the concentrations of inflammatory biomarkers in vegetarians, vegan in comparison
control group. “Vegetarian versus omnivore; "Vegan versus omnivore; Values expressed as mean  SD.

A Impaired kidney function

Wuetal (2011)% " 4.00£030 (19 8.80£0.40 |299 | 50.4% — 4.80 (— 4.94 to — 4.66)

Oucetal. (2016)"° 6702980 |21 | 6.60£112 |42 | 5.3% 0.10 (- 52910 5.49)

Kandouz et al. (2016)® 4535569 |16 | 7.07£825 |122 | 13.0% | —2.64(- 579 t00.51)

Tseng et al. (2018)** 400164 |15 770£7.19 | 140 |313% | -3.70 (- 5.15 to - 2.25)

Random effect model 71 603 | 100% -3.91(-5.23 to - 2.60)

Heterogeneity: 1= 58%, Tau®=0.89, p=0.07 p<0.0001

B Type 2 diabetes

Lee etal. (2016)*" 210260 [54 | 1502190 |[100 0.60 (- 0.19 to 1.39)
p=0.14

C Polycystic Ovary Syndrome

Ganie et al. (2019)%* 383£1.68 |82 238£0.88 |62 1.45 (1.03 to 1.87)
p<0.0001

Table 3. Summarized mean differences showing the overall effect of vegetarian diet on CRP concentrations
compared to omnivorous diet in patients with impaired kidney function (A), type 2 diabetes (B) and PCOS
(C). * measured hs-CRP [mg/l] ; "measured CRP [mg/1]; Results are presented as mean difference (MD) (95%-

CI).
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p=0.04). In contrast, the effect was less pronounced following the diet <10 years (-0.19 mg/l (95%-CI: -0.46 to
0.09 mg/l; p=0.18). In addition, meta-regression reveled no effect modification by BMI (all models p>0.05).

Discussion

To the best of our knowledge, the present systematic review/ meta-analysis of cross-sectional studies is the most
comprehensive evaluation, covering a wide spectrum of inflammatory biomarkers in vegans and vegetarians
compared to omnivores, respectively. Accordingly, the present systematic review provides evidence that vegan
and vegetarian diets are associated with lower CRP levels, a major marker of inflammation and a mediator of
inflammatory processes. Of note, the association was stronger in pre-diseased vegetarians with impaired kidney
function. No substantial effects were observed for IL-6, IL-18, IL-1 RA, TNF-a, E-selectin, ICAM-1, MCP-1,
adiponectin, omentin-1 and resistin. However, with exception of CRP the most inflammatory biomarkers of
interest were investigated only in single studies so far.

Given that CRP is an established biomarker of systemic low-grade inflammation linked to various diseases,
e.g. atherosclerotic cardiovascular disease’, the results of this review support the suggestion that vegetarian or
vegan nutrition habits might ameliorate inflammatory processes and decrease circulating levels of inflammatory
biomarkers. These anti-inflammatory properties might reduce risk of chronic inflammatory diseases in vegan or
vegetarian populations. Our results are in line with other studies, suggesting an improvement in inflammatory
profiles of plant-based/vegetarian-based diets indicated by decreases in CRP levels'*!®. Moreover, Haghighatdoost
etal. found a trend towards lower CRP concentrations in subjects following a vegetarian diet for at least 2 years?,
while no significant effect was found in studies using a minimum duration of 6 months of vegetarianism. In
line with these observations, the present study revealed that the association might depend on the duration of
the diet. According to the sensitivity analysis, the effect was more obvious in participants following a vegetar-
ian diet of at least 10 years. Taken together, our findings provide evidence that a vegan or vegetarian diet may
be beneficial to prevent or counteract inflammatory state underlying numerous chronic diseases and therefore
might be a nutritional approach to reduce risk of chronic diseases. Moreover, adoption of a vegan or vegetarian
diet may also have beneficial effects in pre-diseased populations. Next to the decreased level of CRP in vegetarian
patients with impaired kidney function, a plant-based diet may hamper the development or progression of some
complications of chronic kidney disease, due to the associated cardioprotective, anti-oxidant, and lipid-lowering
properties®. Current evidence proposed this also for other cardiometabolic diseases, as vegetarian and vegan
diets present potential advantages in managing type 2 diabetes offering additional benefits for the comorbidities
of cardiovascular disease, kidney disease, and neuropathy™.

Up to date, the mechanisms by which vegan or vegetarian diets might reduce the low-grade inflammatory
state remain underestimated, but research holds great promise in revealing the mechanisms linking dietary pat-
terns with inflammation. Accordingly, it has been suggested that exposure to animal foods may favor an intes-
tinal environment which could trigger systemic inflammation®. Indeed some studies noticed differences in gut
microbiota composition of vegans/vegetarian compared to omnivores, who differ according to their inflammatory
and metabolic profiles***!. However, a recent systematic review from 2019 noticed no consistent association
between a vegan or vegetarian diet and microbiota composition compared to omnivores*, Interestingly, recent
studies revealed the role in regulating of gut microbiota and gut homeostasis by inflammasomes**. These rep-
resent a group of protein complexes that recognize a diverse set of inflammation-inducing stimuli and promote
the secretion of pro-inflammatory cytokines'. Those mechanisms may affect the immune homeostasis related
to coinciding decrease in the future-risk for metabolic diseases, e.g. metabolic syndrome or atherosclerosis*.
Although further research is clearly required, the role of inflammasomes in regulating of gut flora represents a
new promising research field which may help elucidate the mechanisms by which diet impacts gut microflora,
inflammation and health?'.

Despite 21 studies have been identified for inclusion in this review, many inflammatory biomarkers of interest
were not investigated upon or were only explored in single studies. Thus, the present meta-analysis could not
provide comprehensive conclusion about the associations between a vegan or vegetarian diet and each inflamma-
tory marker. Therefore, more research is highly warranted to evaluate associations between a vegan or vegetarian
diet and inflammatory biomarkers.

The present systematic review/meta-analysis has several strengths. Our study covered a comprehensive spec-
trum of biomarkers that reflect chronic inflammation and immune reactions, including a set of novel molecules at
the site of adipose-tissue induced inflammatory response. Importantly, we focused on comprehensive nutritional
vegan or vegetarian habits rather than on the use of single dietary supplements or artificial dietary approaches,
which allows translation of the findings to general populations. In comparison to other meta-analyses>'®, our
study comprises no mixture of vegetarian and vegan diet, but performed strict separate analyses regarding vegans
and vegetarians. Moreover, we investigated the association between biomarker profiles in apparently healthy and
diseased patients, respectively.

Some limitations of our study deserve to be mentioned. RCTs are considered as the gold standard for estab-
lishing causal conclusions, however, published RCTs of vegan or vegetarian diets on inflammatory biomarkers
based on our inclusion criteria are missing. Therefore, the present systematic review/ meta-analysis could include
cross-sectional studies only, which does not allow for causal inference. The majority of the studies included a
low number of participants. Furthermore, high heterogeneity among the studies in vegetarians was detected. It
should be noted that our analysis is restricted by the data provided within the available studies each having its
own methodological characteristics and potential drawbacks. In this respect, we should acknowledge the differ-
ences in the assay quality measurements and selection of investigated inflammatory biomarkers.

In conclusion, this systematic review and meta-analysis provide evidence that either vegan or vegetarian
diet is associated with lower CRP concentrations compared to omnivores in apparently healthy participants and
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metabolically afflicted patients. Further research is highly warranted, as several biomarkers of interest were only
investigated in single studies so far.

Methods

Study protocol. The study was planned, conducted and reported according to the recommendations of the
Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) statement. The study protocol
was prospectively registered with the International Prospective Register of Systematic Reviews (PROSPERO;
registration number CRD42018079220).

Data sources and search strategy. A systematic literature search was conducted to identify relevant
articles using PubMed and Embase databases until 15th of April 2020. No restriction was made in terms of
language or the date of study publications. The following search terms were used (MeSH term or text words):
(‘vegan, ‘vegans, ‘veganism' OR ‘vegetarian, ‘vegetarians, ‘vegetarianism’) AND (‘adiponectin’ OR ‘c-reactive
protein, ‘CRP; ‘hscrp, OR ‘e-selectin’ OR ‘intercellular adhesion molecule-1; TCAM-1" OR ‘interleukin-1 recep-
tor antagonist, ‘IL-1RA’ OR ‘interleukin-6, TL-6’ OR ‘interleukin-18, TL-18" OR ‘monocyte chemoattractant
protein-1, ‘MCP-1" OR ‘intelectin-1, ‘omentin-1" OR ‘resistin’' OR “ITNF-alpha, “TNF-a’). Additionally, reference
lists of related original articles, review articles and meta-analyses were further screened for potentially eligible
publications using a manual approach. When necessary, the relevant authors were contacted by the investigators
to acquire important missing information; in case of non-respondents, studies were excluded.

Study selection and eligibility criteria.  Studies were eligible for inclusion in the review if they reported
results of vegetarianism or veganism, in comparison to a control group on circulating levels of inflammatory bio-
markers in adults (aged = 18 years). In detail, vegetarian diets were defined as meat, poultry, fish abstinence, and
the partial exclusion of animal products such as eggs, and/or dairy products. Vegan diet implies the complete
exclusion of any animal products (consumption less than one meal per month). Of note, one study mentioned
participants as “strict vegetarian” which are considered as vegans in the present study™. Participants of the con-
trol groups were considered if they eat meat products (omnivorous western diet). The present review included
all study designs, i.e. cross sectional studies, prospective cohort studies and RCT. Moreover, no specific criterion
was considered for the duration of being on a vegan/vegetarian diet, except for RCT (an intervention time of at
least 4 weeks was considered). Only studies published in English or German have been included in the present
study. With regards to outcome assessment, our initial approach was to evaluate the existing literature on the
well-known biomarkers of inflammation CRP, IL-6, IL-18, IL-1 RA, TNF-a, E-selectin, ICAM-1, MCP-1, adi-
ponectin, omentin-1 and resistin, Studies were excluded if they assessed the effects of a general healthy lifestyle
that included a vegan/vegetarian diet only as one component. Further, studies investigating a modified vegan
or vegetarian diet (eg. raw, low-fat, low-carbohydrate, low-calorie, low-protein, gluten-free) were excluded. Two
reviewers (JM and A]) independently reviewed the titles and abstracts of all potential studies, followed by full-
text selection, Disagreement was resolved by discussion and consensus, and if needed the opinion of a third
author (CW) was decisive.

Data extraction and quality assessment. For each of the selected studies, the following information
was recorded in the data extraction sheets. Study characteristics were extracted including first author’s last name,
publication year, country, study design, sample size, mean age, gender distribution (proportion of males), dura-
tion of being on a vegan/vegetarian diet, and inflammatory biomarker values for vegans/vegetarians and omni-
vores (mean +SD). Proportion of males was calculated when not provided. If necessary, biomarker values have
been transformed to mean and standard deviation (SD). For studies conducted in a diseased population, the
disease was also extracted. If studies introduced additional interventions after a certain period of time, only
values from the dietary intervention were extracted. Extracted data were converted to international units. As
the inflammatory biomarker CRP has been measured as CRP or hsCRP in different studies, the manuscript
refer both terms as CRP. Two reviewers evaluated study quality independently using the Newcastle—Ottawa
Quality Assessment Scale adapted for cross-sectional studies*’; if needed, the opinion of a third author (CW)
was decisive.

Meta-analysis. To estimate the pooled effect of vegan and vegetarian diets compared to omnivorous diet
on each respective inflammatory biomarker, the effect size was calculated using the differences between means
(95%-CI) of inflammatory biomarkers concentrations (vegans vs. omnivores; vegetarians vs. omnivores), sepa-
rated by health status (apparently healthy or diseased). Meta-analysis have been planned to perform when at
least results of 3 studies were available. Summary estimates and corresponding 95%-CI were derived using a
random-effects model, which assigns a weight to each study on the basis of an individual study’s inverse vari-
ance. Consistency of results was evaluated based on calculation of I” index, also known as a ‘heterogeneity index;,
which examines the null hypothesis that all studies are evaluating the same effect. To identify publication bias, a
funnel plot was generated and examined; asymmetry was assessed by visual inspection. Further, publication bias
was analyzed through Egger’s regression, Begg rank correlation, funnel plot regression, and trim-and-fill tests
using an available macro PubBias for SAS*. This was exclusively applied to meta-analyses with > 10 studies. Last,
sensitivity analysis for study quality was performed to investigate single studies as potential sources of hetero-
geneity including study quality score (<6 or =6 stars), continents (Asia, Europe, South America) and duration
of vegetarian diet (< 10 or> 10 years). Of note, for Hung et al.** and Ganie et al.*® the last classification was not
possible, due to missing information on duration of vegetarian diet. Meta-regression analyses were performed
examine whether there were differences in inflammatory biomarkers between dietary groups, controlling for
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BMI (mean BMI or difference of BMI between diet groups). These analyses were performed whenever the num-

ber

of studies was sufficient (n>10). These analyses were performed using statistical software R (version 4.0.2)

with the Meta-package. Other statistical analyses were performed using statistical software Review Manager
(RevMan), Version 5.3. (Copenhagen: The Nordic Cochrane Centre, the Cochrane Collaboration, 2014) and
SAS software, version 9.4 (SAS institute, Cary, N.C., USA). p values of < 0.05 were considered statistically signifi-
cant. All modifications of figures were performed using Adobe Illustrator CC 2019.
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2.2. Vegane Ernahrung und Knochengesundheit

2.2.1 Unterschiede in der Knochengesundheit zwischen Veganer:innen und
Mischkostler:innen und Ableitung eines explorativen Biomarkermusters mit Einfluss

auf die Knochengesundheit

Menzel J, Abraham K, Stangl GI, Ueland PM, Obeid R, Schulze MB, Herter-Aeberli |,
Schwerdtle T, Weikert C, Vegan Diet and Bone Health—Results from the Cross-Sectional
RBVD Study, Nutrients, 2021 Feb 21;13(2):685. doi: 10.3390/nu13020685.

Die Ergebnisse der Originalpublikation werden im Folgenden zusammengefasst und kénnen dem

Abstract der Publikation &hneln. Die deutsche Ubersetzung erfolgte durch die Autorin.

Neben den beschriebenen vorteilhaften Auswirkungen einer veganen Erndhrung auf die
Gesundheit, wird auch berichtet, dass eine vegane Erndhrungsform in Hinblick auf die

Knochengesundheit negative Auswirkungen haben kdnnte [46].

In der vorliegenden Originalarbeit wurden daher die Unterschiede der Knochengesundheit
zwischen Veganer:innen und Mischkdstler:innen in der RBVD-Studie untersucht [46]. Als
Ergebnis zeigte sich, dass Veganer:innen im Vergleich zur Mischkost, in allen Ultraschall-
Parametern niedrigere Werte hatten [46]. Dabei erreichte jedoch nur der wichtigste untersuchte
Parameter (BUA) statistische Signifikanz (Vegan (Mittelwert (MW) + Standardabweichung
(SD): 111.8 £ 10.7 dB/MHz, Mischkost (MW £ SD): 118.0 £ 10.8 dB/MHz, p=0.02) [46].

Zudem zeigten sich Unterschiede zwischen Veganer:iinnen und Mischkdstleriinnen in
wichtigen ernahrungsbedingten und knochenrelevanten Biomarkern (Blut und Urin) [46]. So
hatten Veganer:innen im Vergleich zur Mischkostgruppe hohere Konzentrationen des
Knochenresorptionsmarker C-terminale Crosslinks (CTX), a-Klotho, der Vitamine K1 und
Folat, der Aminosaure Glutamin, sowie eine Tendenz zu hoheren Parathormon (PTH)
Konzentrationen [46]. Die Konzentrationen der Vitamine A und B2, der Aminosaure Lysin, Zink,
Selenoprotein P und Omega-3-Fettsauren, sowie die Calcium- und Jodausscheidung waren

hingegen niedriger [46].

Es wurde durch die Anwendung der RRR ein exploratives Biomarkermuster mit
ernahrungsbedingten und knochenrelevanten Biomarkern generiert, welches die Varianz von
BUA und SOS maximal erklart [46]. Nach Anwendung einer RRR mit insgesamt 28 Biomarkern,
konnte festgestellt werden, dass 12 Biomarker in Kombination am starksten die Varianz fir
BUA und SOS erklaren [46]. Der berechnete Biomarkermuster-Score erklart dabei insgesamt
34.4% der Gesamtvarianz flir BUA und SOS [46]. Das Muster beinhaltet dabei die Mitwirkung

folgender Biomarker mit positiven Faktorladungen fir Lysin, Jod im  Urin,
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schilddrisenstimulierendes Hormon (TSH), Selenoprotein P, Vitamin A, Leucin, a-klotho,
Omega-3-Fettsauren, Calcium und Magnesium im Urin, Vitamin B6 und negative Faktorladung
fur FGF23 [46]. Eine Varianzanalyse Uber Tertile des Biomarkermuster-Scores zeigte dabei,
dass die Teilnehmer:innen in der dritten Tertile (T3) im Mittel 11% hdéhere BUA-Werte hatten,
als im Vergleich zur ersten Tertile (T1) (p fur Trend<0.0001) [46]. AuRerdem zeigte sich auch
ein Anstieg Uber die Tertile fur SOS (2.6%) sowie Sl (18.5%) [46]. Der prozentuale Anteil der
Veganer:innen nahm hingegen mit steigender Tertile des Biomarkermuster-Scores ab (T1:
70%, T2: 61%, T3: 26%) [46].
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Abstract: Scientific evidence suggests that a vegan diet might be associated with impaired bone
health. Therefore, a cross-sectional study (n = 36 vegans, n = 36 omnivores) was used to investigate the
associations of veganism with calcaneal quantitative ultrasound (QUS) measurements, along with the
investigation of differences in the concentrations of nutrition- and bone-related biomarkers between
vegans and omnivores. This study revealed lower levels in the QUS parameters in vegans compared
to omnivores, e.g., broadband ultrasound attenuation (vegans: 111.8 £ 10.7 dB/MHz, omnivores:
118.0 + 10.8 dB/MHz, p = 0.02). Vegans had lower levels of vitamin A, B2, lysine, zinc, selenoprotein
P, n-3 fatty acids, urinary iodine, and calcium levels, while the concentrations of vitamin K1, folate,
and glutamine were higher in vegans compared to omnivores. Applying a reduced rank regression,
12 out of the 28 biomarkers were identified to contribute most to bone health, i.c., lysine, urinary
iodine, thyroid-stimulating hormone, selenoprotein P, vitamin A, leucine, «-klotho, n-3 fatty acids,
urinary calcium/magnesium, vitamin B6, and FGF23. All QUS parameters increased across the
tertiles of the pattern score. The study provides evidence of lower bone health in vegans compared
to omnivores, additionally revealing a combination of nutrition-related biomarkers, which may
contribute to bone health. Further studies are needed to confirm these findings.

Keywords: bone health; BUA; SOS; QUS; vegan; diet; biomarker; reduced rank regression; RRR

1. Introduction

In recent years, plant-based diets have become increasingly popular in Germany
and many other Western countries [1,2]. In particular, a growing trend toward a vegan
diet has been observed, referring to a diet without consumption of any animal products.
People are turning to a vegan diet not only due to compassion for animals and awareness of
environmental problems but also for health benetfits [1]. Indeed, scientific evidence suggests
that a vegan or vegetarian diet may protect against many chronic diseases, e.g., diabetes [3],
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cardiovascular diseases [4], or cancer [5]. However, a vegan diet was found to be associated
with lower bone mineral density (BMD), which is associated with higher fracture risk,
compared to omnivores [6]. The skeleton is a dynamic and metabolically active tissue [7]
and is exquisitely sensitive to its microenvironment [8]. Accordingly, nutritional habits
have been considered an important modifiable factor influencing BMD [8,9]. Consuming
a vegan diet arises concern about an inadequate supply of some nutrients [10], possibly
contributing to an impaired BMD in vegans. For instance, calcium and vitamin D are
well known as major determinants of bone health [9], but they are considered as potential
critical nutrients in vegans [10]. Other critical nutrients for a vegan diet are long-chain n-3
fatty acids [10], vitamins (B12, A) [10], or minerals (zinc, selenium, iodine) [10], which are
also related to bone health [8]. On the other hand, vegetarian and vegan diets provide
important nutrients that protect bone, e.g., vitamin K [7,8,11] and folate [7,12-14].

Therefore, the present study aimed to investigate the differences in bone health
between vegans and omnivores, as measured using quantitative ultrasound. Furthermore,
the study aimed to detect differences in nutritional biomarkers that are related to bone
health (selected vitamins, minerals, fatty acids, and amino acids), along with differences
in biomarkers of bone turnover, calcium homeostasis, inflammation, and the fibroblast
growth factor 23 (FGF23)-o-klotho axis. In addition, via the application of reduced rank
regression (RRR), the study aimed to detect an exploratory biomarker pattern that may
reveal a combination of biomarkers that contribute to bone health and thereby may explain
the suggested reduced bone health in vegans. As is known, classic endocrine feedback
loops ensure the regulation of blood calcium alongside the involvement of parathyroid
hormone (PTH), vitamin D, and FGF23 [15] having their own impacts on bone health; thus,
the complexity of the homeostatic regulatory biomarkers of bones should be considered,
too. Therefore, the RRR included not only classical nutritional biomarkers but also other
important nutrition-associated bone-related biomarkers.

2. Materials and Methods
2.1. Study Population

The study participants were investigated between January 2017 and July 2017. Partici-
pants of the present “Risks and Benefits of a Vegan Diet” (RBVD) study were individuals
who responded to an advertisement by contacting the study center at the German Fed-
eral Institute for Risk Assessment (BfR) via phone or mail (# = 161). A phone screening
followed, including a brief explanation of the study and checking the inclusion crite-
ria (age 30-60 years, following the diet for at least 1 year) and exclusion criteria (body
mass index (BMI) > 30, cardiovascular disease, type 2 diabetes, cancer, pregnancy, breast-
feeding, current infection) [16]. An omnivorous diet was defined as the consumption
of at least three portions of meat per week or two portions of meat and two portions
of processed meat per week, whereas a vegan diet was defined as no consumption of
any animal food products [16]. The cross-sectional study was conducted at the BfR in
Berlin, Germany. Each participant visited the study center twice [16]. On their first visit,
participants gave their written informed consent and received instructions to collect 24 h
urine and to document their diet using a three-day weighed food protocol. At the second
visit, anthropometric measurements, a quantitative ultrasound measurement, and their
lifestyle characteristics were assessed, and a fasting blood sample was collected [16]. In to-
tal, the final study population comprised 36 vegans and 36 omnivores that were sex- and
age-matched. A flowchart was published previously [16]. The study was approved by the
Ethics Committee of Charité University Medical Center Berlin (no. EA4/121/16) and was
conducted in accordance with the Declaration of Helsinki.

2.2. Quantitative Ultrasound Measurement

In our study, bone health was assessed using quantitative ultrasound (QUS) measure-
ments. According to the manufacturer’s instructions, QUS measurements were performed
by trained personnel on the right and left os calcis using the Achilles EXPII bone ultra-
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sonometer (General Electric Healthcare, Little Chalfont, UK). In the case of unilateral
foot pathology (ankle edema, trauma, or fracture) of a heel, only the opposite heel was
measured. The instrument measures the frequency-dependent broadband ultrasound
attenuation (BUA) (dB/MHz) and the speed of sound (SOS) (m/s). The stiffness index (SI)
was automatically calculated from the BUA and SOS using the Achilles EXPII system via
the following equation: stiffness index = (0.67 x BUA + (.28 x SOS) — 420 [17]. The mean
values of quantitative ultrasound measurements were calculated from the left and right
heel measurements, except in four participants, where only one heel site measurement was
available. Due to the anatomical conditions of the feet, the measurement for one participant
was not possible.

2.3. Assessment of Lifestyle Characteristics

Anthropometric measurements (weight, height, and waist circumference) were per-
formed by trained and quality-monitored personnel while the participants wore only light
underwear and had no shoes on. Body weight was assessed using an electronic digital
scale (Omron BF511 Omron Healthcare Lid., Kyoto, Japan) and the height was measured
using a flexible anthropometer (SECA 213, Hamburg, Germany). Waist circumference was
defined using the horizontal plane midway between the lowest ribs and the iliac crest.
Information on educational level, smoking habits, and supplement intake was assessed
using computer-based questionnaires. The educational levels were defined as high educa-
tion (university, university of applied sciences), intermediate education (vocational school,
technical college), or low education (no degree). Physical activity was determined using a
validated physical activity questionnaire [18]. Physical activity comprised the sum of the
average hours per week spent in cycling, sports, and gardening during summer and winter.
Walking included the sum of the average hours per week during summer and winter.

2.4. Blood and Urine Collection and Laboratory Analysis

About 60 mL of venous blood was collected from each participant at the BfR study
center. Several routine biomarkers, including serum concentration of alkaline phosphatase,
high-sensitivity C-reactive protein (hsCRP), thyroid-stimulating hormone (TSH), zinc, and
total homocysteine (using NaF blood), were measured at an accredited medical analyt-
ics laboratory (Labor 28 GmbH, Berlin, Germany) on the same day. About half of the
blood was fractionated into serum/plasma and erythrocytes and stored at —80 °C until
further analysis. In 2018, Labor 28 determined the bone turnover biomarker b-CrossLaps
(CTX) and osteocalcin in the serum. Due to an implausibly high value of CTX in a partic-
ipant, one measurement was not considered in the present study. Serum concentrations
of procollagen type-1 (PINP) were measured at Labor Augsburg MVZ GmbH (Augsburg,
Germany). Methylmalonic acid and vitamins A, B2, B6, D3, and K1, as well as amino
acids alanine, arginine, glutamine, leucine, lysine, and proline were measured in plasma at
Bevital AS (Bergen, Norway). Plasma concentrations of fibroblast growth factor 23 (FGF23),
a-klotho, and PTH were measured at the Institute of Agricultural and Nutritional Sciences,
Martin Luther University Halle-Wittenberg (Halle, Germany). Serum concentrations of
holotranscobalamin, vitamin B12, and folate were determined at the Department of Clinical
Chemistry and Laboratory Medicine, University of Saarland (Homburg, Germany). Serum
concentrations of selenium and selenoprotein P (SePP) were measured at the Institute of
Nutritional Science, University of Potsdam (Potsdam, Germany). Fatty acids in plasma
phospholipids were determined at the Department of Molecular Epidemiology, German
Institute of Human Nutrition Potsdam-Rehbruecke (Germany) [19]. The total n-3 fatty
acids included the sum of linolenic acid (C18:3n3), eicosapentaenoic acid (C20:5n3), do-
cosapentaenoic acid (C22:5n3), and docosahexaenoic acid (C22:6n3). We calculated the
combined vitamin B12 indicator (4cB12) from concentrations of holotranscobalamin, vita-
min B12, total homocysteine, and methylmalonic acid according to the published equation
(adjusted for age) [20]. The participants collected their urine over 24 h before their second
visit to the study center. Concentrations of calcium and magnesium in 24 h urine were
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measured at Labor 28 GmbH (Berlin, Germany) and concentrations of urinary iodine at
the Laboratory of Human Nutrition, Institute of Food, Nutrition and Health, ETH Zurich
(Switzerland) [21].

