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Topics for discussion

ü Bioavailability defined 

ü Established knowledge about choline

ü How gastrointestinal bacteria limit choline bioavailability
ÁThe role of trimethylamine and trimethylamine N-oxide (TMAO)

ü Methods and limitations to measure choline bioavailability
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What is choline bioavailability?
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Term Definition

Abundance The amount of choline (ion or salt; total or rumen-protected) in 

the diet

Digestibility The amount of choline that escapes rumen