2.5. Sample Size Estimation

The sample size was calculated by assuming a clinically relevant difference of 5% in
BUA between vegans and omnivores. Along with a level of significance of 5% and a power
of 80%, a total of 72 participants were required (36 vegans, 36 omnivores) (G*power, (f-test
for independent samples), version 3.1., Heinrich Heine University, Dusseldorf, Germany).

2.6. Statistical Analysis

Normally distributed variables are reported as mean + standard derivation. Skewed
variables are reported as median (interquartile range). Categorical variables are reported
as n (percentages). A Student’s f-test or Mann-Whitney U test was used to compare the
continuous variables between vegans and omnivores, and a chi-square test was used for
categorical variables. The RRR was described in detail by Hoffmann et al., including
the SAS software code and its application in nutritional epidemiology [22]. RRR appears
to be a promising tool for characterizing the relationships between bone health and a
comprehensive profile of biomarkers. The RRR determines the linear combinations of
predictor variables (biomarkers) that explain a maximum variation in the response vari-
ables (BUA and SOS). In this analysis, we used 28 bone-relevant biomarkers as predictor
variables. In detail, we included the nutritional biomarkers, i.e., vitamins (combined
vitamin B12 indicator, A, B6, B2, K1, folate), amino acids (alanine, arginine, glutamine,
leucine, lysine, proline), total n-3 fatty acids, zinc, SePP, urinary magnesium, urinary iodine,
TSH, along with biomarkers of calcium homeostasis (PTH, vitamin D3, urinary calcium),
biomarkers of bone turnover (CTX, PINP, osteocalcin, alkaline phosphatase), biomarkers of
the FGF23-«-klotho axis (x-klotho, FGF23), and the inflammatory biomarker hsCRP. Due to
missing values of BUA (n = 1) and CTX (n = 1), the RRR analysis comprised 70 participants
(36 vegans, 34 omnivores). All skewed variables were log-transformed for the analyses.
As the number of response variables determines the number of extracted patterns, the cur-
rent RRR created two patterns. To ensure that the observed variation of bone-relevant
biomarkers reflected the different profiles of vegans and omnivores, the RRR patterns were
derived using the pooled data of vegans and omnivores. Only the first pattern was retained
for the analyses, as this pattern contributed the largest proportion of explained variance
(first pattern: 34.4%, second pattern: 5.3%). The description of the bone-health-related
pattern focused on those predictors with factor loadings >0.20, which were considered
the main contributors of a score. Each participant received a factor score for the identified
pattern; this score ranked the participants according to the degree to which they conformed
to the pattern. Distributions of the main contributors were compared across tertiles of the
pattern scores, and analysis of variance (ANOVA) was used to assess the linear trends.
Investigating the main contributors across tertiles of the pattern scores, additional analyses
were carried out using a multivariable-adjusted analysis of covariance (ANCOVA), includ-
ing the additional adjustment of the month of assessment (January—July, model 1), a sex-
and age-adjusted model 2, as well as a lifestyle model 3 (BMI, smoking status, physical
activity, alcohol consumption). Moreover, sensitivity analyses were performed after the
exclusion of postmenopausal women (1 = 6) and one woman with surgical menopause.
Linear regression models were used to estimate the associations between diet groups (ve-
gan/omnivores) with BUA (unadjusted, model 1) and adjusted for lifestyle factors (model
2), including age, sex, smoking status, educational level, BMI, physical activity, and alcohol
consumption. Models 3 and 4 were adjusted for the biomarker pattern score, while model
4 was additionally for lifestyle factors. All statistical analyses were performed using SAS
software, version 9.4 (SAS Institute, Cary, NC, USA). Any p-values < 0.05 were considered
statistically significant.
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3. Results

Table 1 shows the basic characteristics of the 72 participants according to a vegan or om-
nivorous diet (n = 36 each). The median duration of veganism was 4.8 years (IQR: 3.1-8.7).
Due to sex- and age-matched inclusion of the participants, we observed no differences in
sex and age (Table 1). Moreover, no differences in anthropometric measurements, physical
activity, smoking, education, or alcohol consumption were observed between the groups
(all p > 0.05). However, compared to omnivores (33.3%), vegans (97.2%) were more likely
to take supplements, especially supplements of vitamin B12 (91.7%).

Table 1. Characteristics of the study population according to a vegan or omnivorous diet.

Characteristics Vegans (i = 36) Omnivores (1 = 36) p-Value
Duration vegan diet (years) 4.8 (3.1-8.7)
Men 50.0% (18) 50.0% (18) 1.00
Age (years) 37.5 (32.5-44.0) 38.5 (32.0-46.0) 0.75
Anthropometry
BMI (kg/m?) 229432 240 +2.1 0.08
Fat mass (%) 241478 262 7.7 0.27
Muscle mass (%) 3394152 33:5:L 5.7 0.72
Waist circumference (cm)
‘Women 73.1+69 772462 0.07
Men 845+ 89 86.0 £ 6.1 0.56
Education (%) 0.60
Low 0.0% (0) 2.8% (1)
Intermediate 30.6% (11) 30.6% (11)
High 69.5% (25) 66.7% (24)
Lifestyle
Physical activity
s 2.8 (0.88-3.75) 2.3(1.2-4.1) 0.69
‘Walking (h/week) 7.0 (5.0-12.0) 5.5 (3.5-11.8) 0.15
Smoking status 0.30
Non-smoker 66.7% (24) 58.3% (21)
Ex-smoker 22.2% (8) 16.7% (6)
Smoker 11.1% (4) 25.0% (9)
Alcohol consumption
(g/d)
Women 0.10 (0.004.69) 0.21 (0.02-4.88) 0.22
Men 0.04 (0.00-2.00) 3.85 (0.36-16.2) 0.09
Taking supplements 97.2% (35) 33.3% (12) <0.0001
Vitamin B12 91.7% (33) 8.3% (3) <0.0001
Vitamin D3 50.0% (18) 11.1% (4) 0.0003

Variables expressed as percentage (1), mean = SD, or median (IQR). BMI: body mass index.

Compared to omnivores, vegans showed lower mean values of all QUS parameters
(Table 2). However, only the difference in BUA levels reached statistical significance
(vegans: 111.8 + 10.7 dB/MHz, omnivores: 118.0 + 10.8 dB/MHz, p = 0.02). In addition,
a regression revealed that omnivores had 6.2 dB/MHz higher BUA levels compared to
vegans (p = 0.02, model 1, Table 51), and the association was even stronger after adjusting
for lifestyle factors (model 2, Table S1). The bone resorption marker CTX was higher in
vegans (0.45 = 0.19 ng/mL) compared to omnivorous participants (0.36 & 0.16 ng/mL,
p = 0.03). Concerning the calcium homeostasis, vegans had lower urinary calcium levels
(p = 0.004) and were more likely to have higher PTH concentrations compared to omnivores
(p = 0.09). Moreover, vegans had higher a-klotho concentrations than omnivores (p = 0.01).
Omnivores had higher concentrations of vitamin A and B2, whereas vegans showed higher
concentrations of vitamin K1 and folate. The concentrations of vitamin B12 and B6 did
not differ between the dietary groups. Vegans had higher concentrations of glutamine and
lower concentrations of lysine compared to omnivores (p < 0.0001, Table 2), whereas there
were no differences in the other amino acids (i.e., alanine, arginine, leucine, and proline).
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Moreover, vegans had a lower level of urinary iodine compared to omnivores (p < 0.0001),
while the TSH concentration (p = 0.34) did not differ. Furthermore, vegans had lower
concentrations of zinc (p = 0.03), SePP (p < 0.0001), and total n-3 fatty acids (p < 0.0001).

Table 2. Characteristics of bone parameters and biomarkers according to a vegan or omnivorous diet.

Characteristics Vegans (1 = 36) Omnivores (1 = 36) p-Value
Quantitative ultrasound
BUA (dB/MHz) ® 111.8 +£10.7 118.0 + 10.8 0.02
SOS (m/s) @ 1581.7 £ 28.3 1592.3 £ 9.27 0.20
SI2 97.3+133 104.3 + 16.9 0.05
Bone turnover
CTX (ng/mL)*? 0.45 + 019 0.36 £ 0.16 0.03
Osteocalcin (ng/mL) 20.8 £5.49 18.2 = 6.83 0.08
PINP (ug/L) 60.7 +17.0 527+182 0.06
Alkaline phosphatase (U/L) 64.5 (57.0-80.0) 59.5 (50.5-79.5) 0.13
Calcium homeostasis
PTH (pg/mL) 523 +210 441 +£19.0 0.09
Vitamin D3 (nmol /L) 63.2 (21.5-88.1) 45.4 (34.6-68.6) 0.49
Urinary calcium (mg/L) 55.5 (36.5-73.0) 86.0 (49.0-165.5) 0.004
FCGF23—-a-klotho axis
a-Klotho (pg/mL) 780.3 (621.1-976.2) 640.1 (520.8-770.2) 0.01
FGF23 (RU/mL) 64.5 (54.4-83.2) 63.6 (57.7-72.5) 0.75
Vitamin B12 status
Vitamin B12 (pmol/L) 337.9 (218.0-559.1) 267.6 (227.2-364.5) 0.12
Holotranscobalamin
(GmolsL) 89.4 (58.9-205.0) 84.3 (67.6-100.4) 0.35
Total homocysteine
(ol AL) 8.60 (6.70-11.3) 8.75 (7.25-10.5) 0.90
Methylmalonic acid
(ool /L) 0.17 (0.15-0.22) 0.18 (0.16-0.21) 0.62
4cB12 0.54 (0.07-1.24) 0.42 (0.19-0.70) 0.47
Vitamins
Vitamin A (umol /L) 1.80 (1.56-1.92) 2.07 (1.80-2.33) 0.004
Vitamin B2 (nmol/L) 6.00 (4.39-10.70) 9.05 (6.82-11.8) 0.03
Vitamin B6 (nmol /L) 67.2 (49.1-89.4) 78.8 (47.1-99.7) 0.62
Vitamin K1 (nmol/L) 1.55 (1.30-2.23) 0.78 (0.54-1.13) <0.0001
Folate (ng/mL) 109 (7.71-12.8) 7.82 (6.36-11.2) 0.03
Amino acids
Alanine (umol/L) 373.2 £98.1 348.7 + 66.2 0.22
Arginine (umol/L) 64.1 (52.7-74.4) 69.1 (59.0-76.0) 0.35
Glutamine (pmol/L) 629.4 £+ 83.2 546.9 + 64.3 <0.0001
Leucine (umol/L) 117.5 (103.6-137.0) 120.0 (114.4-143.8) 0.07
Lysine (pmol /L) 128.5 (119.0-147.7) 171.4 (152.3-189.3) <0.0001
Proline (umol /L) 174.7 (146.5-244.4) 174.6 (139.2-195.7) 0.24
Iodine and thyroid
Urinary iodine (ug/L) 28.1 (17.1-41.6) 74.1 (41.5-101.7) <0.0001
TSH (ug/L) 213+092 235 +1.05 0.34
Other bone-related biomarkers
Zinc (pg/dL) 793+ 11.6 87.3+133 0.008
Selenium (ug/L) 67.7 (59.8-82.1) 76.2 (68.4-83.5) 0.11
SePP (mg/L) 3.26 (2.61-4.47) 4.97 (4.22-5.46) <0.0001
hsCRP (mg/L) 0.39 (0.21-0.88) 0.63 (0.24-1.74) 0.25
Total n-3 fatty acids (%) 3.07 (2.66-3.53) 5.11 (4.22-5.77) <0.0001
Urinary magnesium (mg/L) 57.0 (44.8-66.9) 56.4 (43.5-81.9) 0.88

Variables expressed as percentage or mean -+ SD or median (IQR); ® 1 = 71 (vegan n = 36, omnivores n = 35).
BUA (ultrasound attenuation), SOS (speed of sound), SI (stiffness index), CTX (b-CrossLaps), PINP (procolla-
gen type-1), PTH (parathyroid hormone), FGF23 (fibroblast growth factor 23), 4cB12 (four markers combined
vitamin B12 indicator), TSH (thyroid-stimulating hormone), SePP (selenoprotein P), hsCRP (high-sensitivity

C-reactive protein).
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Exploratory RRR

An exploratory RRR was applied to investigate the relationship between bone health
(BUA and SOS) and the profile of 28 nutrition- and bone-related biomarkers. The first
derived biomarker pattern score explained 34.4% of the total variance in BUA and SOS
(35.9% for BUA, 32.9% for SOS). Twelve out of the 28 biomarkers were identified to
contribute most to bone health. This pattern consisted of the following main contributors
(factor loading of >0.20) with positive factor loadings for lysine (0.35), urinary iodine
(0.31), TSH (0.30), SePP (0.30), vitamin A (0.28), leucine (0.24), x-klotho (0.20), total n-3
fatty acids (0.20), urinary calcium (0.20), urinary magnesium (0.20), and vitamin B6 (0.20),
and negative factor loading for FGF23 (—0.23) (Figure 1).

FGF23

Osteosalcin
Folate
Vitamin K1
Glutamine
cTX
Alanine
hsCRP
Vitamin B2
PINP
PTH
Alkaline phosphatase
Vitamin D
Zinc
4cB12
Proline
Arginine
Vitamin B6

Urinary

Urinary calcium

Total n-3 fatty acids
aKlotho

Leucine
Vitamin A |
SePP
TSH

Urinary iedine

Lysine
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Factor loadings

Figure 1. Factor loadings of all 28 biomarkers according to the biomarker pattern score explaining the maximum variation
in BUA and SOS. Factor loadings are correlations between biomarkers and the biomarker pattern score. Black bars indicate
biomarkers with factor loadings > 0.20, which are considered as major contributors to the score. Grey bars indicate
biomarkers with factor loadings < 0.20. FGF23 (fibroblast growth factor 23), CTX (b-CrossLaps), hsCRP (high-sensitivity
C-reactive protein), PINP (procollagen type-1), PTH (parathyroid hormone), 4cB12 (four markers combined vitamin B12
indicator), SePP (selenoprotein P), TSH (thyroid-stimulating hormone).

An ANOVA across tertiles of the biomarker pattern score showed that the levels of all
QUS parameters were significantly higher across the tertiles (Table 3). Accordingly, partici-
pants in the highest tertile (T3) had, on average, 11.1% higher BUA levels compared to the
first tertile (T1) (p for trend < 0.0001). Furthermore, we observed an increase in SOS (T1 to
T3: 2.6%, p for trend < 0.0001), as well as SI (T1 to T3: 18.5%, p for trend < 0.0001) across the
tertiles of the biomarker pattern score, while the percentage of vegans decreased. In detail,
the first tertile comprised 70% vegans, the second tertile had 61% vegans, and the third
tertile included 26% vegans (p for trend = 0.009). Moreover, across the tertiles, we observed
a positive association with physical activity (p for trend = 0.01). We observed no association
between other lifestyle factors across tertiles (Table 3). Interestingly, a regression model
revealed the high impact of the biomarker pattern score on bone health independent of the
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diet group, as the model detected no difference in BUA between vegans and omnivores
after adjustment of the biomarker pattern score (model 3, Table S1).

Table 3. Characteristics of the bone parameters and biomarkers with factor loadings > 0.20 according to tertiles of the first

biomarker pattern score obtained using reduced rank regression.

Characteristics T1(n=23) T2 (n=24) T3 (n=23) p for Trend
Vegans/omnivores 16/7 14/10 6/17 0.009
Duration vegan diet (years) 3.5(3.1-6.0) 4.9 (2.3-6.3) 8.2(4.2-12.2) 0.27
Men 39.1% (9) 50.0% (12) 56.5% (13) 0.49
Age (years) 40.0 (35.0-47.0) 36.0 (31.0-44.5) 35.0 (31.0-44.0) 0.09
BMI (kg/m?) 24425 240431 237425 0.13
Physical activity (h/week) 1.50 (0.67-3.54) 2.42 (1.07-3.44) 2.67 (1.75-4.33) 0.01
Smoker 26.1% (6) 16.7% (4) 13.0% (3) 0.17
Alcohol consumption (g/d)

Women 0.27 (0.01-9.90) 0.10 (0.01-2.50) 0.13 (0.02-1.51) 0.16
Men 2.00 (0.21-19.8) 0.03 (0.00-1.99) 1.16 (0.00-4.40) 0.42
Quantitative ultrasound
BUA (dB/MHz) 108.8 = 10.8 113.2 + 9.06 1224+ 9.37 <0.0001
S0S (m/s) 1569.1 4 27.4 15815 + 28.2 1611.7 + 33.4 <0.0001
ST 91.8 +12.9 98.1+12.1 112.7 + 14.3 <0.0001
Calcium homeostasis
) . 60.0 55.5 82.0
Uinarg ki fog L (39.0-82.0) (40.0-103.5) (50.0-167.0) Ll
FGF23-x-klotho axis
666.4 652.5 763.0
seilosthe (g ) (515.8-865.9) (557.8-807.4) (689.6-860.4) D2l
FGF23 (RU/mL) 73.7 (58.9-91.3) 62.6 (57.7-70.9) 63.9 (50.3-78.0) 0.04
Vitamins
Vitamin A (umol /L) 1.77 (1.53-1.95) 1.91 (1.61-2.21) 2.04 (1.79-2.31) 0.003
_ 60.0 723 84.4
eates e fpisal L) (44.1-84.1) (46.4-95.0) (53.3-126.0) ta
Amino acids
. 1177 118.2 1189
Lenaive (mal /L) (106.5-136.8) (106.7-137.6) (111.7-152.8) Latd
: 129.7 146.3 166.1
Lysine (pmol/1) (113.9-155.8) (128.4-165.8) (146.3-187.5) 0.0002
Iodine and thyroid
L 267 146 70.7
Uity ladioe (g L) (14.8-53.3) (29.7-63.2) (34.1-103.6) 0.002
TSH (ug/L) 1.75 + 0.81 238 +1.12 2,64 +0.83 0.002
Other bone-related biomarkers
SePP (mg/L) 3.37 (2.32-4.77) 3.82 (3.07-5.25) 5,08 (4.15-5.32) 0.0004
Total n-3 fatty acids (%) 3.45(2.79-4.32) 3.98 (3.02-4.93) 4.36 (3.68-5.65) 0.03
Urinary magnesium (mg/L) 50.2 (44.0-59.0) 59.1 (43.3-93.0) 59.1 (46.6-74.3) 0.19

Variables expressed as a percentage or mean + 5D or median (IQR). BMI (bedy mass index), BUA (ultrasound attenuation), SOS (speed of
sound), SI (stiffness index), FGF23 (fibroblast growth factor 23), TSH (thyroid-stimulating hormone), SePP (selenoprotein P).

Regarding the main contributors of the pattern, an ANOVA across tertiles of the
biomarker pattern score showed significant positive associations with vitamin A (p for
trend = 0.003), vitamin B6 (p for trend = 0.01), the amino acid lysine (p for trend = 0.0002),
SePP (p for trend = 0.0004), and n-3 fatty acids (p for trend = 0.03). Furthermore, participants
had higher concentrations of urinary iodine and TSH (both p for trend = 0.002) across the
tertiles. As depicted in Table 3, according to the FGF23—a-klotho axis, FGF23 concentrations
showed inverse associations (p for trend = 0.04), whereas «-klotho levels were higher in
participants in T3 compared to T1; however, these were not statistically significant across
the tertiles (p for trend = 0.21). Furthermore, the urinary calcium levels (T1: median
60.0 mg/L vs. T3: 82.0 mg/L), and levels of urinary magnesium (T1: 50.2 mg /L vs. T3:
59.1 mg /L) were higher in participants in T3, although not statistically significant across
the tertiles (both p for trend > 0.19). Regarding leucine, no association across the tertiles was
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observed (p for trend = 0.14). In addition to the main contributors of the pattern, zinc was
positively associated across tertiles (p for trend = 0.02, Table S2).

In the sensitivity analyses, after the additional adjustment according to the month of
assessment, sex, age, and lifestyle variables, i.e., BMI, smoking status, physical activity,
and alcohol consumption, effectively no changes in the results were observed (data not
shown). In addition, the exclusion of postmenopausal women and women with surgical
menopause did not change the results (data not shown).

4. Discussion

The present study observed differences in bone health between vegans and omnivores,
showing lower mean values of all QUS parameters in vegans compared to omnivores;
however, only differences in the BUA levels reached statistical significance. We also detected
differences in biomarkers related to bone health between vegans and omnivores, and an
exploratory biomarker pattern was further derived, revealing a combination of biomarkers
contributing to bone health. This pattern provides a possible explanation of the lower bone
health in vegans compared to omnivores.

Up till now, few studies [7,23-28] have investigated the association between a vegan
diet and bone health, showing lower BMD in vegans compared to omnivores. In 2019,
Iguacel et al. [6] concluded in a systemic review and meta-analysis that a vegan diet was
associated with decreased BMD at different sites (lumbar spine, femoral neck, whole body)
compared to an omnivorous diet [6]. Moreover, the authors suggested that the lower BMD
values found in vegans could be clinically relevant because the fracture risk was also found
to be higher in vegans than in omnivores [6]. None of the included studies used QUS
data for the assessment of bone health. However, the results of our RBVD study are in
agreement, also showing reduced bone health in vegans compared to omnivores.

Scientific evidence suggests that some specific nutrients derived mainly from animal
food sources are found in lower quantities in vegans, which could adversely affect bone
health. It is well known that vitamin B12 is the most critical nutrient when following a
vegan diet [10,12]. Regarding bone health, it has been proposed that a deficiency in vitamin
B12 can negatively affect bone development and maintenance [6]. However, we observed
no differences in any of the blood parameters assessing vitamin B12 status [21]. Next to
vitamin B12, vitamin D also plays a central role in bone metabolism and mineralization.
Vitamin D deficiency leads to increased bone turnover, resulting in decreased bone mineral
density [29]. Furthermore, Busse et al. assumed that vitamin D deficiency decreases
bone turnover and, in turn, leads to premature bone aging [30]. The impaired turnover of
vitamin-D-deficient bone leads to hypo- and hypermineralized bone areas and increased
fracture risk [30]. Due to the omission of food from animal origins, vegans are at higher
risk of inadequate vitamin D supply [10,12,29], which may have adverse bone health
effects. Furthermore, the endogenous vitamin D production might be limited in our study
population living in Berlin (Germany) due to low sun exposure for several months of
the year [29]. However, a sensitivity analysis revealed no change in the results after an
adjustment for the month of blood collection. In agreement with the current evidence,
the dietary intake of vitamin D3 is lower in vegans [21], but we observed no difference in
the vitamin D3 blood concentrations between vegans and omnivores, most likely because
50.0% of our vegans took vitamin D3 supplements.

We detected further differences in nutritional biomarkers between vegans and omni-
vores, which may contribute to the decreased bone health in vegans. A review of Dai and
Koh [13] investigated the possible role of B vitamins in bone health, including evidence
from in vitro and in vivo experimental studies, as well as observational and intervention
studies. Next to vitamin B12, the results of this review suggest a protective role of vitamins
B2 and B6 in bone health [13]. Interestingly, in agreement with the reduced bone health of
vegans in the RBVD study, we also observed lower plasma concentrations of vitamin B2 in
vegans, which is explained by the lower dietary intake compared to omnivores [21]. Indeed,
a few studies have shown that the status of vitamin B2 is considered deficient in ~=30% of
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vegans [31,32]. Regarding vitamin A, Davey et al. noticed a lower mean intake of retinol
in vegans compared to omnivores, fish-eaters, and ovo-lacto-vegetarians in the European
Prospective Investigation into Cancer and Nutrition (EPIC)-Oxford study [12]. Although
no significant difference in the intake of vitamin A equivalents was observed in the RBVD
study [21], the plasma concentrations of vitamin A were lower in vegans compared to
omnivores. However, the role of vitamin A regarding bone health may be ambiguous.
On the one hand, it has been found that vitamin A promotes skeletal health [33]. On the
other hand, an epidemiological study demonstrated that an excessive intake of vitamin A
or high serum vitamin A are also related to adverse skeletal health, including accelerating
bone loss, decreasing bone mineral density, and increasing the incidence of fractures [33].

As oily fish and, to a lesser extent, dairy foods and meat are the primary sources of
eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) [34,35], the intake of n-3
fatty acids while following a vegan diet may be lower than in omnivores [10]. Indeed,
lower plasma levels of n-3 fatty acids in vegans compared to omnivores were observed in
the present study. The n-3 fatty acids EPA and DHA are suggested to stimulate osteoblast
survival, promote osteoblastogenesis, and prevent bone resorption by altering membrane
function, regulating calcium balance, and enhancing osteoblast activity [36]. Furthermore,
the involvement of EPA and DHA in preosteoblast differentiation and maturation was
associated with their anti-inflammatory effects, i.e., reducing the synthesis of inflammatory
PGE2 and modulating peroxisome proliferators-activated receptor gamma (PPARgamma)
and lower levels of inflammatory cytokines, e.g., interleukin-1 (IL-1), interleukin-6 (IL-6),
and tumor necrosis factor alpha (TNF-«) [36]. Regarding bone health, a recent meta-
analysis on observational studies noticed that a higher dietary intake of n-3 fatty acids
was significantly associated with a lower risk of hip fracture [37]. In addition, two system-
atic reviews/meta-analyses based on randomized controlled trials indicated associations
between n-3 fatty acids and improved BMD [38,39].

Different minerals have an impact on bone metabolism. It has been observed that
selenium and the selenium-transport protein SePP (constituting the majority of selenium in
blood) were positively correlated with BMD [40,41], even if SePP might be more relevant
because of its proposed function as the essential selenium transporter to the bones [42].
Vegans had a lower intake of selenium [10], as well as lower concentrations of total serum
selenium [41]. In fact, this was also seen in the present study; however, statistical signifi-
cance was observed only for SePP. Next, zinc has also been found to be important in the
regulation of bone homeostasis, as many zinc-related proteins are involved in the regulation
of cellular function in osteoblasts and osteoclasts [43]. Zinc stimulates cell differentiation,
cell proliferation, and mineralization in osteoblasts [43]. Indeed, a study showed lower
BMD for the hip, spine, and distal wrist of men in the lowest plasma zinc quartile compared
to men with higher plasma zinc concentrations [44]. Accordingly, the present study demon-
strated lower serum zinc concentrations in vegans, as well as lower BUA levels, compared
to omnivores. Furthermore, the macro minerals calcium and magnesium are known as
important contributors to bone health [43]. In fact, 99% of the body’s calcium resides in
the skeleton and about 60% of all magnesium in the body is found in bone [43]. As con-
centrations in the blood are carefully regulated within narrow limits, the present study
used 24 h urine samples to better reflect the calcium and magnesium statuses. A switch
from an omnivorous to a vegetarian diet demonstrated a rise in the urinary excretion of
magnesium [45]. Kidneys are able to retain magnesium during deprivation by reducing its
excretion or excrete magnesium in cases of excess intake [46]. Therefore, the renal excretion
of the filtered load has been found to vary from 0.5 to 70% [46]. Nevertheless, the home-
ostasis also depends on the absorption in the intestine. In fact, it is noteworthy that the
intestinal absorption of magnesium is not directly proportional to dietary magnesium
intake but is rather dependent on the individual magnesium status [46]. It has been found
that the lower the magnesium level, the more this element is absorbed in the gut; thus, rela-
tive magnesium absorption is high when intake is low and vice versa [46]. The individual
adaption of magnesium might provide a possible explanation for why the present study
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observed no differences in urinary magnesium concentrations between vegans and omni-
vores, despite the observed higher intake of magnesium in vegans [12], which is supported
by our dietary data. Regarding calcium, a switch from an omnivorous diet to a vegetarian
diet is associated with a decrease in the excretion of calcium [45]. In detail, Knurick et al.
found that the daily calcium excretion was significantly higher (~34%) in the omnivores as
compared to individuals adhering to vegetarian diets [7]. The present study also showed
a lower excretion of calcium in vegans compared to omnivores (=36%). This was likely
caused by the lower intake of calcium in vegans as urinary calcium concentrations reflect
dietary intake [47].

A vegan diet may also include healthy constituents that counterbalance the negative
effects on bone health. In fact, plant-based diets are high in vitamin K [7,8] and folate [7,12].
Accordingly, our RBVD study demonstrated higher dietary intake [21] and higher concen-
trations of folate and vitamin K in the blood of vegans compared to omnivores. Vitamin K
is known as a cofactor for the optimal mineralization of bone and is positively associated
with BMD [11]. In addition, several epidemiologic studies found a significant relation-
ship between high folate intake/concentrations and increased BMD or reduced fracture
risk [7,13,14].

Lifestyle factors may influence or cover potential associations between dietary habits
and BMD [6]. Scientific evidence suggests that vegans tend to show a healthier lifestyle
compared to omnivores, which might have an important impact on BMD [9], i.e., higher
levels of physical activity [12], lower smoking rates [12], lower consumption of alcohol [12],
and lower BMI. However, as the present study detected no relevant differences in these
lifestyle factors between vegans and omnivores, no impact on the levels of QUS measure-
ments was expected.

Exploratory RRR

As discussed above, several nutrients require particular attention for bone health
in vegans. However, ascribing the lower BUA levels (in some degree SOS and SI) of
vegans to a single nutrient or biomarker is likely oversimplistic, given the complexity
of the homeostatic regulatory mechanisms of bones. In fact, complex interconnections
between nutrients, foods, and dietary patterns imply that no single element of a diet can
provide the complete picture of dietary effects on health [48]. Based on this, an exploratory
systematic approach was adapted to detect a biomarker pattern that revealed a combination
of biomarkers that contributes to bone health, i.e., the RRR identified a pattern based on
twelve biomarkers as main contributors (factor loading > 0.20) explaining a maximum
variation in BUA and S5O6 in our population. Highly important, the ANOVA demonstrated
positive associations between all QUS parameters across the tertiles of the biomarker
pattern score. This might be of clinical relevance, as it has been reported that even relatively
small changes in bone health, e.g., a 10% increase in bone mass, reduced fracture risk by as
much as 50% [9].

The identified biomarker pattern was characterized by biomarkers with positive factor
loadings for lysine, urinary iodine, TSH, Sepp, vitamin A, leucine, a-klotho, total n-3 fatty
acids, urinary calcium, urinary magnesium, and vitamin B6, and a negative factor loading
for FGF23. Regarding the main contributors, the ANOVA supported positive associations
of vitamin A and B6, SePP, and n-3 fatty acids across the tertiles of the biomarker pattern
score. This is in agreement with the aforementioned recent evidence showing that these
biomarkers are suggested to be components with beneficial properties according to bone
health [38—41].

Interestingly, urinary iodine and TSH also seem to have an important role in bone
health, identifying them as strong contributors to the biomarker pattern. In fact, a recent
epidemiological study reported that urinary iodine levels were significantly lower in
women with postmenopausal osteoporosis and were associated with the total T-score [49].
Regarding TSH, a population-based register cohort study that included healthy participants
without a known thyroid disease (n = 222,138) observed associations between low TSH
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concentrations with an increased long-term risk of hip fracture (45% increase in hip fracture
risk for each SD reduction in TSH level) [50]. Similarly, Murphy et al. also noticed a 43%
increase in nonvertebral fracture risk for each SD reduction in TSH levels in 2374 euthyroid
postmenopausal women [51].

Furthermore, the RRR also identified the plasma amino acids leucine and lysine
as the main contributors to the biomarker pattern. Mechanistic evidence indicated that
leucine and lysine (in addition to arginine, alanine, proline, and glutamine) stimulate
insulin secretion in vitro [52], which has been proposed to promote osteoblast growth and
differentiation [53,54]. Additionally, it has been shown that leucine is the most potent
of the branched-chain amino acids for the stimulation of muscle protein synthesis [55],
which is critical for the maintenance of adequate bone strength and density [54]. Similarly,
Jennings et al. demonstrated that the dietary intake of lysine, leucine (in addition to
arginine, alanine, proline, and glutamic acid) was associated with higher BMD [54].

The FGF23-a-klotho axis was also identified as a main contributor to the biomarker
pattern. FGF23 was inversely associated. FGF23 plays a key role in balancing mineral ion
homeostasis and bone mineralization [56], where it reduces the renal phosphate uptake
and the secretion of parathyroid hormone, respectively [57,58]. Moreover, it has been no-
ticed that FGF23 decreases 1,25-dihydroxyvitamin D concentrations by downregulating
the expression of vitamin-D-metabolizing enzymes [57,58]. The critical role of FGF23 in
mineral ion homeostasis was first identified in human genetic and acquired rachitic dis-
ease [56], showing that an excess of FGF23 levels cause several types of hypophosphatemic
rickets/osteomalacia, which are characterized by impaired mineralization of the bone
matrix [56,57]. This is in agreement with the present study, which found that FGF23 was
the biomarker with the strongest negative factor loading in our exploratory RRR. Nev-
ertheless, more research is needed because until now, only a few cross-sectional studies
have investigated the association of FGF23 with BMD in apparently healthy participants,
providing controversial results [59-62]. Furthermore, until now, only a few epidemiological
studies [60,63,64] have investigated the associations between circulating o-klotho and bone
health and showed conflicting results.

To conclude, the exploratory RRR revealed a combination of twelve biomarkers that
might have contributed to bone health in our study population. As the present study
revealed a decreased percentage of vegans across the tertiles of the biomarker pattern score
corresponding with increasing QUS levels, it might be hypothesized that the detected com-
bination of biomarker concentrations contributed to the impaired bone health in vegans.
However, as the RBVD was a small study, replication in an independent study population
is needed to confirm the results. To the best of our knowledge, the present study is the first
to apply RRR to detect an exploratory biomarker pattern that may reveal a combination of
biomarkers that are relevant to bone health. Usually, RRR has been efficiently used in nutri-
tional epidemiology to identify dietary patterns [65]. The validation of the derived patterns
is highly recommended [65]. Further limitations of our study deserve to be mentioned.
In the present study, we used the QUS measurements as a proxy of BMD, commonly mea-
sured using the dual energy X-ray absorptiometry technique (DEXA). However, validation
studies against DEXA suggested the usefulness of QUS in diagnosing osteoporosis and
future fracture risk [66]. Therefore, QUS represents a valid, inexpensive, easy, and quick
alternative measurement tool without radiation. Moreover, the cross-sectional design
does not allow for causal inference. Moreover, the study included middle-aged men and
women from a small area (Berlin, Germany); thus, the results may not be generalizable
to other populations. However, the RBVD study provided comprehensive high-quality
data as a result of the standardized procedures, including the collection of blood and urine,
in combination with extensive information from computer-based questionnaires, a dietary
assessment using a 3-day weighed food protocol, and anthropometric measurements.

In conclusion, the study observed differences in bone health between vegans and
omnivores, along with differences in biomarkers related to bone health. In addition, an ex-
ploratory biomarker pattern was derived that revealed a combination of biomarkers, pro-
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viding a possible explanation of a reduced bone health in vegans compared to omnivores.
Additional studies are required to confirm these findings.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/2072-664
3/13/2/685/s1, Table S1. Regression models of diet (vegans/omnivores) on broadband ultrasound
attenuation (BUA), Table S2. Characteristics of all predictor variables included in the reduced
rank regression (RRR) (including those in Table 3) according to the tertiles of the first biomarker
pattern score.
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Penczynski KJ, Remer T, Menzel J, Abraham K, Weikert C, Urinary Potential Renal Acid Load
(UPRAL) among Vegans Versus Omnivores and Its Association with Bone Health in the Cross-
Sectional Risks and Benefits of a Vegan Diet Study, Nutrients, 2022 Oct 24;14(21):4468. doi:
10.3390/nu14214468.

Die Ergebnisse der Originalpublikation werden im Folgenden zusammengefasst und kénnen dem

Abstract der Publikation &hneln. Die deutsche Ubersetzung erfolgte durch die Autorin.

Sowohl Veganismus als auch eine hohe Saurelast in der Nahrung, werden als moégliche
Einflussfaktoren flr eine schlechtere Knochengesundheit diskutiert [74]. Allerdings ist die Rolle
der Basen- oder Saurelast in der Ernahrung fir die Knochengesundheit von Veganer:innen

bisher unzureichend untersucht worden [74].

In dieser Originalarbeit wurden in 24-Stunden-Urinproben die uPRAL von 34 Veganer:innen
und 35 Mischkdstler:innen der RBVD-Studie bestimmt [74]. Es zeigte sich, dass Veganer:innen
im Vergleich zu Mischkostleriinnen signifikant niedrigere uPRAL-Wert hatten (mittlerer
Unterschied: -34.5 mEqg/24 h, p<0.0001) [74]. Zudem hatten Veganer:innen eine geringere 24-
Stunden-Phosphatausscheidung im Urin (p=0.0004), sowie eine geringere 24-Stunden-
Sulfatausscheidung (p=0.01) und einen héheren pH-Wert im Urin (p<0.0001) [74].

Auch bei der etwas geringeren Studienpopulation im Vergleich zur Originalarbeit 3, hatten die
Veganer:innen niedrigere BUA-Werte im Vergleich zur Mischkostgruppe [74]. Es zeigte sich,
dass innerhalb des Spektrums von alkalischer bis niedriger Saurelast (UPRAL) kein

Zusammenhang mit der Knochengesundheit festgestellt werden konnte [74].

Insgesamt bestatigten die Ergebnisse dieser Arbeit die erwarteten unterschiedlichen Saure-
Basen-Profile von Veganeriinnen und Mischkdstleriinnen mit einem ausgepragten
Basenlberschuss bei veganer Erndhrungsweise, jedoch ohne Einfluss auf die

Knochengesundheit [74].
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Abstract: Both veganism and high dietary acid load are linked to unfavorable bone health. However,
the specific role of dietary alkali or acid load for the bone health of vegans is so far unknown. Thus,
the renal biomarker for dietary acid or alkali load, i.e., urinary potential renal acid load (uPRAL),
was measured in 24 h urine samples of 34 vegans and 35 omnivores (50.7% males). Bone health was
assessed via calcaneal quantitative ultrasound. Associations between uPRAL and bone health indices
were examined using multivariable general linear models. Compared to omnivores, vegans had a
significantly lower uPRAL (mean difference = —34.5 mEq/24 h, p < 0.0001), a lower 24 h urinary
phosphate excretion (p = 0.0004), a lower 24 h urinary sulfate excretion (p = 0.01), and a higher urine
pH value (p < 0.0001). Broadband ultrasound attenuation (BUA) was lower among vegans versus
omnivores (p = 0.037), yet it was not associated with uPRAL irrespective of adjustments. This study
confirms different acid-base profiles of vegans and omnivores, with a pronounced alkaline excess
among vegans and a rather low acid load among a group of omnivores with moderate protein intake.
Within this spectrum of alkaline to low acid load, no association with bone health was found.

Keywords: 24 h urine; BUA; cross-sectional study; QUS; urinary phosphate; urinary PRAL; urinary

sulfate; vegan

1. Introduction

Vegan diets, which exclude any food of animal sources, have increased in popularity,
but they may entail diverse health implications. Amongst the most prominent health
concerns associated with veganism is lower bone health [1], as indicated by lower bone
mineral density (BMD) and higher fracture rates among vegans compared to omnivores in
two meta-analyses of observational studies [2,3].

Compared to typical Western omnivorous diets, vegan diets are usually characterized
by lower protein and higher fruit and vegetable intakes—diet components with established
importance for the acid-base status [4]. Accordingly, studies estimating acid load from
dietary intake data report a lower acid load of vegan diets [5-8].

Yet, multiple approaches exist for the assessment of acid load, which can be based
on either dietary intake or urinary excretion. A key advantage of urinary excretion-based
approaches—such as urinary potential renal acid load (uUPRAL)—over dietary-based ap-
proaches is their ability to reflect actual intakes and the individual bioavailability of acid-
base relevant anions and cations [9]. Hence, uPRAL is considered a direct biomarker of
diet-dependent acid load [9]. To our knowledge, this valuable approach has not been used
so far to investigate the presumed difference in diet-dependent acid load between vegans
and omnivores.

Nutrients 2022, 14, 4468. https:/ /doi.org/10.3390/nul4214468
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Dietary-induced shifts in acid-base balance with mild systemic pH and bicarbonate adap-
tations still within the physiological range are thought to induce small endocrine-metabolic
changes with diverse long-term health consequences, including bone health [9,10]. Although
it remains a topic of debate kindled by conflicting results [11], notable evidence links high
dietary acid load to unfavorable bone parameters or fractures [12-15]. Interestingly, it was
argued that the low acid load of vegan diets would protect vegans’ bones [4], at least in a state
of sufficient nutrient supply [16]. Yet on the contrary, it has also been reasoned that benefits
of alkalization for bone status may be confined to people consuming diets with pronounced
acid load and/or people with relevant predispositions, e.g., kidney dysfunction, metabolic
syndrome, frailty or osteopenia [11,17,18]. The latter is an interesting argumentative approach,
since it would imply that vegans, with their presumably already low dietary acid load, may
not additionally profit from further dietary alkalization with regard to bone health. Hence,
the complex association of vegan diet, dietary acid or alkali load and bone health needs to be
further investigated.

Against this background, the present study aimed to:

(i) Characterize uPRAL, 24 h urinary excretion profiles of acid-base relevant ions and
urinary pH of vegans in comparison to omnivores.

(i) Investigate if the expected very low acid, i.e., alkaline, loads of vegan diets may con-
tribute to alleviating the unfavorable association of veganism with poor bone health.

2. Materials and Methods
2.1. Design and Study Population

The “Risks and Benefits of a Vegan Diet” (RBVD) study is a cross-sectional study
conducted at the study center of the German Federal Institute of Risk Assessment (BfR)
in Berlin, Germany, from January to July 2017. The study was approved by the Ethics
Committee of the Charité-Universititsmedizin Berlin (No. EA4/121/16) and written
informed consent was obtained from all participants.

Details on the RBVD study were published previously [19]. Briefly, recruitment of
participants was based on announcements in selected grocery stores and restaurants in
Berlin (Germany), followed by a screening for eligibility criteria, and a sex- and age-matched
selection of 36 vegans and 36 omnivores (for sample size calculations see [20]). Eligibility
criteria included: age of 30-60 years, strictly vegan (excluding any animal-based foods) or
omnivorous diet (minimal weekly consumption of three servings of meat or two servings
of meat plus two servings of processed meat products), minimal diet adherence of 1 year,
BMI < 30 kg /m?, absence of current infection or serious diseases (such as cancer, myocardial
infarction, stroke, diabetes), absence of medication with glucocorticoids or proton pump
inhibitors, absence of pregnancy or breastfeeding. The primary outcome of the RBVD study
was the difference in the bone health parameter broadband ultrasound attenuation (BUA)
between vegans and omnivores. The samples size was calculated to achieve a power of
80% at a significance level of a = 0.05 to discern a clinically relevant difference in BUA of at
least 5% [19,20]. Acid-base parameters represent secondary outcomes.

Due to missing data in 24 h urinary excretions of sodium and/or potassium, three
participants were excluded, resulting in a data set including 69 participants for uPRAL
analyses. The data set for bone health analyses included n = 68 due to the exclusion of one
further participant, as explained below.

2.2. Bone Strength and Microstruchure Parameters

Quantitative ultrasound (QUS) parameters of bone strength and microstructure (BUA
[dB/MHz], speed of sound (SOS [m/s]) and stiffness index (SI)) were estimated twice
bilaterally at the 05 calcaneus by trained study staff using Achilles EXPII (General Electric
Healthcare, Little Chalfont, UK). Anatomical or medical conditions (ankle edema, trauma,
or fracture) hampering a valid QUS measurement resulted in unilateral measures in the
case of nn = 4 participants and complete exclusion of # = 1 participant. For statistical analysis,
arithmetic means were calculated of all available measurements.

57



Eigene Arbeiten

Nutrients 2022, 14, 4468

3of11

2.3. Urine Sampling and Analysis

Participants were instructed on the standard procedures of 24 h urine collection. The
24 h urine sample had to be collected in provided preservative-free plastic containers
starting on the day preceding the study visit (excluding the first morning micturition) and
ending on the morning of the study visit (including the first morning micturition). At the
study center, collected samples were mixed, aliquoted, and analyzed on the same day or
stored at —80 °C for subsequent analyses. Same-day analysis included measurement of
urine pH at the study center using a pH meter (Knick Portamess, Berlin, Germany) in
addition to external measurements of urinary concentrations of calcium and magnesium
by flame atomic absorption spectrometry (AAS NovAA ®350), as well as sodium and
potassium by ion-selective electrodes at the Labor28 GmbH (Berlin, Germany). Subsequent
analysis in 2021 included measurement of urine concentrations of sulfate, phosphate and
chloride by Dionex 2000i/SP ion chromatography with an ion Pac AS4A column (Dionex

GmbH, Idstein, Germany) at the laboratory of the DONALD Study (Dortmund, Germany).

uPRAL was calculated from 24 h urinary ion excretions according to the following
equation of Remer and Manz [21]:

uPRAL (mEq/24 h)
= Cl (mmol/24 h) + 2 * SO4(mmol /24 h) + 1.8 * PO4(mmol /24 h) )
—Na (mmol/24 h) — K (mmol/24 h) — 2 * Mg (mmol/24 h) — 2
*Ca (mmol/24 h)

2.4. Dietary Intake Assessment

Dietary intake was assessed by three-day weighed dietary records, capturing two
weekdays and one weekend day. Participants were instructed to weigh every consumed
item as well as leftovers with a provided electronic food scale and to record detailed
information on the item and its preparation. Daily nutrient intakes, i.e., total energy, protein,
and alcohol, were calculated using the EAT-Software (University of Paderborn, 3.5.5), which
is based on data from the German Nutrient Database (Bundeslebensmittelschliissel (BLS),
version 3.02) and represents averages over the three recorded days.

Identification of potential misreporting was based on the relation of recorded total
energy intake to estimated basal metabolic rate [22], applying established cut-offs for
underreporting [23] and overreporting [24].

2.5. Assessment of Covariates

Anthropometric measurements were taken in duplicate by trained staff according
to standard procedures, with participants being barefoot and in underwear. Standing
height (cm) was determined using a flexible stadiometer (SECA, Hamburg, Germany) and
body weight (kg) was measured using an electronic digital scale (Omron BF511, Omron
Healthcare Ltd., Kyoto, Japan). Waist circumference was measured at the midpoint between
lower ribs and iliac crest. Duplicate measurements were averaged and used for calculation
of body mass index (BMI, kg/m?).

Questionnaires were used for inquiry of educational attainment, smoking habits,
current and previous diseases, family disease history, intake of medication or supplements,
and physical activity. Physical activity was created and categorized according to the

“recreational index” of the InterAct Consortium [25], which is based on sum duration of

walking, cycling and sports (averaged for summer and winter, in h/week) multiplied by
standard metabolic equivalent of task (MET) estimates (3.0 for walking and 6.0 for cycling
and sports). Categories were then dichotomized to represent moderate to high physical
activity (yes/no) corresponding with >33.75 MET h/week.

2.6. Statistical Analyses

Statistical analyses were conducted with the SAS statistical software package version
9.4 (SAS Institute Inc., Cary, NC, USA).
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Characteristics of the study population are presented as mean & SD or median (25th,
75th percentile) for normal or non-normal continuous variables, respectively, and as ab-
solute frequencies (percentages) for categorical variables. Tests for differences between
vegans and omnivores included independent two-sample Student’s ¢ test or Satterthwaite
t test (in case of heteroscedasticity) for normal continuous variables, and Mann-Whitney U
test for non-normal continuous variables. Associations of uPRAL with urine pH and of
dietary protein intake with 24 h urinary excretions of phosphate and sulfate were analyzed
by Spearman correlations.

Multivariable linear associations between uPRAL and bone health outcomes (primary
outcome: BUA) were analyzed in general linear models (PROC GLM) and compared to
robust regressions (PROC ROBUSTREG).

Basic models (model A) represent unadjusted models including the predictor uP-
RAL only. Adjusted models (models B to D) were constructed by inclusion of a priori
fixed covariates along with hierarchical inclusion of covariates, significantly predicting
the outcome and substantially modifying the association (change of Bprar, = 10%). A
priori covariates included sex, age, smoking status (current, ex, non-smoker), BMI (kg / mz),
moderate to high physical activity (yes/no), alcohol intake (g/d), protein intake (g/d),
and 24 h urinary calcium excretion (mmol/24 h). Covariates considered in the hierarchical
approach comprised veganism (yes/no), high educational attainment (yes/no), season
of study visit (January to March/April to July), total energy intake (M] /d), duration of
veganism (months), urine volume (L/24 h), use of oral contraceptives, antirheumatic
or antihypertensive medication (yes/no), and supplementation with calcium, magne-
sium or vitamin D (yes/no). For comparability, identical adjusted models were used
for all outcomes. Results of multivariable linear associations are presented as adjusted
least-square means (95%-CI) of bone health outcomes in sex-specific tertiles of uPRAL
along with parameters of linear trends (Piend, Prrends SEwrend) from models with uPRAL as
a continuous variable.

Sensitivity analyses separately investigated the relevance of menopausal status, under-
and overreporting (yes/no), and prevalence of rheumatic or thyroid diseases (yes/no) by
additional inclusion of the respective variable to the fully adjusted models.

3. Results

Characteristics of the study sample (i = 69) are presented in Table 1. Among the
34 vegans included in this analysis, veganism was followed for 4.9 years in median. No
significant differences in sex, age, or socioeconomic and lifestyle factors were detected
between both diet groups, except for lower BMI among vegans as compared to omnivores.
Most importantly, vegans were characterized by significantly lower uPRAL and higher
urine pH (both p < 0.0001).

Table 1. Characteristics of vegans and omnivores (n = 69).

Characteristics n Vegans Omnivores P
n 69 34 35
Sex (n, % females) 69 17 (50%) 17 (48.6%) 09
Age (years) 69 36.5 (32.0, 41.0) 38.0 (32.0, 46.0) 0.7
Anthropometric data
BMI (kg/m?) 69 22.2(20.3,24.9) 23.7(22.3,25.2) 0.034
Socioeconomic status and lifestyle data
High educational attainment (1, %) 69 23 (67.6%) 24 (68.6%) >0.9
Duration of veganism (years) 69 4.9(3.1,11.1) 0
Physical activity (n, %) @ 69 07
Inactive 5 (14.7%) 4 (11.4%)
Active 29 (85.3%) 31 (88.6%)
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Characteristics n Vegans Omnivores P
Smoking status (1, %) 69 02
Non-smoker 23 (67.6%) 21 (60.0%)
Ex-smoker 8 (23.5%) 5 (14.3%)
Current smoker 3 (8.8%) 9 (25.7%)
Menopausal status (11, %) © 33 0.5
Pre/peri 13 (76.5%) 14 (82.4%)
Post 3(17.6%) 3 (17.6%)
Dietary intake data
Total energy (M] /d) 69 9.6 (7.7,11.7) 10.0 (8.9, 11.5) 04
Protein (%en) 69 12.2(10.9,15.7) 14.6 (12.3, 16.6) 0.019
Protein (g/kg body weight/d) 69 1.0(0.9, 1.4) 12 (1.1,.1.5) 0.06
Alcohol (g/d) 69 0.05 (0.00, 2.00) 1.16 (0.02,13.7) 0.026
24 h urinary excretion data
uPRAL (mEq/24 h) 69 —37.3 £ 31.5 —28+225 <0.0001
Urine volume (L /24 h) 69 22(16,2.9) 19 (1.5,2.6) 03
Chloride (mmol/24 h) 69 132 (94, 190) 147 (102, 203) 0.6
Sulfate (mmol/24 h) 69 14.7 (10.1, 18.9) 20.8 (13.6,24.2) 0.012
Phosphate (mmol/24 h) 69 18.9 (14.1, 24.0) 26.5(21.1,39.0) 0.0004
Sodium (mmol/24 h) 69 143 (102, 184) 138 (100, 198) 0.9
Potassium (mmol /24 h) 69 82 (59, 106) 69 (61, 107) 0.7
Calcium (mmol /24 h) 69 2.9(1.8,4.5) 41(3.1,58) 0.046
Magnesium (mmol /24 h) 69 54(4.0,7.1) 4.2 (3.3,6.8) 0.1
Urinary pH 69 6.7 (6.4,7.1) 6.2 (5.9, 6.4) <0.0001
Bone health parameters ©
BUA (dB/MHz) 68 112+£11 118 +11 0.037
SOS (m/s) 68 1584 + 27 1593 + 40 0.3
SI 68 98 +13 104 +£17 0.1

Results presented as mean -+ SD, median (25th, 75th percentile) or absolute (relative) frequencies. BUA—broadband
ultrasound attenuation; SOS—speed of sound; SI—stiffness index. * Moderate to high physical activity equals > 33.75
MET h/week of walking, cycling and sports. ® 1 = 33 due to 1 missing menopausal status among the total of 34 female
participants; % calculated based on the total n of females among vegans and omnivores, respectively; postmenopausal
status includes operative menopause. © Reduced sample sizes (1 = 68) result from exclusion of 1 participant due to a
missing QUS measurement.

As is noticeable in the urine ionogram (Figure 1), the lower uPRAL of vegans was
mainly driven by lower phosphate and sulfate excretions (p = 0.0004 and p = 0.01, re-
spectively), which corresponded with lower protein intake among vegans vs. omnivores
(p = 0.02; Table 1; correlation with protein intake: rspearman = 0-41, p = 0.0005 for phosphate
and rspearman = 0.63, p < 0.0001 for sulfate).

280 uPRAL
Sn0:d i 28 mEwzah

T 240 UPRAL Mg
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Cations Anions
Vegans

Cations Anions
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Figure 1. Urine ionogram of mean 24 h urinary excretions of cations and anions related to uPRAL (in
mEq/24 h) among 34 vegans and 35 omnivores.
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Further, a strong inverse correlation between uPRAL and urine pH was evident
(rspearman = —0.85, p < 0.0001; Figure 2).
7.5 -
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Figure 2. Geometric means and 95%-CI of 24 h urine pH in tertiles of uPRAL for vegans (n = 34) and
omnivores (n = 35).

Among the parameters of bone health, BUA was significantly lower among vegans in
comparison to omnivores (p = 0.037; n = 68; Table 1), which was independent of sex, age,
and BMI (p = 0.045).

No significant association was observed between uPRAL and any QUS parameter
(BUA, SOS or SI) irrespective of adjustment for veganism, sex, age, BMI, smoking status,
physical activity, urinary calcium excretion, alcohol consumption, and protein intake
(Table 2). Robust regression and sensitivity analyses (considering under- or overreporting,
rheumatic or thyroid diseases, and menopausal status) produced grossly similar results.

Table 2. Association of uPRAL with quantitative ultrasound parameters of bone health (1 = 68)
presented as linear trends and least-squared means of bone health parameters in uPRAL tertiles.

Predictor: uPRAL

T1 T2 T3
(n=22) (n=24) (n=22) ‘ghend SEtrend Ptrend
—53.6 (—67.0, —44.1) ? —15.2 (—21.5, —10.9) 14.1 (4.0, 20.2) 2
Vegans/Omnivores 19/3 10/14 5/17
BUA (dB,MHz)
Model A 114 (109-119) 113 (109-117) 118 (113-123) +0.024 0.042 0.6
Model B 116 (111-121) 112 (108-117) 116 (111-121) 0031 0048 05
Model C 116 (111-121) 113 (109-117) 116 (111-121) —0.041 0.046 0.4
Model D 116 (111-121) 114 (109-118) 115 (111-120) —0.030 0.048 0.5
S0S (m/s)
Model A 1584 (1570-1599 1584 (1570-1598) 1597 (1583-1611) +0.166 0.128 02

) (
Model B 1586 (1570-1603) 1584 (1570-1598) 1595 (1580-1611) +0129 0152 0.4
(

Model C 1587 (1571-1602) 1585 (1572-1599) 1593 (1578-1608)  +0.100 0147 05
Model D 1587 (1571-1604) 1586 (1572-1600) 1592 (1576-1607) +0.127 0.159 0.4
SI
Model A 100 (93-106) 99 (92-105) 106 (99-112) +0.062 0058 0.3
Model B 102 (94-109) 98 (92-104) 104 (97-111) +0.015 0068 08
Model C 102 (95-109) 99 (93-105) 103 (96-110) +0.001 0065  >09
Model D 102 (95-109) 100 (94-106) 102 (96-109) +0015 0069 08

Presented are least-squared means (95%-CT) of bone health outcomes in sex-specific tertiles of the predictor uPRAL
unless otherwise indicated. Linear trends (Byend, SEqend, Puend) Were obtained in general linear models with
uPRAL as a continuous variable. BUA—broadband ultrasound attenuation; SOS—speed of sound; SI—stiffness
index; T—tertile. Model A: unadjusted; Model B: adjusted for veganism (yes /no); Model C: additionally adjusted
for sex, age (y); Model D: additionally adjusted for BMI (kg/m?), smoking status (current vs. ex vs. non-smoker),
moderate to high physical activity (yes/no), alcohol intake (g/d), protein intake (g/d), 24 h urinary calcium
excretion (mmol /24 h). * Medians (25th, 75th percentiles) for predictor uPRAL in tertiles. ® Numbers of vegans
and omnivores in tertiles of predictor uPRAL.
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Of note, as shown in Table 2, five vegans fall into the third uPRAL tertile, equivalent to
moderate acid load (median uPRAL =14.1 mEq/24 h), and three omnivores fall into the first
uPRAL tertile, equivalent to pronounced alkali load (median uPRAL = —53.6 mEq/24 h).

4. Discussion

The present study has characterized uPRAL, 24 h urinary ion excretions and urine
pH among vegans and omnivores and investigated the specific role of dietary acid or
alkali load for bone health parameters in the healthy participants of the RBVD study. Our
findings demonstrate and confirm that pronounced alkali load and higher urine pH result
from vegan versus omnivorous diets. Further, the present biomarker-based results indicate
that higher alkali loads among vegans can be attributable, to a relevant degree, to a lower
phosphate and sulfur intake corresponding with lower protein intakes. Despite the clear
differences in uPRAL and urinary pH between both diet groups, the omnivores of our
study were also characterized by a rather low dietary acid load. Thus, as an important
finding, no association between dietary alkalinity and bone health parameters could be
detected for this particular range from low acid to high alkaline load.

4.1. Acid Load of Vegan Diets

In comparison to vegetarian or omnivorous diets, vegan diets are reported to comprise
the lowest acid loads, as estimated by algorithms based on dietary intake data [5-8,26].
Yet, this is the first study to corroborate a pronounced difference in uPRAL among vegans
versus omnivores based on urinary excretion data.

Previous studies have reported a higher mean urine pH among vegans (6.2-6.7) as
compared to omnivores (5.7-6.2), corresponding to the lower acid load of their diets [5,8],
which is also in line with our results. Yet, to our knowledge, no other study investigated
urinary excretion profiles of ions relevant to acid load among vegans. The observed lower
24 h urinary excretion of phosphate and sulfate corresponds well with the lower protein
intake among vegans of our study.

The few vegans in the third uPRAL tertile and few omnivores in the first uPRAL tertile
demonstrate that vegan diets are not inevitably alkalizing and omnivorous diets are not
inevitably acidifying, highlighting the importance of food choices with regard to a balanced
and varied diet.

4.2. Bone Health

Although a favorable low acid load of vegetarian and vegan diets has been presumed
to counteract their bone-detrimental effect [4], this hypothesis, especially among vegans,
has not been tested to date.

In general agreement with our results, lower bone health (lower BMD levels and
higher fracture rates) among vegans over omnivores was reported in a recent review [1],
two meta-analyses of observational studies [2,3] and a recent prospective study [27]. A
biomarker pattern of multiple bone-relevant nutrients and hormones appeared important to
bone health in our previous analysis of the RBVD data [20]. Among the major contributors
to the pattern were urinary calcium and magnesium, two principal constituents of the
acid-base system.

Bone loss in metabolic acidosis is a long-known phenomenon [28,29] attributable
to a direct effect of extracellular protons on osteoclasts, osteoblasts and matrix proteins
and an indirect effect via deregulation of the growth hormone/IGF-axis and elevated
glucocorticoids [9,10,30]. Similar, yet more subtle, cellular and endocrine-metabolic ef-
fects on bones have been observed with dietary-induced low-grade acidotic states well
within the physiological range [9,10]. These rather small effects are expected to culmi-
nate in impaired bone health if net acid-producing diets are maintained habitually for an
extended time [9-11].

Despite the biological plausibility for the bone-detrimental effect of dietary acid load
and several findings of links to fracture risk or prediction scores [13-15], evidence appears
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inconsistent [11]. Upon closer consideration of our results, however, it is highly relevant
that our study population was not only healthy but also captured a rather low spectrum
of dietary acid load, reaching from highly negative (i.e., alkaline) to only moderately
positive (i.e., acidic) uPRAL values. Our null findings in this low spectrum of uPRAL
might be interpreted as indirect support for the findings indicating that bones benefit from
alkalization in predisposed individuals, e.g., with renal functional losses or subclinical
acidosis (mild shifts of blood pH and bicarbonate towards the lower range), or in subjects
habitually consuming high-PRAL diets [11,17,18]. Further, the rather low protein intake of
our study population merits attention. Especially the combination of low protein intake
and low dietary acid load, as in our study, appeared to decouple potential acid load effects
from bone health [18,31]. Notwithstanding, it needs to be stressed that our study was
not designed to test any of those hypotheses and therefore these possible explanations
remain speculative.

Among other reasons discussed for conflicting findings [9,11,32], methodological
differences appear most convincing. The detection of the rather small effects of low-
grade metabolic acidosis on bone health demands detailed high-quality data and a thor-
ough understanding of all relevant factors influencing the association between acid load
and bone health. To begin with, only sufficiently detailed assessment of dietary acid
load—ideally based upon repeated 24 h urinary excretion of acid-base biomarkers—will
ensure an appropriate reflection of habitual low-grade acidosis [9]. Direct measurement
of net acid excretion (NAE, via 24 h urinary ammonium, titratable acids and bicarbonate
excretions) is generally considered as the best available measure of net endogenous acid
production [9]. Yet, use of 24 h urinary ion excretions for the calculation of uPRAL in
our study represents a good and well-established biomarker, which specifically captures
the dietary impact on the acid-base status [9]. Using uPRAL instead of NAE, however,
omits dietary noncombustible organic acids (e.g., phenolic, quinic, or benzoic acids), which
will conceivably differ between diet groups consuming different amounts of fruit and
vegetables. Since fruit and vegetables are not only sources of organic acids but also main
contributors to alkalization, the net contribution of organic acids is not of primary rele-
vance [31]. A specific limitation considering our acid-base assessment is the use of a single
24 h urine sample, which can only capture a short snapshot of exposure.

Moreover, in order to discern the specific impact of dietary acid load on bone health, it
is of the utmost importance to consider the complex interrelations of all influential factors.
Adjustment for either protein intake or its biomarker, urinary nitrogen excretion, appears
particularly mandatory. Protein is known to elicit counter-directed effects on bone: a
bone-detrimental effect through contribution to acid load on the one side and a strong
direct bone-anabolic effect on the other side. A lack of consideration of this complex bi-
directional role of proteins for bone metabolism may lead to partial or complete masking of
associations [9,33,34].

Finally, different methods for assessment of bone health (peripheral quantitative
computed tomography (pQCT), dual-energy X-ray absorptiometry (DEXA), and QUS)
all associate—although to different degrees—with osteoporosis and fracture risk [35-39].
Assessment of bone health by QUS in our study instead of the elaborate pQCT or the widely
applied DEXA may be seen as a limitation of our study, yet these methods partly reflect
different properties of bone (areal vs. volumetric BMD, bone mass, size, structure, elasticity
and compartment-specific properties) [35,38,39]. Up to now, it is not fully elucidated if
and to what extent the effects of low-grade metabolic acidosis are specific to bone site,
compartment (trabecular or cortical), mass and structural properties of bone or differ in
specific age spans and across sexes. Generally, endocrinological and nutritional influences
are assumed to act site-unspecifically [38]. However, differential changes in cortical and
trabecular compartments were observed in ammenium chloride-induced chronic metabolic
acidosis among rats [40]. Compartment-specific bone loss was further reported in the
growing and mature skeleton (following immobilization) [38] and throughout aging [41].
Whereas the growing skeleton adapts to disuse at the periosteal surface, the mature skeleton
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reacts on endocortical and trabecular surfaces [38]. Throughout aging, trabecular bone
is continuously lost, starting in young adulthood, possibly following a declining course
of the IGF-system, while cortical bone is lost mainly upon menopause in women and in
elderly men, resulting from the evolving sex-steroids deficiency [41]. Congruent with this
compartment-specificity across age, prospective studies in youths found associations of
dietary acid load with cortical area (apart from BMC) [13,31,33], whereas two [12,15] out of
three compartment-specific studies among adults [12,15,42] indicated predominant effects
on trabecular bone. Three studies performing calcaneal QUS-measurements reported
inverse associations between dietary PRAL and BUA among women (partly restricted to
those with a fracture history) [14,43,44]. Given that 95% of the calcaneus is composed of
trabecular bone [35,37], calcaneal BUA also mainly reflects trabecular properties. Of note,
the effect sizes in these studies were relatively low (1.5-3% lower BUA for highest versus
lowest quantiles of acid load) [14,43,44]. Thus, our non-significant inverse association
might also be explained, at least in part, by insufficient power to detect such a small
difference (a sample size of 72 was calculated as necessary to discern a 5% difference in
BUA between vegans and omnivores [20]). Apart from the specific limitations extensively
discussed above, the relatively small and non-representative convenience sample and the
cross-sectional study design also call for consideration.

The major strengths of our study include the successful matching of recruited vegans
and omnivores, accurate and standardized data assessment, especially biomarker measure-
ment of dietary acid or alkali load based on 24 h urinary anion and cation excretions, and
the investigation of its association with bone health parameters.

5. Conclusions

Our study provides an elaborate characterization of uPRAL, 24 h urinary ion excretions
and urinary pH among healthy vegans and omnivores. It confirms different acid-base
profiles of both diet groups, with a pronounced alkaline excess among vegans and a
balanced to low acid load among the omnivores of our study. Further, it demonstrates that
within this spectrum of alkaline to low acid load, combined with low to moderate protein
intakes, no benefits for bone health could be seen.

It is important to note that a vegan diet is not per se alkalizing. With unfavorable food
choices, the benefits of the alkali load of usual vegan diets can be lost.
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2.3. PFAS in der veganen Erndhrung

2.3.1. Unterschiede in den Blutkonzentrationen von PFAS zwischen Veganer:innen und

Mischkostler:innen

Menzel J, Abraham K Dietrich S, Fromme H, Vb6lkel W, Schwerdtle T, Weikert C, Internal
exposure to perfluoroalkyl substances (PFAS) in vegans and omnivores, Int J Hyg Environ
Health, 2021 Aug;237:113808. doi: 10.1016/.ijjheh.2021.113808.

Die Ergebnisse der Originalpublikation werden im Folgenden zusammengefasst und kénnen dem

Abstract der Publikation &hneln. Die deutsche Ubersetzung erfolgte durch die Autorin.

Neben der externen Exposition durch Luft und Staub ist der Verzehr von Lebensmitteln und
Trinkwasser fir den Menschen ein Hauptweg der Exposition von PFAS, wobei tierische
Lebensmittelhauptgruppen, wie Fisch oder andere Meeresfriichte, Eier sowie Fleisch und
Fleischerzeugnisse, malfigeblich zur PFAS Exposition beitragen [75]. Aufgrund der langen
HWZ im menschlichen Blut kdnnen sich langkettige PFAS nach der Aufnahme mit
Trinkwasser, Lebensmitteln oder Uber andere Quellen anreichern [75]. Durch den
vollstandigen Verzicht tierischer Produkte im Zuge einer veganen Ernahrungsweise kann
vermutet werden, dass Veganer:innen niedrigere PFAS-Konzentrationen im Blut, im Vergleich
zu Mischkostler:innen, haben kénnten [75]. Darlber hinaus sind niedrigere Konzentrationen
von Gesamtcholesterin und LDL-Cholesterin einer der gut dokumentierten Erndhrungseffekte
in Folge einer veganen Erndhrungsweise [75]. Zudem wurde auch in epidemiologischen
Studien beobachtet, dass erhohte Konzentrationen von Gesamtcholesterin und LDL-
Cholesterin mit hoheren PFAS-Werten assoziiert sind [75].

Im Rahmen dieser Originalarbeit wurden die vier wichtigsten PFAS (PFOS, PFOA, PFNA,
PFHxS) in der RBVD-Studie umfassend untersucht, sowie die Summe dieser vier
Verbindungen [75]. Veganer:iinnen hatten im Vergleich zur Mischkostgruppe im Median
niedrigere Plasmakonzentrationen fir PFOS (Vegan: 2.31 ng/ml (IQR: 1.37-3.59); Mischkost:
3.57 ng/ml (IQR: 1.94-5.14), p=0.02) und fir PFNA (Vegan: <0.25 ng/ml (IQR:<0.25-0.30);
Mischkost: 0.41 ng/ml (IQR:0.33-0.58), p<0.0001) [75]. Keine signifikanten Median-
Unterschiede wurden fur PFOA (Vegan: 1.69 ng/ml (IQR.1.35-2.75); Mischkost: 1.44 ng/ml
(IQR: 0.98-2.61), p=0.26) und PFHxS (Vegan: 1.96 ng/ml (IQR: 0.88-3.75); Mischkost: 1.79
ng/ml (IQR: 0.92-2.74), p=0.70) festgestellt [75].

Die starksten Korrelationen mit verschiedenen Lebensmittelgruppen wurden zwischen den
PFOA-Konzentrationen und dem Wasserkonsum beobachtet (bei der gesamten
Studienpopulation, n=72) und zwischen PFOS- und PFNA-Konzentrationen und dem Verzehr

von Fleisch und Fleischprodukten (Mischkostgruppe n=36) [75].
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Die Arbeit bestatigte die niedrigen mediane Konzentrationen von LDL-Cholesterin bei
Veganer:innenn, im Vergleich zu Mischkoéstler:innen (Vegan: 86.5 mg/dl (IQR:68.5-97.0);
Mischkost: 115.5 mg/dl (IQR:93.5-136.0), p=0.001) [75]. Jedoch hatte keine der untersuchten
PFAS einen Einfluss auf den Unterschied im LDL-Cholesterin zwischen Veganer:innenn und

Mischkdostler:innen [75].
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ARTICLE INFO ABSTRACT

Keywords: Perfluoroalkyl substances (PFAS) are a complex group of anthropogenic compounds with exceptional properties.

Internal exposure Due to their high persistence and mobility, they have caused ubiquitous environmental contamination and in

Perfluoroalkyl substances (PFAS) part accumulate in the food chain. In the general population, diet is the main source of PFAS exposure, with the

Vegans . s ey . . : iy

- important sources fish and meat. As a vegan diet implies the complete exclusion of any animal products, it might

Chialesterl be expected that vegans have lower blood levels of PFAS compared to omnivores. Furthermore, lower levels of
cholesteral is one of the well-documented nutritional effects in vegans, but cholesterol levels were also found to
be associated with higher PFAS levels in epidemiological studies.

To examine the relations of internal PFAS levels and the levels of cholestercl in vegans and omnivores, the
cross-sectional “Risks and Benefits of a Vegan Diet” (RBVD) study was used involving 36 vegans and 36 omni-
vores from Berlin/Germany. Nine perfluoroalkyl substances were quantified in plasma using a triple-stage
quadrupole mass spectrometer.

Lower median plasma concentrations were found in vegans compared to omnivores for perfluorooctane sul-
fonic acid (PFOS) (2.31 vs. 3.57 ng/ml, respectively; p = 0.02) and for perfluorononanoic acid (PFNA) (<0.25 vs.
0.41 ng/ml, respectively; p < 0.0001). No significant differences of the median concentrations were observed for
perfluorooctanoic acid (PFOA) (1.69 vs. 1.44 ng/ml, respectively, p = 0.26) and perfluorohexane sulfonic acid
(PFHxS) (1.96 vs. 1.79 ng/ml, respectively; p = 0.70). The strongest correlations with food groups, derived from
a food frequency questionnaire, were observed between levels of PFOA and water consumption (in case of the
total study population, n = 72), and between levels of PFOS as well as PFNA and the consumption of ‘meat and
meat products’ (in case of the omnivores, n = 36). Levels of Low Density Lipoprotein (LDL) cholesterol were
confirmed to be considerably lower in vegans compared to omnivores (86.5 vs. 115.5 mg/dl, respectively; p =
0.001), but no associations between the four main PFAS and LDL cholesterol were observed (all p > 0.05) at the
low exposure level of this study.

According to the results of our study, a vegan diet may be related to lower PFAS levels in plasma. We highlight
the importance of the adjustment of dietary factors like a vegan diet in case of epidemiological studies dealing
with the impact of PFAS on the levels of blood lipids.

1. Introduction chemicals composed of a fluorinated carbon backbone of varying length,

primarily terminated by a carboxylate (perfluoroalkyl carboxylic acids,
Perfluoroalkyl substances (PFAS) are a complex group of man-made PFCAs) or a sulfonate (perfluorooctane sulfonic acids, PFSAs) as
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functional group. The combination of the polar and non-polar structure
makes PFAS ‘amphiphilic’ providing water and oil repellency, and the
strength of their carbon-fluorine bonds results in extremely high
chemical and thermal stability. Since decades, the compounds have been
used for the production of many consumer products like nonstick
cookware, breathable textiles or protective coatings for paper, food
packing materials, and carpets. From these everyday objects, PFAS are
released and have been found — due to their high persistence and
mobility — to cause ubiquitous environmental contamination and in part
to accumulate in the food chain (Sunderland et al., 2019).

Consumption of food and drinking water is the main route of back-
ground exposure in humans. Internal exposure to PFAS in individuals
can easily be determined by an analysis of serum or plasma. Four
compounds, namely the PFCAs perfluorooctanoic acid (PFOA) and
perfluorononanoic acid (PFNA), and the PFSAs perfluorooctane sulfonic
acid (PFOS) and perfluorohexane sulfonic acid (PFHxS), typically
represent more than 90% of detectable PFAS in serum/plasma of adults
in industrialized countries. In the European adult population, median
concentrations of PFOS, PFOA, PFHxS, and PFNA were found to be 7.7,
1.9, 0.67 and 0.61 ng/ml, respectively, based on studies from 2007/
2008 and onwards (EFSA Panel on Contaminants in the Food Chain,
2020). This pattern results from the occurrence in food and drinking
water on the one hand, and from accumulation due to half-lives up to
several years in humans on the other hand. The latter is due to missing
metabolic degradation and low urinary excretion (EFSA Panel on Con-
taminants in the Food Chain, 2020).

According to the recent evaluation of the European Food Safety
Authority (EFSA), ‘Fish and other seafood” was the most important
contributor to the mean Lower Bound (LB) exposure in case of PFOS and
PFOA, followed by ‘Eggs and egg products’, ‘Meat and meat products’,
and ‘Fruit and fruit products’ (EFSA Panel on Contaminants in the Food
Chain, 2020). Therefore, internal background exposure to these two
substances in humans can be expected to be influenced by their dietary
habits. Over the last years, plant-based diets have become increasingly
popular in Germany and many other western countries, not merely due
to increasing awareness of suffering animals or environmental problems,
but also because of expected health benefits (Janssen et al., 2016). Asa
vegan diet implies the complete exclusion of any animal products, it
might be expected that vegans have lower blood levels of PFAS
compared to omnivores. Studies on this issue are yet missing. Therefore,
the first aim of this investigation was to compare the internal PFAS
exposure of German vegans and omnivores. For this purpose, PFAS was
analyzed in samples of the 'Risks and Benefits of a Vegan Diet’ (RBVD)
study in 36 vegans and 36 omnivores aged 30-60 years (Menzel et al.,
2020, 2021; Weikert et al., 2020).

While a broad spectrum of toxic effects of different PFAS was
observed in experimental animals primarily at higher doses, epidemio-
logical studies conducted in recent years revealed associations of certain
biological parameters and levels of PFAS in serum/plasma even in the
higher background range (EFSA Panel on Contaminants in the Food
Chain, 2020). Using data of reduced formation of vaccine antibodies in
one-year old children (Abraham et al., 2020), EFSA derived a tolerable
weekly intake (TWI) of 4.4 ng/kg body weight for the sum of PFOS,
PFOA, PFHxS and PFNA. According to the modelling of EFSA, such an
intake corresponds to an internal level of 6.9 ng/ml for the sum of these
four PFAS in women at the age of 35 years (EFSA Panel on Contaminants
in the Food Chain, 2020).

Regarding possible changes of lipid metabolism, positive associa-
tions have been observed especially between high background levels of
PFOS/PFOA and levels of Low Density Lipoprotein (LDL) cholesterol
(Frisbee et al., 2010; Steenland et al., 2009). In this context, a vegan diet
may be an undervalued confounding factor: An on average lower level of
LDL cholesterol is one of the well-documented nutritional effects in
vegans compared to omnivores (Yokoyama et al., 2017), resulting from
the missing intake of animals fats. As outlined above, vegans may
concurrently have lower external and internal PFAS exposure, resulting
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from missing intake of foods of animal origin with relatively high PFAS
content. Therefore, the second aim of this investigation was to compare
the impact of internal PFAS exposure and of a vegan diet on blood lipid
levels, especially with regard on levels of LDL cholesterol in the RBVD
study.

2. Methods
2.1. Study population

Participants of the present RBVD study were recruited by
announcement (flyer) in (organic/vegan) supermarkets and investigated
between January 2017 and July 2017 at the German Federal Institute for
Risk Assessment (BfR) in Berlin (Weikert et al., 2020). A phone
screening was performed including a brief explanation of the study and
checking inclusion criteria (age 30-60 years, following the diet at least
one year) and exclusion criteria (BMI >30, cardiovascular disease, type
2 diabetes, cancer, pregnancy, breastfeeding, current infection). Hy-
percholesterolemia and taking lipid-lowering medications were no study
exclusion criteria. The final study population comprises 36 vegans and
36 omnivores, who were matched by sex and age. In the present study,
an omnivorous diet was defined as the consumption of at least three
portions of meat per week or two portions of meat and two portions of
processed meat (e.g. cold cuts, sausages) per week, whereas a vegan diet
was defined as no consumption of any animal food products. Each
participant visited the study center twice - on their first visit, partici-
pants gave their written informed consent, received instructions to
document their diet, and got material to collect urine. At the second
visit, a fasting blood sample was collected, anthropometric measure-
ments were performed and lifestyle characteristics as well as a food
frequency questionnaire were assessed. The time span was on average 2
weeks between the two visits in the study center (minimum 1 week to
maximum 4 weeks). The study was approved by the Ethics Committee of
Charité — Universitiatsmedizin Berlin (No. EA4/121/16) and was con-
ducted in accordance with the Declaration of Helsinki.

2.2. Assessment of lifestyle characteristics

Anthropometric measurements, i.e. weight, height, and waist
circumference, were taken by trained and quality-monitored personnel
on participants wearing only light underwear. Body weight was assessed
by an electronic digital scale (Omron BF511, Omron Healthcare Ltd.,
Kyoto, Japan) and the height was measured using a flexible anthrop-
ometer (SECA 213, Hamburg, Germany). Waist circumference was
defined as in the horizontal plane midway between the lowest ribs and
the iliac crest. Information on physical activity, educational level and
smoking status was assessed by computer-based questionnaires. In the
RBVD study the physical activity has been determined by a physical
activity questionnaire used in the European Prospective Investigation
into Cancer and Nutrition (EPIC)-study, provided by the Human Study
Center of the German Institute of Human Nutrition Potsdam-Rehbruecke
(InterAct et al., 2012). Physical activity contains the sum of average
hours in summer and winter per week spent on cycling, sports and
gardening. Walking comprises the sum of average hours per week during
summer and winter. Further, occupational activity was assessed in the
RBVD study. The validated EPIC-Potsdam Study food frequency ques-
tionnaire (FFQ) collects semi-quantitatively for each food item infor-
mation on the usual portion size and the average frequency of intake of
102 food items during the past 12 months (Nothlings et al., 2007).
Portion size for each item was estimated via image of different portion
sizes or with standard portion sizes e.g. a cup (150 ml). Food groups
were derived from the FFQs and available as g/d. Individual food groups
were summed up to derive food groups, as a basis serves the classifica-
tion of EFSA: ‘Fruits’, ‘Vegetables (including fungi)’, ‘Starchy roots and
tubers’, ‘Waters’, ‘Grains and grain based products’, ‘Meat and meat
products’, ‘Fish and other seafood” and ‘Eggs” (supplemental Table 1),
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2.3. Blood collection and laboratory analysis

About 60 ml of venous blood was collected from fasting participants
at the BfR study center.

The accredited medical laboratory (Labor 28 GmbH, Berlin, Ger-
many) measured routine biomarkers including plasma concentrations of
total cholesterol, HDL cholesterol, LDL cholesterol and triglycerides on
the same day. Plasma samples used for PFAS assessment were stored at
—80 °C in freezers until time of analysis. PFAS were measured at the
Bavarian Health and Food Safety Authority. The following compounds
were analyzed using 100 pl plasma: perfluorodecanoate (PFDA), PENA,
PFOA, perfluorchexanoic acid (PFHxA), PFOS, PFHxS, perfluorobutane
sulfonate (PFBS), perfluorododecanoate (PFDoDA), and 3H-perfluore-3-
[(3-methoxy-propoxy) propancate] (ADONA). Sample preparation,
analysis and quality criteria have been previously described in detail by
Mosch et al. (2010). In brief, an online extraction LC-MS/MS system was
used, and the compounds were quantified with a triple-stage quadrupole
mass spectrometer (API 5500 QTRAP™ Applied Biosystems, Darmstadt,
Germany) equipped with a TurbolonSpray® interface. The per-
fluorinated substances and the corresponding isotope-labeled internal
standards were purchased from Wellington Laboratories (Ontario,
Canada). Limit of quantification (LOQ) in plasma was 0.25 ng/ml, based
on a tenfold peak-to-noise ratio. Values below the LOQ were assigned
the half value. The sum of PFAS was defined including PFOS, PFOA,
PFHxS and PFNA (‘PFAS sum'). Accuracy of the analysis was ensured by
External Quality Assurance Schemes (EQUAS) for PFOS and PFOA (htt
p://www.g-equas.de/).

2.4. Statistics

Normally distributed variables were reported as mean and standard
derivation (SD). Skewed variables were reported as median and inter-
quartile range (IQR). Categorical variables were reported as percentage.
A Student’s t-test or Mann-Whitney U test was used to compare
continuous variables between vegans and omnivores, and a chi square
test was used for categorical variables.

To investigate the association of veganism with biomarkers of the
lipid metabolism, compared to omnivores, an analysis of variance
(ANOVA) was performed for model 1 (unadjusted). Additionally, a
multivariable adjusted analysis of covariance (ANCOVA) was conducted
to detected differences between vegans and omnivores in model 2
(adjusted for several PFAS and the PFAS sum) and model 3 (additionally
adjusted for age, sex, smoking status, education, waist circumference,
and physical activity). The model was not adjusted for recent weight
changes as the study did not assess data on weight changes. Blood lipid
concentrations were skewed, thus variables were log-transformed for
ANOVA or ANOVA, afterwards back-transformed and expressed as
geometric means and 95%-confidence intervals (95%-CI).

To investigate a potential relationship between PFAS plasma levels
and blood lipids, we used linear regression models and also a restricted
cubic spline (RCS) regression analyses to investigate nonlinear associa-
tions. Three knots were used, located at the 5th, 50th and 95th per-
centiles. The RCS regression models fitted with generalized estimating
equations were constructed using the SAS macro %RCS Reg (v1.50)
developed by Desquilbet and Mariotti (2010). Not only levels of blood
lipids, but also those of PFAS were skewed distributed. Therefore, all
variables were log-transformed for the analyses. The analyses were
performed in unadjusted models (model 1), adjusted for type of diet
(model 2) as well as additionally adjusted for age, sex, smoking status,
education, waist circumference, and physical activity (model 3).

To investigate potential correlations between PFAS plasma levels
and food groups, we calculated Spearman (partial) correlations for the
total and the omnivorous sample. Correlation analyses between indi-
vidual PFAS and individual food groups were performed in an unad-
justed model (model 1) for omnivores, and for the total sample, model 1
was adjusted for type of diet. Model 2 was additionally adjusted for age,
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sex, smoking status, education, waist circumference, and physical
activity.

The statistical analyses were performed using SAS software, version
9.4 (SAS institute, Cary, N.C., USA), IBM SPSS Statistics for Windows,
Version 26.0 (Armonk, NY: IBM Corp) and R software (version 3.6.3).
Test findings with p values of <0.05 were considered statistically
significant.

3. Results

The general characteristics of the 72 sex- and age matched partici-
pants are shown in Table 1, according to vegan or omnivorous diet (n =
18 men and 18 women each). The median duration of veganism was 4.8
years (IQR: 3.1-8.7). Median age was 37.5 years (range 30-57) in
vegans and 38.5 years (range 30-57) in omnivores, respectively. No
relevant differences in anthropometric measurements, physical activity,
smoking, education, were observed between the groups. Regarding
occupational activity, 16.7% (n = 6) of vegans and 8.4% (n = 3) of
omnivores reported a high level of intensive occupational activity.
61.1% (n = 22) of vegans and 77.8% (n = 28) of omnivores stated a high
level of sedentary occupational activity. None of the participants took
any lipid-lowering medications.

The following PFAS were analyzed: PFOS, PFOA, PFHxS, PFNA,
PFDA, PFBS, PFHxA, PFDoDA and ADONA. Levels of the main four
contaminants, PFOS, PFOA, PFHxS and PFNA are given in Table 2. PFOS
and PFOA were quantifiable in all the 72 participants, whereas PFHxS
and PFNA were below the LOQ in two samples and 22 samples,
respectively. In case of PFDA, 58 samples were below the LOQ. Of the 14
samples quantifiable (range of 0.26-0.49 ng/ml), 13 were from omni-
vores. These values were not considered in the following evaluation.
Levels of the other four compounds (PFBS, PFHxA, PFDoDA and
ADONA) were not found above the LOQ.

Table 1
Characteristics of the study population according to vegan or omnivorous diet.
Vegans (n = 36) Omnivores (n = p-value
36)
Duration vegan diet 4.8 (3.1-8.7)
[years]
Men 50.0% (18) 50.0% (18)
Age |years| 37.5 (32.5-44.0) 38.5 (32.0-46.0) 0.75
Anthropometry
BMI [kg/m?] 229432 240+21 0.08
Waist circumference
[em]
Women 731169 772162 0.07
=80 8.3% (3) 13.9% (5)
Men 845+ 89 86.0 +6.1 0.56
=94 5.6% (2) 5.6% (2)
Education [%] 0.60
Low 0.0% (0) 2.8% (1)
Intermediate 30.6% (11) 30.6% (11)
High 69.4% (25) 66.7% (24)
Lifestyle
Physical Activity [h/ 2.8 (0.88-3.75) 23(1.2-41) 0.69
week]
Walking [h/week] 7.0 (5.0-12.0) 5.5 (3.5-11.8) 0.15
Smoking status 0.30
Non-smoker 66.7% (24) 58.3% (21)
Ex-Smoker 22.2% (8) 16.7% (6)
Smoker 11.1% (4) 25.0% (9)
Blood lipids
Total cholesterol [mg/ 157.0 203.5 <0.0001
dl] (137.0-180.5) (178.5-222.5)
HDL cholesterol [mg/ 56.5 (50.5-71.5) 61.5 (51.5-80.5) 0.21
dl]
LDL cholesterol [mg/ 86.5 (68.5-97.0) 115.5 0.001
dn (93.5-136.0)

Triglyceride [mg/dl] 71.0 (53.0-90.5) 85.0 (52.0-120.5) 0.26

Variables expressed as percentage (n), mean = SD or median (IQR).
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Table 2
PFAS according to a vegan or omnivorous diet (n = 72).
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Vegans (n = 36)

Omnivores (n = 36)

Median (IQR) Min - Max Median (IQR) Min - Max p-value

PFOS [ng/ml] n > LOQ: 36 n > LOQ: 36

All (n = 36) 2.31 (1.37-3.59) 0.34-6.70 3.57 (1.94-5.14) 0.84-11.1 0.02

Men (n = 18) 2.31 (1.37-4.47) 0.34-6.70 4.65 (3.28-5.86) 0.84-10.8 0.04

‘Women (n = 18) 2.31(1.38-2.75) 0.59-6.36 2.62 (1.87-3.96) 1.38-11.1 0.21
PFOA [ng/ml] n = LOQ: 36 n > LOQ: 36

All (n = 36) 1.69 (1.35-2.75) 0.26-4.24 1.44 (0.98-2.61) 0.62-4.65 0.26

Men (n = 18) 1.66 (1.46-2.79) 0.26-4.24 1.68 (1.18-2.92) 0.62-4.65 0.73

‘Women (n = 18) 1.75 (1.28.2.10) 0.72-3.80 1.18 (0.92-2.04) 0.64-3.35 0.23
PFHxS [ng/ml] n > LOQ: 35 n > LOG: 35

All (n = 36) 1.96 (0.88-3.75) <LOQ -11.2 1.79 (0.92-2.74) <LOQ - 6.09 0.70

Men (n = 18) 2.14 (1.06-3.76) <L0Q - 8.97 1.93 (1.33-2.70) 0.38-5.08 0.76

‘Women (n = 18) 1.74 (0.69-3.74) 0.26-11.2 1.79 (0.85-3.11) <LOQ- 6.09 0.83
PFNA [ng/ml] n>LOQ: 16 n > LOQ: 34

All (n = 36) <LOQ (<LOQ -0.30) <L0OQ - 0.49 0.41 (0.33-0.58) <LOQ - 1.05 < 0.0001

Men (n = 18) <LOQ (<LOQ -0.30) <LOQ - 0.42 0.49 (0.39-0.65) <LOQ- 1.05 <0.0001

‘Women (n = 18) <LOQ (<LOQ -0.30) <LOQ - 0.49 0.35 (0.29-0.48) <L0Q- 0.92 0.003
PFAS sum [ng/ml]

All (n = 36) 6.41 (4.08-9.38) 0.84-21.4 7.65 (5.02-11.1) 2.02-21.6 0.33

Men (n = 18) 6.93 (3.98-9.96) 0.84-18.5 8.85 (7.28-12.0) 2.02-21.6 018

‘Women (n = 18) 5.96 (4.18-8.25) 1.78-21.4 6.18 (4.70-8.55) 2.44-20.6 0.80

LOQ: limit of quantification. PFAS sum: PFOS + PFOA + PFHxS + PFNA.

In the total study population (n = 72), median concentrations (IQR)
of PFOS: 2.71 ng/ml (1.64-4.67), PFOA: 1.62 ng/ml (1.14-2.71),
PFHxS: 1.84 ng/ml (0.91-3.19) and PFNA: 0.32 ng/ml (<0.25-0.44)
were observed. The median concentration (IQR) of the PFAS sum was
7.05 ng/ml (4.72-9.85). The distributions of plasma levels of PFAS were
skewed, as depicted in Fig. 1 for the lead compounds PFOS and PFOA in
vegans and omnivores. According to the dietary group, data on plasma
levels of the all four PFAS evaluated are compiled in Table 2 for the
whole study group and separately for men and women. Regarding PFOA,
no significant differences were observed between vegans and omnivores
(p = 0.26), however, vegans were with tendency more likely to have
higher PFOA concentrations compared to omnivores. In case of PFOS,
the levels were significantly higher in omnivores (median 3.57 ng/ml,
IQR: 1.94-5.14) compared to vegans (median 2.31 ng/ml, IQR:
1.37-3.59) (p = 0.02). The strongest difference was seen for PFNA with
median values below the LOQ of 0.25 ng/ml (IQR: <0.25-0.30) for
vegans compared to 0.41 ng/ml (IQR: 0.33-0.58) for omnivores (p <
0.0001). Of the 22 PFNA measurements below the LOQ, two were from
omnivores, and 20 from vegans. No significant differences between
vegans and omnivores were seen for PFHxS (p = 0.70) and the PFAS sum
(p = 0.33). Considering the duration of the vegan diet, long-time vegans
were with tendency more likely of lower level of the PFAS sum (PFOS +
PFOA -+ PFHxS -+ PENA, Fig. 2).

Regarding the level of the PFAS sum in women of childbearing age
(<45 years of age), a median value of 5.82 ng/ml (IQR: 4.44-7.76, range
1.78-21.4) was observed (n = 28, 15 vegans and 13 omnivores, median
PFAS sum 5.74 vs. 5.91 ng/ml, respectively; p = 0.53). Ten of these 28
women (36%) exceeded the EFSA derived plasma level of 6.9 ng/ml
corresponding to the TWI in women at the age of 35 years.

Correlations between PFAS and eight selected food groups are
visually summarized in Fig. 3, and specific correlation coefficients are
presented in supplemental Table 2. In the total pepulation (n = 72), the
strongest correlations were observed between PFOA and water con-
sumption (model 2 correlation coefficient 0.34, p = 0.01, supplemental
Table 2). Regarding the consumption of ‘meat and meat products’ in
omnivores (n = 36), the strongest correlations were observed with the
concentrations of PFOS (model 2 correlation coefficient 0.38, p = 0.04)

and PFNA (model 2 correlation coefficient 0.50, p = 0.01, supplemental
Table 2). Supplemental Table 3 shows the intake of the food groups
based on FFQ data in vegans and omnivores.

Levels of LDL and total cholesterol were considerably lower in
vegans compared to omnivores (Tables 1 and 3). As shown in Table 3,
after adjustment of several PFAS (model 2), none of the investigated
PFAS, neither the PFAS sum, alter the differences of LDL cholesterol
between vegans and omnivores (Table 3) indicating no relevant impact
of PFAS on the association between vegans/omnivores and LDL
cholesterol. After further adjustment for lifestyle factors (model 3), the
difference between both diet groups got smaller, especially omnivores
had lower concentrations of LDL cholesterol. Nevertheless, further
adjustment of PFAS sum (model 3, Table 3) as well as for PFOS, PFOA,
PFHxS or PFNA did not alter the difference of blood lipid concentrations.
We observed no relevant linear or non-linear associations between LDL
cholesterol and different PFAS (on the log-scale), as depicted by splines
in the supplemental Figure 1. Concerning other blood lipids, concen-
trations of HDL and total cholesterol as well as of triglycerides in vegans
and omnivores also did not change after adjustment for different PFAS
(data not shown). In line, linear regression analyses detected no asso-
ciations between PFAS and blood lipids (supplemental Table 4).

4. Discussion

The present cross-sectional study is the first study investigating dif-
ferences in PFAS levels in vegans compared to omnivores. Significantly
lower concentrations of PFOS and PFNA were observed in vegans
compared to omnivores, Accordingly, we observed correlations with
food groups expected to contribute most to the internal exposure with
PFAS. At the present level of internal PFAS exposure, we did not observe
relevant associations between PFAS and blood lipids in particular under
consideration of the large differences in LDL and total cholesterol levels
between vegans and omnivores.

Only very few data of recent years on internal exposure to PFAS are
available for German adults. The internal plasma levels of PFAS
measured in our total study group (residing in Berlin) were found to be -
despite the high proportion of vegans — relatively high. The best
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Fig. 1. Distributions of plasma PFOA and PFOS levels according to vegans and omnivores, Distribution of plasma PFOA levels [ng/ml] (A) and PFOS levels [ng/ml]
(B) of the study population. Histograms depicted vegans in blue and omnivores in red. (For interpretation of the references to colour in this figure legend, the reader

is referred to the Web version of this article.)
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Fig. 2. Scatter plot of sum of PFAS (PFOS + PFOA + PFHxS + PFNA) according to the duration following a vegan diet. Scatter plot of sum of PFAS levels [ng/ml] to

the duration of vegan diet [years] in vegans (n = 36).

comparison within Germany is possible with a group from Munich
(“Side C”, n = 158 blood donors, median age 39.5 years) investigated
2016 (Fromme et al., 2017), serving as a control for a contaminated
region in Bavaria/Germany. Results revealed median levels of PFOS,
PFOA, PFHxS, PFNA and the PFAS sum to be 2.1, 1.1, 0.5, 0.4 and 4.1
ng/ml, respectively (PFAS sum: personal communication of Prof.
Fromme). Furthermore, data are available from the German Environ-
mental Specimen Bank (n = 40 students aged 20-29 years from
Miinster), with median levels for the 2017/2019 sampling of PFOS,
PFOA, PFHxS, PFNA and the PFAS sum of 2.6, 1.7, 0.5, 0.4 and 5.8
ng/ml, respectively (Gockener et al., 2020). The main difference be-
tween these investigations and our study are the surprising high levels of
PFHxS, with a 3.7-fold higher median in Berlin (PFHxS median: 0.5 vs.
1.8 ng/ml). This may be due to regionally different nutritional habits or
to higher concentrations in drinking water as well as due to differences

in the socio-economic status. However, sample sizes of all studies were
rather small and therefore also a chance finding cannot be excluded.
In the three investigations mentioned from Munich, Miinster and
Berlin, the sex ratios were exactly or roughly 1:1, and confirmed the
higher levels of PFAS in men compared to women observed in many
studies. As presented by EFSA, this is due to several factors. Besides a
higher external exposure (e.g. due to a higher meat consumption),
physiological differences including urinary elimination, menses, and use
of oral contraceptives (2 vegans, 6 omnivores) have to be considered, as
well as pregnancy and lactation (EFSA Panel on Contaminants in the
Food Chain, 2020). In our study, the median levels of the PFAS sum were
8.2 ng/ml in men and 6.0 ng/ml in women. According to the recent risk
assessment of EFSA, an internal level of the PFAS sum of up to 6.9 ng/ml
corresponds to an external intake below the TWI in women of the
childbearing age (EFSA Panel on Contaminants in the Food Chain,
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Fig. 3. Heatmap on correlations of 8 rele-
vant food groups with PFAS plasma con-
centrations. Total population (n = 72) MI1:
adjusted for type of diet (vegan or omni-
vores), M2: additional adjustment for age,
sex, smoking status, education, waist
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vores (n = 36) M1: unadjusted model, M2;
additional adjustment for age, sex, smoking
022 gtatus, education, waist circumference, and
011 physical activity; **p < 0.01, *p < 0.05;
Water includes drinking water, coffee, tea,
and herbal tea.

PFNA

correlation
coefficients

055

033

-0.11
} -0.22
-0.33

-0.44

M2 | M1 M2 i

Table 3
LDL cholesterol concentrations according to a vegan or omnivorous diet (n =
72).

Vegans (n = 36) Omnivores (n = 36)  p-

value

LDL cholesterol [mg/dl]

Model 1
Unadjusted 86.3 (77.7-95.9) 110.3 (99.3-122.5) 0.002
Model 2
PFOS 85.9 (77.1-95.8) 110.8 (99.4-123.5) 0.002
PFOA 86.2 (77.6-95.9) 110.4 (99.3-122.7) 0.002
PFHxS 86.3 (77.7-96.0) 110.3 (99.2-122.6) 0.002
PFNA 84.2 (74.6-95.1) 1131 0.003
(100.1-127.7)
PFAS Sum 86.2 (77.6-95.9) 110.4 (99.3-122.8) 0.002
Model 3
Lifestyle factors 86.1 103.6 (83.0-129.2) 0.02
(68.4-108.5)
Lifestyle factors + PFOS 85.7 104.0 (83.2-130.1) 0.02
(67.8-108.3)
Lifestyle factors + PFOA 86.3 103.5 (82.8-128.3) 0.02
(68.4-109.0)
Lifestyle factors + PFHxS 85.6 102.1 (81.5-128.0) 0.02
(67.8-108.0)
Lifestyle factors + PFNA 83.3 106.4 (84.7-133.6) 0.01
(65.5-106.0)
Lifestyle factors + PFAS 85.7 103.4 (82.8-129.1) 0.01
Sum (68.0-108.2)

expressed as geometric mean (95%-CI); Model 1: unadjusted, Model 2: adjusted
for several PFAS, Model 3: additional adjusted for lifestyle factors i.e. age, sex,
smoking status, education, waist circumference, physical activity; PFAS sum:
PFOS + PFOA + PFHxS + PFNA.

2020). For this group (women between 18 and 45 years of age), 10 of 28
women (36%, maximum level 21.4 ng/ml) exceeded the level on our
study, while 1 of 52 women exceeded it in Munich 2016 (2%, maximum
level 7.2 ng/ml (Fromme et al., 2017)) and 6 of 20 women in Miinster
2017/2019 (30%, maximum level 16.3 ng/ml (Gockener et al.,, 2020).
These numbers demonstrate large regional differences in internal
exposure to PFAS, and representative studies are necessary to get a more

reliable picture of the proportion of women in the German population
exceeding EFSA’s internal level for the PFAS sum of 6.9 ng/ml corre-
sponding the TWIL.

The study detected significant differences in PFOS and PFNA con-
centrations between both diet groups, showing 54% and 240% higher
median concentrations in omnivores compared to vegans, respectively.
Obviously, this is due to the relatively high PFAS concentrations in food
products of animals. According to the exposure assessment of EFSA
(Annex A) for German Adults (EFSA Panel on Contaminants in the Food
Chain, 2020), ‘Fish and other seafood’ was the most important
contributor to the mean LB exposure, followed by ‘Meat and meat
products’, ‘Fruit and fruit products’ and ‘Eggs and egg products’ in case
of PFOS. In case of PFNA, ‘Fruit and fruit products’ and ‘Fish and other
seafood’ were the most important contributors to the mean LB exposure.
Therefore, the differences observed between vegans and omnivores are
obviously better to explain by the diet in case of PFOS than in case of
PFNA. Regarding the heat map generated from the FFQ data (Fig. 3), the
pattern of PFOS and PFNA in omnivores seem comparable, with highest
correlations for ‘Meat and meat products’ and ‘Fish and other seafood'.
However, due to the small number of participants of the study, the
nutritional data from the FFQ with respect to the internal exposure to
PFAS should be interpreted with caution. Nevertheless, our results are in
line with another study. Lin et al. noticed that participants (n = 941
adults with pre-diabetes) with high consumption of meat, fried fish, and
other fish/shellfish (but not omega-3 rich fish) had higher plasma con-
centrations of PFOS, PFHxS and PFNA (Lin et al., 2020).

Currently, PFAS levels in many food groups are found to be nearly
completely below the presently available LOQs (EFSA Panel on Con-
taminants in the Food Chain, 2020). Therefore, more sensitive analytical
methods are needed for the quantification of PFAS in foods. A higher
proportion of quantified PFAS levels in food groups may lead to a better
estimation of the contributions of different food groups to the exposure
of different PFAS via food consumption and possibly to a change of the
pattern of these contributions especially in case of PFNA.

Regarding PFOA and PFHxS in the two diet groups, no relevant
differences were detected in vegans compared to omnivores. In case of
PFOA, this is surprising, as EFSA identified ‘Fish and other seafood’,
‘Eggs and egg products’ as well as ‘Meat and meat products’ as most

74



Eigene Arbeiten

J. Mengel et al.

important contributors to the mean LB exposure of PFOA (and PFOS)
(EFSA Panel on Contaminants in the Food Chain, 2020). Interestingly,
besides the above mentioned food categories, ‘Alcoholic beverages’ and
‘Drinking water” were reported to be also important contributors to the
mean LB exposure in case of PFOA in Germany (EFSA Panel on Con-
taminants in the Food Chain, 2020). Indeed, PFOA levels were found to
have the highest correlations with the consumption of ‘Water’ in the
total study group (see heat map, Fig. 3). In case of PFHxS, ‘Fruit and fruit
products’, ‘Alcoholic beverages’ and ‘Drinking water’ were the only
contributors to the mean LB exposure in Germany (EFSA Panel on
Contaminants in the Food Chain, 2020). This is reflected in the heat map
in case of ‘Water’ only, but as in case of PFNA, more sensitive analytical
methods may change the pattern of the contributors to external
exposure.

Epidemiological studies provided consistent findings of associations
between serum levels of PFOS/PFOA and levels of cholesterol in pop-
ulations with relatively high exposure (EFSA Panel on Contaminants in
the Food Chain, 2020). In 2018, EFSA even used these associations with
serum cholesterol levels to derive TWIs for both PFOS and PFOA (EFSA
Panel on Contaminants in the Food Chain, 2018). However, a clear mode
of action is missing. Since lower LDL cholesterol levels in vegans are one
of the most highlighted health benefits of this diet (Benatar and Stewart,
2018), we thought to also analyze the relation between different PFAS
and LDL cholesterol in our small study sample. Although a wide range of
concentrations of LDL cholesterol was observed in our study population,
we did not find any relevant relation between PFAS and LDL cholesterol.
This may be due to the relatively low concentrations of PFAS in com-
parison to previous studies (EFSA Panel on Contaminants in the Food
Chain, 2020). The distinctly lower levels of LDL cholesterol in vegans
with concurrently lower levels of PFOS and PFNA strikingly raises the
issue of confounding by diet in case of the above-mentioned epidemio-
logical studies, and the extent of necessary adjustment to avoid false
interpretations. Interestingly, in most studies investigating associations
between PFAS and blood lipids, statistical models were adjusted — beside
age, sex, smoking, alcohol intake and education — only for body mass
index or waist circumference (EFSA Panel on Contaminants in the Food
Chain, 2018). Only very few studies adjusted for further dietary vari-
ables such as saturated or animal fat intake (Eriksen et al., 2013; Nelson
et al.,, 2010) or food groups such as meat or fish intake (Canova et al.,
2020; Lin et al., 2020; Skuladottir et al., 2015) or healthy diet score
(Donat-Vargas et al., 2019). Taking altogether, evidence for a causal
relationship between PFAS and blood lipids is still not convincing and
residual confounding still cannot be completely excluded to explain the
observed associations between PFAS and blood lipids in many but not all
studies. Further studies are necessary to clarify at one hand possible
mechanisms and to investigate associations with improved statistical
models including more potential confounders in particular dietary fac-
tors on the other hand.

Different methods exist for dietary assessments, and each has its
advantages and disadvantages. Because of the long half-life time of
PFAS, FFQ might be a good method assessing the past long-term diet.
The EPIC-FFQ (Nothlings et al., 2007) captured the time span of the
previous 12 months. We see the limitation of the present FFQ, which did
not cover all variety of a vegan diet, as some food groups will not be fully
assessed, thus the diet of vegans might be underestimated. However, in
the present evaluation we analyzed only predetermined food groups,
eaten by both omnivores and vegans, for example fruits, vegetables or
water. Therefore, the use of the FFQ for our study purpose is acceptable.
For the food groups of meat, fish or eggs, the analyses were only per-
formed in omnivores to avoid bias due to non-consumption of the vegan
population. Nevertheless, this study underlines the need for assessment
tools in science for a past long-term diet also for participants following a
plant-based diet (e.g. vegan, vegetarian) or the modification of already
existing tools.

Limitations of our study deserve to be mentioned. The present RBVD
study is relatively small (n = 72), including middle aged vegans and
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omnivores from a relatively small area (Berlin, Germany); therefore, the
results may not be generalizable to other populations. Nevertheless, the
RBVD study provides comprehensive high-quality data as a result of the
standardized procedures in combination with extensive information
from computer-based questionnaires and anthropometric measure-
ments. Regarding FFQ, we see also some limitations concerning recall
bias and under/over-reporting, attributed to reliance on participant’s
memory, inability to accurately estimate portion sizes and misinter-
pretation of the questions, or social desirability bias (Hooson Jzh et al
2020). Other routes of exposure than diet such as ingestion of house
dust, inhalation of indoor air, and dermal absorption may substantially
contribute to the exposure to PFAS on an individual basis (Poothong
et al., 2020), but these routes could not be considered in our study.
Further, some packing materials and take-away food, as well as kitchen
utensils might be potential sources of exposure to PFAS.

5. Conclusion

Lower levels of PFOS and PENA, but not of PFOA and PFHxS were
observed in vegans compared to omnivores. FFQ data allowed the
identification of relevant food groups contributing to the levels of these
four PFAS. The strong impact of a vegan diet on levels of blood lipids,
especially on LDL cholesterol, was confirmed in our study. In contrast,
the association of PFAS and LDL cholesterol was found to be negligible,
possibly due to the relatively low levels of PFAS observed. However, we
highlight the importance of the adjustment of dietary factors like a
vegan diet in case of epidemiological studies dealing with the impact of
PFAS on the levels of blood lipids.
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3. Diskussion

Die dargestellten Arbeiten untersuchten umfassend eine vegane Ernahrungsweise, im
Vergleich zu einer Mischkost, in Hinblick auf Unterschiede verschiedener inflammatorischer
Biomarker, der Knochengesundheit und interner PFAS Exposition. Als ein weiterer
Schwerpunkt wurden auch erndhrungsbedingte und knochenrelevante Biomarker naher
beleuchtet. Dabei wurden nicht nur Unterschiede in diesen Biomarkern zwischen beiden
Erndhrungsgruppen untersucht, sondern auch der Einfluss eines abgeleiteten explorativen
Biomarkermusters auf die Knochengesundheit. Grundlage fir die vorgestellten Arbeiten war
die RBVD-Studie. Diese Studie konnte in den letzten Jahren trotz geringer Studiengrof3e zu

verschiedensten Forschungsfragen erste Evidenz generieren.

3.1. Vegane und vegetarische Erndhrungsformen und inflammatorische Biomarker

Es gilt als bekannt, dass low-grade Inflammationen mit einem erhéhten Risiko flr
verschiedene chronische Krankheiten assoziiert ist [17,19,20]. Zudem wird berichtet, dass
Menschen, die einer veganen oder vegetarischen Ernahrung folgen, ein verringertes Risiko
fur T2D, Herz-Kreislauferkrankungen oder flr bestimmte Krebserkrankungen haben [11].
Daher wird diskutiert, dass ein vorteilhaftes inflammatorisches Biomarkerprofil von Menschen
mit pflanzenbetonten Erndhrungsformen als intermedidrer Risikofaktor einen protektiven

Einfluss auf das Erkrankungsrisiko haben kénnte [72,73].

Mit dem Hintergrund, dass vegane Ernahrungsweisen in Deutschland, als auch global immer
beliebter werden, ist diese Ernahrungsform in wissenschaftlichen Studien in Hinblick auf
inflammatorische Biomarker nur wenig untersucht. Tatsachlich zeigte das systematische
Review (Originalarbeit 2), das nur drei wissenschaftliche Publikationen [72,76,77]
inflammatorische Biomarker mit veganer Ernahrungsweise untersuchten [73]. Eine davon ist
die RBVD-Studie, deren Ergebnisse ausfuhrlich in Originalpublikation 1 beschrieben wurden
und nachfolgend in das systematische Review eingeflossen sind [72]. Die RBVD-Studie stellt
damit die umfangreichste Studie zu diesem Thema dar, denn hier wurden sieben
inflammatorische Biomarker in Blutproben von Veganeriinnen und Mischkostler:innen
untersucht [72]. In den anderen beiden Publikationen wurde in kleinen veganen Untergruppen
von Sebekova et al. (n=9) [77] nur CRP und von Franco-De-Moraes et al. (n=66) [76] drei
inflammatorische Biomarker (CRP, E-Selektin, TNF-a) untersucht. Dabei zeigte Franco-de-
Moraes et al. [76] hdhere CRP-Werte bei Mischkdstler:innen im Vergleich zu Veganer:innen,
dagegen konnte Sebekova et al. [77] keine Unterschiede in den CRP-Werten feststellen. Auch
wenn die RBVD-Studie tendenziell niedrigere CRP-Werte bei Veganer:innen feststellen
konnte, erreichte dieser Unterschied im adjustierten Modell keine statistische Signifikanz [72].

Die gepoolten Ergebnisse dieser Einzelstudien zeigten jedoch in der Metaanalyse
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(Originalpublikation 2), dass eine vegane Ernahrungsweise mit niedrigeren CRP-Werten im

Vergleich zu Mischkéstler:innen assoziiert war [73].

Die vegetarische Ernahrungsweise ist deutlich umfangreicher wissenschaftlich untersucht. So
konnte das systematischen Review (Originalarbeit 2) insgesamt 14 Studien [72,76-88]
einschlieen, die inflammatorische Biomarker und Vegetarismus bei gesunden Personen
untersucht haben [73]. Auch hier konnte eine Metaanalyse zeigen, dass eine vegetarische
Ernadhrungsweise mit niedrigen CRP-Werten assoziiert war [73]. Weitere Metaanalysen, die
pflanzenbetonte Erndhrungsformen [26] bzw. vegetarisch-betonte Ernahrungsmuster [29]
untersuchten, zeigten ebenfalls niedrigere CRP-Werte [26,29]. Auch diese beiden
Ubersichtsarbeiten konnten keine umfassenden inflammatorische Profile untersuchen, weil
andere inflammatorische Biomarker, neben CRP, wenig bis gar nicht in Einzelstudien

untersucht wurden [26,29].

Ferner untersuchte Haghighatdoost et al. [28] in einem systematischen Review vegetarische
Ernahrungsformen und inflammatorische Biomarker. Die Autor:innen betonen hierbei, dass
die Dauer der vegetarischen Ernahrungsform einen Einfluss auf die Assoziation haben kénnte
[28]. So zeigten die Autor:innen, dass Vegetarier:innen, die sich seit mindestens 2 Jahren
vegetarisch erndhrten, signifikant niedrigere CRP-Konzentrationen im Vergleich zu
Mischkoéstler:iinnen hatten [28]. Keine Assoziation wurde jedoch bei vegetarischen
Studienteilnehmenden im Vergleich zu einer Mischkostgruppe beobachtet, die sich weniger
als 2 Jahre, aber mindestens 6 Monate vegetarisch ernahrten. [28]. Im Einklang mit diesen
Beobachtungen zeigte auch die Sensitivitdtsanalysen der Metaanalyse, dass Veganer:innen,
die sich Uber 10 Jahre vegetarischen erndhrten, im Vergleich zu Mischkdstler:innen signifikant
niedrigere CRP-Konzentrationen hatten [73]. Die mittlere Mittelwertdifferenz war bei
Veganer:innen mit einer veganen Erndhrung weniger als 10 Jahren nicht signifikant [73]. Auch
die RBVD-Studie zeigte, dass Veganer:innen, die bereits mehr als 4.8 Jahren vegan lebten,
tendenziell niedrigeren hsCRP-Wert hatten, im Vergleich zu Veganer:innen, die sich < 4.8

Jahre vegan ernahrten [72].

Zudem ist wichtig darauf hinzuweisen, dass Ubergewicht und Adipositas mit erhdhten
Konzentrationen inflammatorischer Biomarker assoziiert sind und die inflammatorischen
Prozesse weiterfihrend auch in Verbindung mit dem erhdhten Risiko flr chronische
Erkrankungen dieser Bevolkerungsgruppe stehen [89]. In Ubereinstimmung zeigte die RBVD-
Studie, dass sowohl der BMI, als auch der Taillenumfang mit fast allen untersuchten
inflammatorischen Biomarkern korrelierten, auch wenn adipése Personen nicht bei der RBVD-
Studie teilnehmen konnten (Ausschlusskriterium BMI 2 30 kg/m?) [72]. In Originalarbeit 2 wurde

eine mogliche Effektmodifikation durch den BMI auf die Assoziation zwischen einer veganen
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Ernahrungsweise und niedrigere CRP-Werten, im Vergleich zu Mischkostler:innen, durch eine

Meta-Regression untersucht [73]. Es konnte jedoch keine Modifikation aufzeigt werden [73].

Insbesondere fiir vorerkrankte Populationen konnte in der Originalarbeit 2 (Metaanalyse)
gezeigt werden, dass bei Patient:innen mit eingeschrankter Nierenfunktion eine vegetarische
Erndhrungsform stark mit niedrigen CRP-Konzentrationen assoziiert war [73].
Pflanzenbasierte Erndhrungsweisen kdnnten Vorteile flr diese vorerkrankte Personengruppen
haben [73]. Tatsachlich werden pflanzenbasierte Ernahrungsformen neben praventiven auch
als therapeutische MaRnahmen bei zahlreichen chronischen Erkrankungen diskutiert. So wird
vermutet, dass eine pflanzenbasierte Ernahrung durch die verbundenen kardioprotektiven,
antioxidativen und lipidsenkenden Eigenschaften die Entwicklung oder das Fortschreiten
einiger Komplikationen bei einer chronischen Nierenerkrankung hemmt [90]. Dies kdnnte auch
fur andere kardiometabolische Erkrankungen gelten. So zeigten sich bei einer vegetarischen
oder veganen Ernahrung potenzielle Vorteile bei der Behandlung von T2D [91,92] sowie
zusatzliche Vorteile in Hinblick auf Komorbiditaten, wie Herz-Kreislauf-Erkrankungen,

Nierenerkrankungen und Neuropathie [91].

3.2. Vegane Ernahrung und Knochengesundheit

Im Vergleich zu den inflammatorischen Biomarkern ist die Knochengesundheit in Hinblick auf
eine pflanzenbasierte Erndhrungsweise umfangreicher untersucht. Tatsachlich untersuchten
bisher fiinf (systematische) Ubersichtsarbeiten [32-36] die Knochengesundheit (Knochendichte
und/oder Frakturrate) in Hinblick auf Vegetarismus und Veganismus, davon auch drei mit
Metaanalyse [34-36]. Bereits die erste Metaanalyse von Ho-Pham et al. aus dem Jahr 2009
berichtete, dass Veganeriinnen und Vegetarier:iinnen eine niedrigere Knochendichte
aufwiesen [35]. Die starksten Assoziationen zeigten sich dabei fur Veganer:innen im Vergleich
zu Mischkdstler:innen [35]. Drei weitere (systematische) Ubersichtsarbeiten [33,34,36]
berichteten ebenfalls Uber eine niedrigere Knochendichte bei Veganer:iinnen und
Vegetarier:innen im Vergleich zur Mischkostgruppe, auch hier zeigten sich die starksten
Effektstarken bei den Veganer:innen [34,36]. Iquacel et al. zeigte zudem, dass Veganer:innen
auch hohere Frakturraten hatten [36]. Diese Ergebnisse werden gestutzt von einem aktuellen
Review aus dem Jahr 2022 [32]. Die Ergebnisse der RBVD-Studie stehen im Einklang mit den
Ubersichtsarbeiten, dabei beriicksichtigen diese Reviews fast ausschlieRlich Studien, die die
Knochendichte mit der Dual-Energy-Rontgen-Absorptiometrie (DEXA) bestimmt haben [32-36].
Es wurden keine Studien eingeschlossen, die die Knochengesundheit auf Basis von

Ultraschall basierenden Messmethoden untersuchten [32-36].

In Ubereinstimmung mit diesen Ubersichtsarbeiten zeigte jedoch auch unsere RBVD-Studie

niedrige Werte in allen gemessenen Parametern des quantitativen Ultraschalls in der
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Veganergruppe, auch wenn nur der wichtigste Parameter (BUA) statistische Signifikanz
erreichte [46]. In unserer RBVD-Studie wurde die Knochengesundheit mittels QUS am
Fersenbein erfasst [46]. Hierbei ist deutlich zu betonen, dass DEXA den Goldstandard fiir die
Messung der Knochendichte sowie der Osteoporose-Diagnose darstellt [93]. Da die Parameter
der QUS nicht nur ein Indikator fir die Knochendichte sind, sondern auch fir die
Knochenarchitektur und die Elastizitat [94,95], wird auf den Begriff der Knochendichte explizit
im Rahmen der RBVD-Studie und der vorliegenden Arbeit verzichtet. Wissenschaftliche
Studien zeigten jedoch, dass die auf Ultraschall basierenden Messmethoden eine ahnlich gute
Risikopradiktion in Hinblick auf das Frakturrisiko erlauben [96-98]. Gerade im Rahmen von
epidemiologischen Studien, stellt QUS somit eine kostenglnstige, einfache und schnelle
Alternative zur Beurteilung der Knochengesundheit dar, die vor allem ohne Strahlung

auskommt [46].

3.2.1. Erndhrungsbedingte und knochenrelevante Biomarkern

Ein aktuelles systematisches Review aus dem Jahr 2021 untersuchte die Nahrstoffzufuhr von
Veganer:innen in Europa [10]. Das Review zeigte, dass Veganismus mit einer geringeren
Aufnahme von Proteinen, verschiedener Vitamine (B2, Niacin (B3), B12, D) sowie
Mineralstoffen und Spurenelementen Calcium, Kalium Jod, Zink und Selen assoziiert ist [10].
Zudem wurden auch Unterschiede in der Aufnahme von verschiedenen Fettsduren gezeigt
[10]. Diese Ergebnisse decken sich in weiten Teilen mit den potenziell kritischen Nahrstoffen
laut der DGE im Rahmen einer veganen Ernahrung [8]. Auch die RBVD-Studie untersuchte
den Versorgungsstatus bei veganer Ernahrungsweise in Vergleich zu Mischkdstler:innen [71].
Dabei wurde zum einen die Nahrstoffzufuhr von einer Vielzahl von Makro- und Mikronutrienten
aus der Nahrung (3-Tage-Wiegeprotokolle) und zum anderen die Nahrstoffversorgung mittels
Biomarker (Blut und Urin) untersucht [46,71]. In Hinblick auf die Nahrstoffzufuhr aus der
Nahrung entsprechen die Ergebnisse der RBVD-Studie in weiten Teilen den Ergebnissen des
aktuellen systematischen Reviews [10]. Es zeigte sich, dass bei Veganer:iinnen hdhere
Aufnahmemengen von Ballaststoffen, aber auch von verschiedenen Vitaminen (Vitamin B6,
E, K, Folat) sowie Eisen hatten [71]. Die Aufnahme von Vitamin B2, B3, B12, D sowie den
Mineralstoffen Calcium und Jod war dagegen geringer im Vergleich zu der Mischkostgruppe
[71]. Herauszuheben ist dabei, dass die Ergebnisse der Nahrstoffzufuhr aus der Nahrung und
die Nahrstoffversorgung durch die Biomarker im Blut/Urin nicht in allen Nahrstoffen
deckungsgleich waren [71]. Tatsachlich zeigten sich u.a. im Vitamin B12- und Vitamin D-Status
keine Unterschiede im Gruppenvergleich [71]. Das ist interessant, denn Vitamin B12 gilt als
kritischster Nahrstoff bei einer veganen Erndhrungsweise [8,9]. Auf Basis der 3-Tage-
Wiegeprotokolle wird das auch durch Daten der RBVD-Studie bestatigt, denn Vegan:innen

hatten tatsachlich eine niedrige Zufuhr durch die Nahrung im Vergleich zur Mischkostgruppe
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[71]. Dennoch ergibt sich in der RBVD-Studie kein erhdhtes Risiko fur einen Vitamin-B12-
Mangel bei den veganen Teilnehmenden, denn im Blut =zeigten sich keine
Gruppenunterschiede im Vitamin-B12-Indikator [46,71]. Daher wird vermutet, dass den
Veganer:innen in der RBVD-Studie das Risiko eines Vitamin-B12-Mangels in Folge einer
veganen Ernahrungsweise bekannt ist, denn Vitamin B12 wird von fast allen Veganer:innen
supplementiert (92%) [46,71]. Auch in Hinblick auf Vitamin D kann die Supplementierung eine
plausible Erklarung sein (Supplementierung 50%) [46,71]. Denn auch Vitamin D gilt als
potentiell kritischer Nahrstoff in der Nahrstoffzufuhr [8,10]. Tatsachlich sieht die RBVD-Studie
aber keine Unterschiede in den Konzentrationen vom Vitamin D in Veganer:innen im Vergleich
zu Mischkoslter:innen, trotz der signifikant geringeren Nahrstoffzufuhr Uber die Nahrung
[46,71].

Die aktuelle wissenschaftliche Evidenz zeigte, dass es Unterschiede in der Nahrstoffzufuhr
und -versorgung wichtiger Nahrstoffe zwischen Veganer:innen und Mischkdstler:innen gibt.
Viele dieser Nahrstoffe haben auch einen wichtigen Einfluss auf Knochengesundheit.
Originalpublikation 3 untersuchte daher ganz explizit 28 knochenrelevante und
ernahrungsbedingte Biomarker zwischen Veganer:innen und Mischkostler:innen [46]. Die
niedrigere Knochengesundheit bei Veganer:innen einem einzigen Nahrstoff oder Biomarker
zuzuschreiben, ist angesichts der Komplexitat der homdostatischen Regulationsmechanismen
des Knochens zu einfach dargestellt [46]. In der Tat ist bekannt, dass es komplexe
Zusammenhange zwischen Nahrstoffen, Lebensmitteln und Erndhrungsmustern gibt, sodass
kein einzelnes Element einer Erndhrung ein vollstdndiges Bild der Auswirkungen der
Ernahrung auf die Gesundheit liefern kann [99]. Mit ahnlicher Sichtweise, betrachtet auch das
aktuellste systematische Review von Oglivie et al. nicht nur die Knochendichte und
Frakturrate, sondern thematisiert zusatzlich auch den Einfluss bestimmter Nahrstoffe,
inflammatorische Cytokine, sowie Darmmikrobiota auf die Knochengesundheit [32]. Die
Originalpublikation 3 verfolgte weiterfuhrend einen explorativen systemischen Ansatz, um eine
Kombination von knochenrelevanten und erndhrungsbedingten Biomarkern zu generieren, die
die Varianz der Knochengesundheit maximal erklart [46]. Das identifizierte Biomarkermuster
beinhaltet 12 knochenrelevante und erndhrungsbedingte Biomarker mit positiven
Faktorladungen fir Vitamin B6, Vitamin A, Omega-3-Fettsauren, Calcium und Magnesium im
Urin, Jod im Urin, TSH, Selenoprotein P, Lysin, Leucin, a-klotho und eine negative
Faktorladung fur FGF23 [46]. Auf diese knochenrelevanten und erndhrungsbedingten

Biomarker wird im Folgenden naher eingegangen

Ein systematisches Review zeigte, dass die Nahrstoffaufnahme im Rahmen des Veganismus
von Vitamin B6 hoch ist [10]. Interessanterweise wurde jedoch in der Deutschen Veganer
Studie (n=93) auch aufgezeigt, dass obwohl die Vitamin B6-Zufuhr bei veganer Erndhrung

ausreichend war, die Konzentration von Vitamin B6 in den meisten Blutproben als
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unzureichend galt [100]. Dies steht im Einklang mit den Ergebnissen der RBVD-Studie, auch
hier war die Nahrstoffaufnahme von Vitamin B6 bei Veganeriinnen hoher als bei
Mischkostler:innen [71], die Blutkonzentrationen von Vitamin B6 unterschieden sich jedoch
nicht [46,71]. Eine moégliche Erklarung berichtete Waldmann et al. [100], denn Lebensmittel
tierischen Ursprungs enthalten hauptsachlich Pyridoxamin und Pyridoxal mit einer
Bioverfugbarkeit von etwa 75% [100]. Vitamin B6 in Lebensmitteln pflanzlichen Ursprungs
besteht hauptsachlich aus Pyridoxin und der phosphorylierten Derivate mit geringerer
Bioverfiigbarkeit [100]. Zudem ist ein grofier Teil des Vitamin-B6-Gehaltes in pflanzlichen
Lebensmitteln glucosyliert, dies verringert zusatzlich die Bioverfligbarkeit [100]. Eine
Ubersichtsarbeit [44] untersuchte die mégliche Rolle von B-Vitaminen auf die
Knochengesundheit, dabei wurden Ergebnisse aus experimentellen In-vitro- und In-vivo-
Studien sowie aus Beobachtungs- und Interventionsstudien bertcksichtigt [44]. In
Ubereinstimmung mit den Ergebnissen der RBVD-Studie deuten die Ergebnisse dieser Arbeit

auf eine protektive Rolle von Vitamin B6 auf die Knochengesundheit hin [44].

In Hinblick auf Vitamin A gibt es eine Vielzahl von Verbindungen mit Vitamin-A-Wirkung, dabei
ist Retinol jedoch die zentrale Wirkungsform [101]. Das vorgeformte Vitamin A (aus Retinol und
Retinylestern) ist ausschlielich in tierischen Lebensmitteln enthalten [101]. Verschiedene
Provitamin-A-Carotinoiden sind meist in Pflanzen enthalten, die in unterschiedlichem Ausmaf}
in Vitamin A umgewandelt werden kénnen [101]. Das wichtigste Provitamin A fur die Vitamin-
A-Versorgung des Menschen ist B-Carotin, da es eine hohe Umwandlungsrate in Retinol hat
und auch in grofleren Mengen verzehrt wird [101]. Fir eine vegane Ernahrungsweise sind
Provitamin-A-Carotinoiden fir die Aufrechterhaltung eines adaquaten Vitamin-A-Status von
Bedeutung [101], daher gilt Vitamin A auch nicht als potenziell kritischer Nahrstoff. Dennoch
muss dabei die geringe Bioverfligbarkeit der Carotinoide, die variable Umwandlungseffizienz
der Carotinoide, sowie Wechselwirkungen mit anderen Nahrungsinhaltsstoffen berticksichtigt
werden [101]. Tatsachlich zeigte Davey et al. in der EPIC-Oxford-Studie (n=65.429), dass
Veganer:innen die geringste durchschnittliche Aufnahme von Retinol Gber die Nahrung hatten,
im Vergleich zu Mischkéstler:innen, Fischesser:innen und Ovo-Lacto-Vegetarier:innen [43].
Die RBVD-Studie hingegen betrachtet die Aufnahme als Retinolaquivalente [71], das neben
Retinol auch Provitamine (wie das B-Carotin) beriicksichtigt. In Ubereinstimmung mit einer
aktuellen Studie von Dawczynski et al. [102] aus dem Jahr 2022 wurden keine Unterschiede
zwischen Veganer:innen und Mischkdstler:innen in beiden Studien festgestellt [71,102]. Wie
oben beschrieben, zeigte auch Dawczynski et al., dass die Aufnahme von B-Carotin bei den
Veganer:innen tatsdchlich am hoéchsten war [102]. Die Konzentrationen von Vitamin A im Blut
sind hingegen in beiden Studien in den Veganergruppen signifikant niedriger [46,102]. Ein
aktuelles systematisches Review aus 2021 zeigte, dass Vitamin A sowohl positive als auch

negative Auswirkungen auf die Knochengesundheit haben kann [103]. Zum einen erhalt eine
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adaquate Vitamin-A-Zufuhr dber die Nahrung oder Nahrungserganzungsmitteln die
Knochengesundheit [103]. Ein anderes systematisches Review zeigte ebenfalls, dass eine
hohere Zufuhr von Vitamin A mit einer hohere Knochendichte assoziiert war [104]. Zudem wirkt
sich auch Provitamin-A positiv auf die Knochengesundheit aus, indem es die
Osteoblastenaktivitat und die Knochenbildung stimuliert sowie die osteoklastische Aktivitat
und die Knochenresorption hemmt [103]. Dennoch sollte dabei betrachtet werden, dass eine
ubermafige Aufnahme von Vitamin A (Hypervitaminose A) mit einer niedrigen Knochendichte
und auch mit einem erhéhten Frakturrisiko assoziiert ist, maRgeblich durch die Hemmung der

Osteoblastendifferenzierung und Mineralisierung [103].

Langkettige Omega-3 Fettsauren gelten im Rahmen einer veganen Ernahrungsweise als
potenziell kritische Nahrstoffe [8]. Das gilt maRgeblich fir EPA, da diese Uber pflanzliche
Lebensmittel kaum zugeflhrt werden kann [8,9]. Leitzmann und Keller berichten, dass die
Gesamtzufuhr von Omega-3-Fettsduren bei Veganer:iinnen und Mischkdéstler:iinnen etwa
gleich ist [9]. In Ubereinstimmung zeigten auch die Daten der RBVD-Studie keine Unterschiede
in der Gesamtzufuhr von Omega-3-Fettsauren lGber die Nahrung zwischen Veganer:innen und
Mischkostler:innen [105]. Es zeigte sich jedoch, dass Veganer:innen eine signifikant hohere
Aufnahme von a-Linolensaure (ALA) im Vergleich zur Mischkostgruppe hatten [105].
Tatsachlich berichtete auch die Ubersichtsarbeit von Burns-Whitmore et al. [106], dass die
Mehrheit der eingeschlossenen Studien eine hohe Aufnahme von ALA bei Veganer: innen im
Vergleich zu Mischkéstler:innen hatten, dennoch gab es auch einzelne Studien die eine
niedrigere Aufnahmen von ALA oder keine Unterschiede im Rahmen einer veganen
Ernahrungsweis feststellten [106]. Das Review zeigte in Ubereinstimmung mit unserer RBVD-
Studie auch, dass EPA und DHA von Veganer:innen Uber die Nahrung kaum aufgenommen
werden [105,106]. Tatsachlich dienen nur maritime Mikroalgen als pflanzliche Quelle bei einer
pflanzenbetonten Ernahrungsweise [9]. Uber diese Algen reichern sich EPA und DHA in der
Nahrungskette aquatischer Organismen an, besondere in fettreichen Kaltwasserfischen [9].
Daher sind Veganer:innen moglicherweise auf die kdrpereigene Synthese angewiesen [9]. Der
menschliche Organismus besitzt Enzymsysteme zur Kettenverlangerung und Desaturierung
von ALA zu EPA und DHA [9,106]. Die Umwandlungsrate von ALA zu EPA (von 5%-12%) und
DHA (<1%) sind beim Menschen jedoch limitiert [9,106]. Zudem wird berichtet, dass diese
bereits limitierte Umwandlung durch eine hohe eine Zufuhr an Linolsaure (LA) weiter begrenzt
wird, da beide Fettsduren um die gleichen Enzymsysteme konkurrieren [9,107]. Tatsachlich
zeigte Burns-Whitmore et al., ebenfalls in Ubereinstimmung mit der RBVD-Studie, dass
Veganer:innen eine héhere Aufnahme von LA hatten im Vergleich zu Mischkdstler:innen
[105,106]. Welch et al. zeigte ebenfalls in der EPIC-Norfolk-Studie deutliche Unterschiede in
der Aufnahme von den langkettigen Omega-3-Fettsduren zwischen Veganer:innen und

Mischkostler:innen, dennoch hatten die Veganer:innen einen beachtlichen Plasmaanteil von
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EPA und DHA [107]. Die Autor:innen vermuteten, dass die Umwandlungsrate auch variabler
sein konnte [107]. Es ist denkbar, dass die Konversationsrate von ALA zu EPA und DHA doch
hoher sein konnte, wenn mit der Nahrung nur wenig EPA und DHA aufgenommen wird [107].
Diese Vermutung unterstlitzen auch die Ergebnisse der RBVD-Studie [105]. Denn trotz der
sehr geringen Aufnahme von EPA und DHA von Veganer:innen, hatte die Gruppe der
Veganer:innen einen beachtlichen Plasmaanteil von EPA und DHA, auch wenn der Anteil im
Vergleich zur Mischkostgruppe signifikant niedriger war [105]. Dartiber hinaus wurden in der
RBVD-Studie keine ALA Unterschiede zwischen Veganer:innen und der Mischkostgruppe in
den Plasmaphospholipiden gefunden, wahrend die Aufnahme von ALA Uber die Nahrung bei
Veganer:innen hoher war [105]. Das Review von Burns-Whitmore et al. zeigte ebenso wie die
RBVD-Studie, dass in den meisten Studien die Serum- als auch die Plasmaspiegel von EPA
und DHA bei Veganer:innen im Vergleich zu Mischkdstler:innen niedriger waren [106]. In
Hinblick auf die Knochengesundheit wird vermutet, dass EPA und DHA einen positiven
Einfluss haben. Es wird diskutiert, dass diese langkettigen Omega-3-Fettsduren die
Uberlebensrate von Osteoblasten fordert, die Osteoblastogenese anregt und die
Knochenresorption durch Veranderung der Membranfunktion, Regulierung des
Calciumhaushalts und erhéhte Osteoblastenaktivitat, verhindert [108]. Darliber hinaus ist die
Beteiligung von EPA und DHA an der Differenzierung und Reifung von Praosteoblasten mit
ihren anti-inflammatorischen Wirkungen assoziiert, z.B. reduzierte Synthese des
entzindlichen PGE2 sowie niedrige Konzentrationen von Entzindungszytokinen, wie
Interleukin-1 (IL-1), IL-6 und TNF-a [108]. In Bezug auf die Knochengesundheit stellte eine
Metaanalyse mit Beobachtungsstudien (n=10 Studien) fest, dass ein hoher Verzehr von
Omega-3-Fettsauren signifikant mit einem geringeren Risiko fur Huftfrakturen assoziiert war
[109]. Zwei systematische Ubersichtsarbeiten (mit Metaanalyse [110]) auf der Grundlage von
randomisierten kontrollierten Studien deuten auf eine Assoziation zwischen Omega-3-

Fettsauren und einer verbesserten Knochendichte hin [110,111].

Die Makromineralien Calcium und Magnesium sind bekannt als wichtige Faktoren fur die
Knochengesundheit [112]. Tatsachlich sind 99% des Calciums im Korper im Skelett
gespeichert und etwa 60% des korpereigenen Magnesiums befinden sich in den Knochen
[112]. Da die Blutkonzentrationen von Calcium und Magnesium innerhalb enger Grenzen
reguliert werden, sind Konzentrationen im Blut kein geeigneter Indikator fiir die Uberpriifung
des Calciums— oder Magnesiumstatus [9]. Daher wurden in der RBVD-Studie 24-Stunden-

Urinproben genutzt.

Physiologisch wird ein Grof3teil des Magnesiums im Blut glomerular filtriert und zu 95%
rickresorbiert [113]. Die Rlckresorption von Magnesium in der Niere ist dabei mafigeblich
abhangig von der Plasmakonzentration [113]. Tatsachlich kann die renale

Magnesiumausscheidung tber den Urin zwischen 0.5% und 70% der gefilterten Menge liegen
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[113]. Die Nieren sind in der Lage, Magnesium wahrend eines Mangels verstarkt
rickzuresorbieren und so die Ausscheidung zu minimieren. Bei Ubermafiger Aufnahme
hingegen wird die Ausscheidung Uber den Urin gesteigert [113]. Dennoch hangt die
Homoostase auch von der Resorption im Darm ab. In der Tat ist die intestinale Resorption von
Magnesium nicht direkt proportional zur Magnesiumzufuhr mit der Nahrung, sondern vielmehr
vom individuellen Magnesiumstatus abhangig [113]. Es wurde festgestellt, je niedriger der
Magnesiumspiegel ist, desto mehr wird Magnesium im Darm resorbiert und umgekehrt [113].
Diese individuelle Anpassung von Magnesium koénnte eine plausible Erklarung daflr sein,
warum in der RBVD-Studie keine Unterschiede der Magnesiumausscheidung im Urin
zwischen Veganer:innen und Mischkdstler:innen beobachtet wurden [46], trotz der hochsten
Magnesiumaufnahme Uber die Nahrung im Vergleich zu anderen Ernahrungsformen bei
Veganer:innen [10]. In Hinblick auf die Knochengesundheit zeigten verschiedene altere und
aktuelle Ubersichtsarbeiten zum Teil mit Metaanalysen [112,114,115], dass eine hdhere

Magnesiumzufuhr mit einer besseren Knochendichte/niedriges Frakturrisiko assoziiert ist.

Laut der DGE gilt auch Calcium als ein potentiell kritischer Nahrstoff [8]. Tatsachlich zeigte ein
aktuelles Review, dass Veganer:innen eine niedrige Calciumzufuhr im Vergleich zu anderen
Ernahrungsformen hatten [10]. Dabei spielen niedrige Calciumgehalte pflanzlicher
Lebensmittel, aber auch die Resorptionsbeeintrachtigungen durch verschiedene Hemmstoffe
eine Rolle [9]. Milch- und Milchprodukte stellen die wichtigste Calciumquelle in Lebensmitteln
dar, aber auch dunkle, griine Gemisesorten, verschiedene Nussarten und calciumreiche
Mineralwasser sind ebenfalls gute Calciumlieferanten [9]. Die intestinale Calciumresorption
wird jedoch von der Zusammensetzung der Nahrung beeinflusst [9]. Aus pflanzlichen
Lebensmitteln wird aufgrund von enthaltenden Hemmstoffe teilweise weniger Calcium
resorbiert [9]. Vitamin D dagegen gqilt als calciumresorptionsférdernde Substanz [9].
Hemmstoffe sind z.B. Phytinsdure (z.B. in Getreide, Nusse), Oxalsdure (z.B. in Spinat,
Mangold) oder Zellulose, welche mit Calcium schwer Idsliche Verbindungen bilden, die nicht
oder nur eingeschrankt resorbierbar sind [9]. Diese Effekte spielen eine Rolle, wenn die
Ernahrung reich an Hemmstoffen ist und zudem wenig Calcium enthalt, was bei einer veganen
Erndhrungsform der Fall sein kann [9]. Knurick et al. berichtete, dass die tagliche
Calciumausscheidung bei Mischkdstler:innen signifikant hdher war (34%), als bei
Vegetarieriinnen [38]. Die Daten der RBVD-Studie zeigte ebenfalls eine hohere
Calciumausscheidung bei der Mischkostgruppe im Vergleich zur den Veganer:innen (36%)
[46]. Dies konnte auf die geringere Calciumzufuhr bei Veganer:innen zurickzufiihren sein, da
die Calciumkonzentration im Urin die Nahrungsaufnahme widerspiegelt [116]. Zudem kdnnte
in der RBVD-Studie die geringere Calciumausscheidung, sowie die erhdhten PTH-Werte bei
fast jedem dritten Veganer:innen auch als ein moéglicher Hinweis auf eine physiologische

Reaktion auf ein geringes Calciumangebot interpretiert werden [71].
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Calcium ist mengenmaliig der wichtigste Mineralstoff und bildet mit anorganischem Phosphat
in Form von Hydroxylapatit die Hartsubstanz von Knochen und Zahnen [9]. Bei einem Abfall
des Calciumspiegels wird PTH ausgeschuttet, dieses setzt Calcium aus dem Knochen frei und
verstarkt gleichzeitig die Rlckresorption in der Niere [9]. Zudem wandelt es Vitamin D in die
aktive Form um, welche die intestinale Resorption erhéht und synergetisch die Wirkung von
PTH unterstitzt [9]. Es gilt als unbestritten, dass eine adaquate Calciumzufuhr fir eine normale
Knochenentwicklung tber verschiedene Lebensabschnitte wichtig ist [9]. Aber dennoch zeigen
viele Studienergebnisse nicht immer Assoziationen zwischen der Calciumzufuhr Gber die
Nahrung und der Knochengesundheit (Knochendichte und Frakturrisiko). So zeigte die
Querschnittsstudie von Vannucci et al. aus Italien (n=1000) keine Assoziation der
Calciumzufuhr aus der Nahrung und der Knochendichte [117]. Eine Metaanalyse (n=59 RCTSs)
von Tai et al. zeigte ebenso, dass eine Steigerung der Calciumzufuhr Gber die Nahrung nur
einen geringen Einfluss auf die Knochendichte hatte (0.6%-1.8%) [118]. Auch eine
Supplementierung hatte nur einen geringen Einfluss auf die Knochendichte [118]. Eine
Metaanalyse von Bolland et al. berichtete, dass die Calciumzufuhr aus der Nahrung nicht mit
dem Frakturrisiko assoziiert ist [119]. Andere Studienergebnisse lassen vermuten, dass nur
eine niedrige Zufuhr von Calcium mit einem erhdhten Frakturrisiko assoziiert ist [117,120]. Die
D-A-CH Gesellschaften empfehlen eine tagliche Calciumzufuhr fur Erwachsene von 1000
mg/taglich [9]. Vannucci et al. berichtete, dass Personen mit einer niedrigen Calciumzufuhr (<
400 mg/Tag) im Vergleich zu Personen mit héheren Calciumzufuhr (= 400 mg/Tag) ein
signifikant hoheres Risiko fur Frakturen hatten [117]. Appleby et al. zeigte mit den Daten der
EPIC-Oxford Studie (n=34.696), dass vor allem Veganer:innen mit einer Zufuhr von weniger
als 525 mg/Tag ein erhohtes Frakturrisiko hatten [120]. Eine schwedische Studie mit den Daten
einer Mammographie-Kohorte (n=50.22 Frauen), zeigten eine nicht-lineare Assoziation, so
hatten Frauen im ersten Quintil mit einer niedrigen Calciumzufuhr (< 750 mg/Tag) ein erhdhtes
Osteoporose- und Frakturrisiko [121]. Jede weitere Calciumerhdhung (2. bis 5. Quintil) fihrte
hingegen zu keiner Verringerung des Frakturrisikos. Im 5. Quintil mit der hohen Calciumzufuhr

stiegt das Risiko fir Frakturen sogar an [121].

Jod ist vor allem fir den Aufbau von Schilddriisenhormonen unentbehrlich [9,122]. Diese
Hormone spielen bei der Steuerung vieler Stoffwechselprozessen eine wichtige Rolle und sind
unter anderem fir die Knochenbildung, die Entwicklung des Gehirns, sowie den
Energiestoffwechsel notwendig [9,122]. Auch Jod gilt als potenziell kritischer Nahrstoff einer
veganen Erndhrungsweise [8]. Hierbei muss jedoch betont werden, dass eine geringe Zufuhr
von Jod kein spezifisches Problem einer pflanzenbasierten Ernahrung darstellt, sondern auch
die deutsche Durchschnittsbevolkerung betrifft [9]. Jod ist in pflanzlichen und tierischen
Lebensmitteln enthalten, wobei der Jodgehalt in Lebensmitteln variieren kann [9,122]. Der

Jodgehalt in Lebensmitteln wird beispielsweise durch den Jodgehalte im Boden und Wasser,
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sowie Produktionsbedingungen z.B. Jodgehalt im Tierfutter beeinflusst [9,122]. Meeresfisch,
sowie Meeresalgen sind eine gute natirliche Jodquelle, aber auch Milch und Milchprodukte,
Gemise, Pilze und Hulsenfriichte [9,122]. Darlber hinaus wird Jod aber vor allem Uber
jodiertes Speisesalz und damit hergestellte Lebensmittel aufgenommen [9,122]. Bei
Verwendung von Jodsalz in Lebensmitteln sind Fleisch, Wurst und Brot die Hauptquellen fir
Jod [9,122]. Die Daten der DEGS | Studie (Studie zur Gesundheit Erwachsener in Deutschland)
zeigten, dass die geschatzte mediane Jodzufuhr bei Mannern bei 126 ug/Tag und bei Frauen
bei 125 pg/Tag liegen [9,123,124]. Ca. 30 % der Bevdlkerung weisen eine Zufuhr unterhalb der
Empfehlungen (Erwachsene: 200 ug/Tag) auf [9,123,124]. Uber die Ausscheidung von Jod im
Urin wird die Versorgung beurteilt, dabei signalisiert nach WHO-Empfehlungen eine
Ausscheidung von 100-199 ug /I Urin eine adaquate Versorgung [125]. In der RBVD-Studie
zeigte sich eine geringe Jodaufnahme [71], aber auch die Jodausscheidung im Urin lag bei 3/4
der Mischkostler:innen und bei nahezu allen Veganer:innen weit unter dem WHO-Grenzwert
[46,71]. Die Jodausscheidung lag bei 1/3 der Veganer:innen [46,71] sogar unterhalb des WHO-
Grenzwertes flr eine schwere Unterversorgung (<20 pg/l) [125]. Wie die systematische
Ubersichtsarbeit von Bakaloudi et al. berichtete, sind die Ergebnisse der RBVD-Studie
deckungsgleich mit weiteren aktuellen Studien, die ebenso geringere Jodaufnahmen und eine
unzureichende Jodunterversorgung bei Veganer:innen aufzeigen [10]. Besteht Uber einen
langere Zeitraum eine unzureichende Zufuhr, produziert die Schilddriise zu wenig Hormone,
wodurch es zu schwerwiegenden gesundheitlichen Folgen kommen kann [122]. In Folge eines
chronisch alimentdren Jodmangels ist die Blutkonzentration der Schilddrisenhormone
verringert und die Konzentration von TSH erhoéht [9]. In der Literatur wird jedoch beschrieben,
dass sich der TSH-Wert als wenig sensitiver Marker fur die Jodzufuhr aus der Nahrung eignet
[126]. Das ist in Ubereinstimmung mit der RBVD-Studie, auch hier hatten nur vier
Studienteilnehmer:innen bei einer deutlich verminderten Jodausscheidung einen erhdhten
TSH-Wert [46,71]. Dennoch wurde neben Jod, auch TSH in der RRR als ein Biomarker mit
Einfluss auf die Knochengesundheit identifiziert [46]. Tatsachlich zeigte eine danische
Kohortenstudie bei Teilnehmenden ohne bekannte Schilddrisenerkrankung (n=222.138)
einen Zusammenhang zwischen niedrigen TSH-Konzentrationen und einem erhdhten
Frakturrisiko [127]. In &hnlicher Weise zeigte auch Murphy et al. (n=2374 euthyreoten
postmenopausalen Frauen) ein um 35 % reduzierte nicht-vertebrales Frakturrisiko bei hohen
TSH-Werten [128]. Zudem wurde berichtet, dass der Jodstatus bei Frauen mit
postmenopausaler Osteoporose signifikant niedriger war und mit dem T-Score der

Lendenwirbelsaule korreliert [129].

Auch das lebenswichtige Spurenelement Selen [130] gilt als potenziell kritischer Nahrstoff einer
veganen Ernahrung [8]. Selen ist in pflanzlichen und tierischen Lebensmitteln enthalten, wobei

der Selengehalt in pflanzlichen Lebensmitteln vom Selengehalt des Bodens abhangt [9]. In
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Mittel- und Nordeuropa sind die Béden selenarm, daher sind auch die Selengehalte in den
angebauten Nahrungspflanzen gering [9]. Lebensmittel tierischen Ursprunges wie Fleisch und
Eier sowie Fisch stellen in Europa eine konstante Selenquelle dar [9]. Wissenschaftliche
Studien zeigten, dass Veganer:innen eine geringere Selenzufuhr als Mischkoéstler:innen haben
[9,10]. Dies spiegelt sich in den meisten Studien auch im niedrigen Selenstatus wieder [9].
Dabei gilt Selenoprotein P als bester Parameter fiir die Bestimmung fir den Selenstatus [9].
Selenoprotein P ist fur den Selentansport im Blut verantwortlich [9]. Deckungsgleich hatten die
Veganer:innen der RBVD-Studie einen niedrigen Selenstatus (niedrigere Selenoprotein P
Konzentrationen) im Vergleich zur Mischkostgruppe [46]. In Hinblick auf die
Knochengesundheit wurde beobachtet, dass Selen und Selenoprotein P positiv mit der
Knochendichte korreliert waren [131,132]. Dabei kénnte vor allem Selenoprotein P aufgrund
seiner moglichen Funktion als essentieller Selentransporter fur die Knochen eine wichtigere

Rolle spielen [133].

Laut der DGE sind potenzielle kritische Nahrstoffe bei einer veganen Ernahrung auch Proteine
bzw. unentbehrliche Aminosauren [8]. Tatsachlich zeigte sich wissenschaftliche Evidenz flr
eine niedrige Proteinzufuhr von Veganer:innen im Vergleich zur Mischkdstler:innen [9]. Hierbei
betonen Leitzmann und Keller jedoch auch, dass verschiedene Untersuchungen bei
Veganer:innen eine durchschnittliche bedarfsdeckende Proteinzufuhr aufgezeigt haben (D-A-
CH Referenzwert: 0.8 g Protein/kg Korpergewicht/ Tag) [9]. Diese Ergebnisse sind
deckungsgleich mit der RBVD-Studie, auch hier wurde eine geringere, aber bedarfsdeckende
Proteinzufuhr bei Veganeriinnen im Vergleich zur Mischkostgruppe gesehen [134].
Interessanterweise konnte die RBVD-Studie hier auch zeigen, dass Veganer:iinnen im
Vergleich zu Mischkéstleriinnen tatsachlich eine geringere mittlere Aufnahme vieler
unentbehrlicher Aminosauren (Isoleucin, Leucin, Lysin, Methionin, Threonin, Valin und
Histidin) hatten [134]. Die Aufnahme in beiden Gruppen spiegelt jedoch eine durchschnittliche
bedarfsdeckende Zufuhr von verschiedenen Aminosduren wieder [134]. Durch die
homoostatische Regulierung freier Aminosauren im Blut [135,136] spiegeln sich die
beobachteten Unterschiede verschiedener Aminosauren dber die Nahrung kaum in den
Plasmakonzentrationen wieder [134]. Es zeigten sich niedrige Plasmakonzentrationen von
Lysin und mit Tendenz fur Tryptophan bei den Veganeriinnen im Vergleich zur
Mischkostgruppe in der RBVD-Studie [46,134]. Dagegen waren die Plasmakonzentrationen flr
Glutamin und Glycin bei den Veganer:iinnen in der RBVD-Studie héher als in der
Mischkostgruppe [46,134]. Diese Ergebnisse stimmen in weiten Teilen mit den Ergebnissen
der EPIC-Oxford-Studie (n=392 Manner) uberein [137]. In Hinblick auf die Knochengesundheit
identifizierte die RRR die Aminosauren Leucin und Lysin als wichtige Biomarker im
Biomarkermuster [46]. Mechanistische Hinweise deuten darauf hin, dass Leucin und Lysin

(zusatzlich zu Arginin, Alanin, Prolin und Glutamin) die Insulinsekretion In-vitro stimulieren,
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was vermutlich das Wachstum und die Differenzierung von Osteoblasten férdert [138-140].
Darliber hinaus hat sich gezeigt, dass Leucin die wirksamste der verzweigtkettigen
Aminosauren fiir die Stimulierung der Muskelproteinsynthese ist, was flir die Aufrechterhaltung
einer angemessenen Knochenstarke und -dichte entscheidend ist [140,141]. Jennings et al.
zeigte in monozygoten Zwillingspaaren ebenso (n=135), dass die Zufuhr von Lysin, Leucin
(zusatzlich zu Arginin, Alanin, Prolin und Glutaminsaure) mit einer hdheren Knochendichte

assoziiert war [140].

Auch die FGF23-a-Klotho-Achse wurde als Einflussfaktor fir das Biomarkermuster
identifiziert. FGF23 ist ein phosphotropes Hormon, das Uberwiegend im Knochen von
Osteoblasten und Osteozyten produziert wird [142,143]. FGF23 spielt eine Schlusselrolle im
Gleichgewicht der Mineralhomdostase und der Knochenmineralisierung [144]. FGF23 ist ein
wichtiger Regulator des Phosphat- und Vitamin D-Stoffwechsels [142,143,145]. a-Klotho ist ein
Transmembranprotein, welches v. a. in der Niere, der Nebenschilddrise und im Plexus
chorioideus der Hirnventrikel exprimiert wird [143]. Zusammen mit dem FGF-Rezeptor 1
fungiert es als Rezeptorkomplex flir FGF23 [142,143]. In der Niere hemmt der FGF-Rezeptor-
1/a-Klotho-Rezeptor-Komplex im proximalen Tubulus die Phosphatriickresorption, was eine
vermehrte Phosphatausscheidung zur Folge hat, wahrend im distalen Tubulus die Calcium-
und Natriumrickresorption stimuliert wird [142,143,145]. Zudem wird durch Hemmung der 1-
alpha-Hydroxylase die Calcitriolsynthese (1,25-Dihydroxyvitamin D3) herabgesetzt, das fuhrt
u.a. zu einer reduzierten Phosphatresorption im Darm [142,143,145]. Die entscheidende Rolle
von FGF23 in der Mineralhomoostase wurde erstmals bei genetisch bedingten und
erworbenen rachitischen Erkrankungen des Menschen festgestellt [144]. Hier konnte gezeigt
werden, dass ein Uberschuss an FGF23 verschiedene Arten von hypophosphatamischen
Rachitis/Osteomalazie verursacht, die durch eine gestérte Mineralisierung der Knochenmatrix
gekennzeichnet sind [142,144]. Grundlegend stimmt das auch mit dem Ergebnis der RBVD-
Studie Uberein, denn FGF23 hatte die starkste negative Faktorladung in der explorativen RRR
in Hinblick auf die Knochengesundheit [46]. Dennoch sind weitere wissenschaftliche Studien
erforderlich, da bisher nur wenige Studien den Zusammenhang zwischen FGF23/ a-Klotho

und der Knochengesundheit in gesunden Studienpopulationen untersucht haben [146-151].

Das Ergebnis der explorativen RRR verstarkt die Annahme, dass verschiedene
knochenrelevante und erndhrungsbedingte Biomarker eher in einem komplexen
synergetischen Zusammenspiel die Knochengesundheit beeinflussen, als ein einzelner
Biomarker allein. Eine Varianzanalyse uber Tertile des Biomarkermuster-Scores zeigte, dass
die Teilnehmer:innen in der dritten Tertile (T3) im Mittel 11% héhere BUA-Werte hatten, im
Vergleich zur ersten Tertile (T1) (p flr Trend<0.0001), wahrend der prozentuale Anteil der
Veganer:innen mit steigender Tertile niedriger wurde (T1: 70%, T2: 61%, T3: 26%) [46]. So

finden sich auch wenige Veganer:innen im T3 des Biomarkermuster-Scores (mit hohen QUS-
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Werte) und auch wenige Mischkostler:innen im T1 des Biomarkermuster-Scores (mit niedrigen
QUS-Werte) [46]. Das Ergebnis macht deutlich, dass eine vegane Ernahrungsform nicht per
se mit einer niedrigen Knochengesundheit assoziiert sein muss. Vielmehr wird die Bedeutung
einer abwechslungsreichen und ausgewogenen Ernahrung deutlich, ggf. auch mit Erganzung

durch Nahrungserganzungsmittel oder angereichten Lebensmitteln.

Dennoch muss auch betont werden, dass es sich hierbei um ein exploratives Biomarkermuster
handelt [46]. Die Originalpublikation 4 hat erstmals eine RRR angewandt, um ein exploratives
Biomarkermuster zu erkennen, dass moglicherweise eine Kombination von Biomarkern
aufdeckt, die fur die Knochengesundheit relevant sind [46]. Normalerweise wird die Methode
der RRR in der Ernahrungsepidemiologie zur ldentifizierung von Ernadhrungsmustern
eingesetzt [152]. Da es sich bei der RBVD-Studie jedoch um eine kleine Studie handelte, ist
eine Wiederholung und Validierung des abgeleiteten Musters in einer unabhdngigen

Studienpopulation dringend empfohlen [152].

3.2.2. Einfluss der Saurelast auf den Knochen

Die Saurelast kann durch verschiedene Ansatze bestimmt werden, auf Basis der
Nahrungsaufnahme oder Urinausscheidung [74]. Ein wesentlicher Vorteil der uPRAL
gegenlber erndhrungsbasierten Ansatzen ist dabei die Fahigkeit die tatsdchliche Aufnahme
und die individuelle Bioverfiigbarkeit von sdure- und basischrelevanten Anionen und Kationen
widerzuspiegeln [153]. Daher kann uPRAL als ein direkter Biomarker fur die
ernahrungsabhangige Saurelast gesehen werden [153]. Bisher wurde uPRAL nicht verwendet,
um den vermuteten Unterschied in der erndhrungsabhangigen Saurelast zwischen
Veganer:innen und Mischkdstler:iinnen zu untersuchen. In der RBVD-Studie zeigte sich ein
deutlicher Unterschied in der uPRAL bei Veganer:iinnen und Mischkostler:innen auf der
Grundlage von Urinausscheidungsdaten [74]. Dieses Ergebnis bestatigt andere
wissenschaftliche Publikationen, dass die vegane Ernahrungsform mit einer niedrigen
Saurelast der Nahrung assoziiert ist [49,57-60]. Es gilt als bekannt, dass ein typisches
Anzeichen einer latenten Azidose eine Abnahme des Harn-pH-Wertes darstellt [50]. Die
RBVD-Studie zeigte in Ubereinstimmung mit friheren wissenschaftlichen Studien, dass
Veganer:innen einen hoheren durchschnittlichen Urin-pH-Wert haben, im Vergleich zu
Mischkdstler:innen, was auf die geringere Saurebelastung ihrer Erndhrung zurlckzufihren
sein koénnte [38,59,154].

In Hinblick auf die Knochengesundheit wird berichtet, dass eine ernahrungsbedingte latente
Azidose physikalisch zu einer Ablésung von Mineralstoffen von der Knochenmatrix fuhren
kann, zudem kann die Aktivitat der Osteoklasten erhoht und die Aktivitat der Osteoblasten

gehemmt werden [155]. Somit wird vermutet, dass die geringere Saurelast der vegetarischen
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und veganen Erndhrungsweise ihrer potentiellen knochenschadigenden Wirkung
entgegenwirkt [61]. Trotz der biologischen Plausibilitdt der mdglichen knochenschadigenden
Wirkung der Saurelast durch die Nahrung, sind die Ergebnisse wissenschaftlicher Studien
nicht eindeutig und somit scheint der Einfluss der Saurelast auf den Knochen komplexer [74].
Auch in der RBVD-Studie wurde kein Einfluss der uPRAL auf die Parameter der QUS
festgestellt [74]. Nahere Betrachtung unserer Ergebnisse sind dabei von grof3er Bedeutung
[74]. Die Studienpopulation der RBVD-Studie war gesund, zudem hatten die Teilnehmenden
ein eher geringes Spektrum, das von stark negativen (d. h. basischen) bis zu nur mafig
positiven (d. h. sauren) uPRAL-Werten reichte [74]. Die Nullbefunde in diesem kleinen
Spektrum von uPRAL koénnten als indirekte Unterstlitzung fir die Ergebnisse interpretiert
werden, die darauf hindeuten, dass die Vorteile einer Alkalisierung der Erndhrung fir die
Knochengesundheit nur auf bestimmte Menschen beschrankt sein kénnte [62,63,74], wie z.B.
Menschen die gewdhnlich eine Erndhrung mit hohem PRAL Gehalt zu sich nehmen, mit
verminderter  Sdureausscheidungsfahigkeit der Nieren und/oder Menschen mit
Pradispositionen z.B. (altersbedingte) eigeschrankte Nierenfunktion, metabolisches Syndrom
[62,63].

3.3. PFAS in der veganen Erndhrung

Die RBVD-Studie ist die erste Studie, die Unterschiede in PFAS-Konzentrationen zwischen
Veganer:iinnen im Vergleich zu Mischkostler:iinnen untersucht hat [75]. Dabei wurden
signifikant niedrigere Konzentrationen von PFOS und PFNA bei Veganer:innen im Vergleich

zur Mischkostgruppe gesehen [75].

Aus den letzten Jahren sind nur sehr wenige Daten zur internen Exposition gegentber PFAS
fur die deutsche Bevdlkerung verfigbar. Die besten Vergleiche innerhalb Deutschlands sind
mit Daten von Blutspendern aus Minchen (n=158) [156] oder Daten aus der Deutschen
Umweltprobenbank aus Munster moglich [157]. Die Daten zeigen ahnliche interne
Expositionen gegenuber PFAS. Der Hauptunterschied zwischen diesen Untersuchungen und
der RBVD-Studie sind die Uberraschend hohen Werte von PFHxS mit einem 3.7-fach hdheren
Median in Berlin [75]. Mogliche Ursachen konnen regionale unterschiedliche
Ernahrungsgewohnheiten, hohere Konzentrationen im Trinkwasser oder Unterschiede im
soziodkonomischen Status sein [75]. Auch ein Zufallsbefund kann nicht ausgeschlossen

werden kann, da Studienpopulationen aller Studien eher klein waren [75].

In der RBVD-Studie wurden keine Unterschiede fir PFOA und PFHxS zwischen
Veganer:iinnen und Mischkdstleriinnen festgestellt [75]. Im Falle von PFOA ist dies
Uberraschend [75], da die EFSA in ihrer Bewertung zeigte, dass die Lebensmittelhauptgruppen

"Fisch und andere Meeresfriichte", "Eier und Eiprodukte", "Fleisch und Fleischerzeugnisse",

91



Diskussion

und "Obst und Fruchterzeugnisse" mal3geblich zur Exposition gegeniiber PFAS (insbesondere
fur PFOS und PFOA) beitragen [67]. Interessanterweise wurden neben den oben genannten
Lebensmittelkategorien auch "Gemise und Gemiuseerzeugnisse" und "Trinkwasser" als
weitere wichtige Faktoren fiir die Exposition gegeniiber PFOA aufgeflihrt [67]. In der Tat zeigte
die RBVD-Studie starke Korrelationen zwischen den PFOA-Konzentrationen und dem

Wasserkonsum (gesamte Studienpopulation, n=72) [75].

Die RBVD-Studie zeigte aullerdem 54% bzw. 240% hohere mediane Konzentrationen in
PFOS- und PFNA-Konzentrationen bei Mischkostler:innen im Vergleich zu Veganer:innen [75].
Daher kann vermutet werden, dass die interne Exposition dieser PFAS mdglicherweise durch
eine vegane Ernahrungsweise durch den Verzicht tierischer Lebensmittel beeinflusst werden
kénnte [75]. Denn wie die Bewertung der EFSA zeigte, enthalten vor allem tierische
Lebensmittel relativ hohe PFAS-Konzentrationen [64,67]. Auch die RBVD-Studie zeigte bei den
Mischkostler:innen (n=36) die starksten Korrelationen von PFOS und PFNA fur "Fleisch und
Fleischprodukte" und "Fisch und andere Meeresfriichte" [75]. Unsere Ergebnisse stimmen mit
den Studienergebnissen von Lin et al. aus dem Jahr 2020 (n=941 Erwachsenen mit
Pradiabetes) Uberein [158]. Diese Studie zeigte ebenfalls, dass Teilnehmer:innen mit hohem
Konsum von Fleisch, gebratenem Fisch und anderen Fischen/Schalentieren (aber nicht
Omega-3-reichen Fischen) hdhere Plasmakonzentrationen von PFOS, PFHxS und PFNA
hatten [158]. Bei der Interpretation sollte jedoch bertcksichtigt werden, dass es sich in der
RBVD-Studie um eine kleine Stichprobe handelt [75]. Solche Zusammenhange sollten in
gréReren Studien umfassender untersucht werden [75]. Andere Expositionswege neben der
Ernahrung, wie die Exposition Uber Hausstaub, das Einatmen von Innenraumluft und die

dermale Absorption wurden nicht bertcksichtigt [159,160].

Die EFSA sieht als einen mdglichen Gesundheitseffekt der PFAS die Uberzeugendsten
Evidenz, einen Anstieg des Gesamt- und LDL-Cholesterins [67]. Auch ein aktuelles
systematisches Review zeigte, dass PFAS Exposition mit héheren Konzentrationen von
Gesamt- und LDL-Cholesterins assoziiert waren [69]. Die RBVD-Studie konnte neben den
Unterschieden in PFOS und PFNA beider Erndhrungsgruppen auch zeigen, dass
Veganer:innen niedrigere Konzentrationen von Gesamt- und LDL-Cholesterin im Vergleich zu
Mischkdstler:innen hatten [75]. Dennoch konnten bei der derzeitigen internen PFAS-Belastung
in der RBVD-Studie keine relevanten Zusammenhange zwischen PFAS und Blutfetten
aufzeigt werden [75]. Die niedrigeren Werte von LDL-Cholesterin und Gesamtcholesterin bei
Veganer:innen, bei gleichzeitig niedrigeren PFOS- und PFNA-Werten, wirft die Frage nach
Confounding durch die Erndhrung bei dieser Fragestellung in epidemiologischen Studien auf
[75]. Nur wenige epidemiologische Studien nutzten bisher Erndhrungsvariablen als mogliche

Confounder dieser Fragestellung, z.B. Aufnahme von gesattigten oder tierischen Fetten
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[161,162], Lebensmittelgruppen wie Fleisch- oder Fischkonsum [158,163,164]. Dieser Aspekt

sollte in zukunftiger Forschung weiterflihrend berticksichtigt werden [75].

In der RBVD-Studie fanden verschiedene Instrumente der Erndhrungserhebung Anwendung.
Aufgrund der langen HWZ von PFAS wurden fir die Originalpublikation 5 die Daten des
eingesetzten FFQ genutzt, um die vergangene langfristige Ernahrung abbilden zu kdnnen [75].
Dabei erfasste EPIC-FFQ die Zeitspanne des vergangenes Jahres [165]. Jedoch wurden fir
pflanzenbasierte Erndhrungsformen Grenzen fir den vorliegenden FFQ gesehen, da er nicht
die gesamte Vielfalt einer veganen Ernadhrung abdeckt [75]. Einige Lebensmittelgruppen
werden nicht oder nicht vollstdndig erfasst, z.B. vegane Alternativprodukte, sodass die
Erndhrung von Veganeriinnen und auch anderen pflanzenbasierten Erndhrungsformen

unterschatzt werden kénnten [75].

3.4. Limitationen

Alle Publikationen mit Ausnahme von Originalpublikation 2 basieren auf der RBVD-Studie. Es
handelt sich hierbei um eine Querschnittsstudie mit insgesamt 72 Teilnehmer:innen mit einer
lokalen Datenerhebung im Raum Berlin [46,71,72,74,105,134]. Als Limitation wird das
Querschnittsdesign gesehen, welches keine kausalen Schllisse zulasst [46,72,105,134].
Zudem umfasst die Studie mit vergleichsweise kleiner Stichprobe Manner und Frauen
mittleren Alters aus einem kleinen lokalen Gebiet (Berlin, Deutschland) [46,72,105,134]. Daher
sind die Ergebnisse mdglicherweise nicht auf andere Bevolkerungsgruppen ubertragbar
[46,72,74,105,134]. Dennoch liefert die RBVD-Studie umfassende, qualitativ hochwertige Daten
aufgrund standardisierter Datenerhebung [46]. Dabei erfolgte die Datenerhebung nicht nur
mittels computergestitzter Fragebdgen flir verschiedene Lebensstilfaktoren, sondern es
wurden auch Klinische Parameter wie anthropometrische Malle, Blutdruck oder
Knochengesundheit erhoben. Zudem wurden mannigfaltige Bioproben gesammelt und

verschiedene Instrumente der Ernahrungserhebung angewandt.

Als Limitation kann ferner auch gesehen werden, dass die Teilnehmenden vor allem Uber
Aushange rekrutiert wurden, ein besonderes Gesundheitsbewusstsein als Motivation fur die
Studienteilnahme kann dabei nicht ausgeschlossen werden [71]. Allerdings kann aufgrund der
gleichen Rekrutierungsstrategie fur Veganeriinnen und Mischkdstler:innen ein &hnliches
Gesundheitsbewusstsein angenommen werden [71]. Es wurden zudem keine relevanten

Unterschiede in den Lebensstilcharakteristika beider Gruppen festgestellt [71].
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3.5. Public Health Relevanz

Pflanzenbasierte Ernahrungsformen wie Vegetarismus und Veganismus erleben wachsendes
Interesse in der Bevolkerung [2]. Zudem wird berichtet, dass auch Mischkdstler:iinnen in
Deutschland ganz bewusst den Konsum von Fleisch- und Fischkonsum einschranken [3]. In
Hinblick auf langfristige Gesundheitseffekte konnten vegane oder vegetarische
Ernahrungsformen eine hohe Public Health Relevanz haben. Bisher ist die wissenschaftliche
Studienlage zum Gesundheitsstatus oder langfristige = Gesundheitseffekte einer
pflanzenbasierten Kostform eingeschrankt [166]. Aber dennoch wird vermutet, dass vegane
und/oder vegetarische Ernahrungsformen das Risiko flr verschiedene Erkrankungen [12], wie
T2D [13], Herz-Kreislauferkrankungen [14] und flr einige Krebserkrankungen [15] senken
konnen. Neben den vermuteten Vorteilen fir die individuelle Gesundheit, konnte die
Umstellung auf eine pflanzliche Erndhrung auch die Gesundheitssysteme entlasten [167]. So
wird geschatzt, dass auf den ubermaBigen Verzehr von rotem und verarbeitetem Fleisch ca.
244 Millionen Todesfalle weltweit und etwa 240 Millionen Euro an Gesundheitskosten im Jahr
2020 zurtckzuflhren sind [167].

Umfassender betrachtet ist bekannt, dass die Erzeugung von Lebensmitteln negative
Umweltauswirkungen haben, z.B. durch den Verbrauch von Energie und Ressourcen,
Zerstoérung von Boden und Biotop durch Schadstoffemission etc. [168]. Die Folgen dieser
Eingriffe in die Umwelt sind vielfaltig, wie z.B. Reduktion der Artenvielfalt, Beeintrachtigung der
humanen Gesundheit und globaler Klimawandel [168]. Die WHO sieht den Klimawandel als
die groRte Gesundheitsbedrohung fiir die Menschheit, denn durch den Klimawandel erhéhen
sich klimabedingte Gesundheitsrisiken [169]. Dabei tragt die Produktion von tierischen
Lebensmitteln dberdurchschnittlich zur Umweltschadigung bei, besondere zur Klimaerhitzung
durch die erheblichen Mengen an klimaschadlichen Treibhausgasen [168]. Tatsachlich wird
beschrieben, dass die Treibhausgasemission bei veganer Kostform um ca. 50% und bei einer
ovo-lakto-vegetarischen Ernahrungsform um ca. 35% niedriger ist, als bei einer Mischkost,
zusatzlich zum geringeren Verbrauch naturlicher Ressourcen [170]. Leitzmann und Keller
fassen zusammen, dass sich durch Verringerung oder Verzicht von tierischen Lebensmitteln
zugunsten von pflanzlichen Lebensmitteln die negativen Umweltwirkungen des globalen

Ernahrungssystems am effektivsten reduzieren lassen [168].
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Diskussion

3.6. Ausblick

Die in Deutschland durchgefihrten Studien mit erwachsenen Veganer:iinnen und
Vegetarier:innen stammen Uberwiegend aus den 1980er und 1990er Jahren [171,172] und
reprasentieren durch die Vielfalt an veganen und vegetarischen Alternativprodukten keine
pflanzenbasierte Ernadhrung aus heutiger Sicht. Zum jetzigen Zeitpunkt gibt es zum
Ernahrungsstatus bei Erwachsenen mit pflanzenbasierten Erndhrungsformen derzeit in
Deutschland lediglich zwei Querschnittsstudien. Zum einen die o.g. RBVD-Studie (n=36
Veganer:innen und n=36 Mischkdstler:innen) [71] und die NuEva Studie (Nutritional Evaluation
Studie: n=58 Veganer:iinnen, n=65 Vegetarieriinnen, n=70 Flexitarier:iinnen, n=65
Mischkoéstler:innen) [102]. Diese beiden Studien im Querschnittsdesign lassen jedoch keine
Ruckschlisse auf langfristige Gesundheitseffekte pflanzenbasierter Erndhrungsformen zu.
Auch international gibt es bislang nur wenige Studien (zum Teil mit kleinen
Studienpopulationen) zu pflanzenbasierten Erndhrungsweisen, insbesondere zu veganen
Ernahrungsformen [43,173-177]. Weitere Studien, insbesondere prospektive Studien sind
daher notwendig, um bestehende Datenliicken zu schlieRen und auch evidenzbasierte

Ernahrungsempfehlungen zu pflanzenbasierten Erndhrungsformen zu erméglichen.

Ein geplantes Projekt ist hierbei die COhort on PLANT-based diets (COPLANT)-Studie [178].
Die COPLANT-Studie (Studienstart: 2023) ist die bisher gréte geplante Kohortenstudie zu
pflanzenbasierten Ernahrungsformen (n=1500 Veganer:innen, n=1500 Vegetarier:innen,
n=1500 Flexitarier:innen, n=1500 Mischkéstler:iinnen) im deutschsprachigen Raum [178].
Dabei sollen ca. 6.000 Frauen und Manner im Alter von 18-69 Jahren in sieben Studienzentren
in Deutschland und einem weiteren Studienzentrum in Wien umfassend untersucht werden
[178]. Eine Nachbeobachtung der Studienteilnehmenden von mindestens 20 Jahren ist geplant
[178]. Im Rahmen der COPLANT-Studie soll eine detaillierte Erndhrungserhebung erfolgen,
sowie die Erhebung einer Vielzahl von anderen relevanten Daten, wie z.B.
Kdérperzusammensetzung, korperlicher Aktivitdt und andere Lebensstilfaktoren etc. [178].
Aullerdem ist es geplant, Bioproben (Blut, Urin, Stuhl) fur verschiedene Biomarkeranalysen
zu sammeln [178]. Die Studie plant die Vor- und Nachteile von pflanzenbasierten
Ernahrungsformen fir die Gesundheit zu untersuchen [178]. Zudem werden aber auch soziale,
okologische und 6konomische Auswirkungen dieser Ernahrungsweisen untersucht und im
Rahmen einer Nachhaltigkeitsanalyse gemeinsam mit den Erkenntnissen zu den
Gesundheitseffekten betrachtet [178].
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Zusammenfassung

4. Zusammenfassung

Pflanzenbasierte Erndhrungsformen, insbesondere vegane Erndhrungsweisen werden in
Deutschland immer beliebter, aber vegane Kostformen sind in wissenschaftlichen Studien

bisher wenig umfangreich untersucht.

Daher wurde die RBVD-Studie mit umfangreicher Datenerhebung durchgefiihrt, die den
aktuellen Versorgungsstatus von Veganer:innen im Vergleich zu Mischkostler:innen in der
deutschen Bevolkerung darstellt und auch andere gesundheitsrelevante Fragestellung

untersucht.

Es wird ein vorteilhaftes inflammatorisches Biomarkerprofil von vegan lebenden Menschen
vermutet, welches als intermediarer Risikofaktor einen Einfluss auf das bekanntermaflen
verringerte Erkrankungsrisiko von T2D, Herz-Kreislauferkrankungen oder fur bestimmte
Krebserkrankungen haben konnte. Auf Basis der RBVD-Studie wurde im Rahmen der
vorliegenden Arbeit aufgezeigt, dass Veganeriinnen sich hinsichtlich inflammatorischer
Biomarker nicht von Mischkéstleriinnen unterscheiden. In der Betrachtung gepoolter
Ergebnisse durch eine Metaanalyse zeigte sich jedoch, dass eine vegane Erndhrungsweise

mit niedrigeren CRP-Werten im Vergleich zu Mischkoéstler:innen assoziiert waren.

Zudem gilt als bekannt, dass die Knochengesundheit im Rahmen einer veganen
Ernahrungsweise negativ beeinflusst wird. Das zeigten auch die Daten der RBVD-Studie.
Uberdies konnte erstmals ein exploratives Biomarkermuster aus knochenrelevanten und
ernahrungsbedingten Biomarkern abgeleitet werden, welches einen Erklarungsansatz bietet,
warum Veganer:innen im Vergleich zu Mischkdstler:innen eine niedrige Knochengesundheit
haben koénnten. In der RBVD-Studie zeigte sich ein deutlicher Unterschied in der uPRAL
zwischen Veganer:innen und der Mischkostgruppe, uPRAL hatte aber keinen Einfluss auf die
Knochengesundheit in der RBVD-Studie.

Auch hinsichtlich toxikologischer Fragestellungen sind Veganer:iinnen eine interessante
Bevolkerungsgruppe. Durch den vollstandigen Verzicht tierischer Produkte, kann vermutet
werden, dass Veganer:iinnen niedrigere PFAS-Konzentrationen im Blut im Vergleich zu
Mischkdstler:innen haben kdnnten. Tatsachlich zeigte die RBVD-Studie, dass Veganer:innen
im Vergleich zur Mischkostgruppe niedrigere Plasmakonzentrationen fur PFOS und fir PFNA
hatten. Keine signifikanten Unterschiede wurden fur PFOA und PFHxS festgestellt. Zudem
bestatigte sich niedrige Konzentrationen von Gesamtcholesterin und LDL-Cholesterin bei
Veganer:innen im Vergleich zu Mischkostler:innen. Jedoch konnten keine Zusammenhange

zwischen den untersuchten PFAS und diesen Unterschieden festgestellt werden.
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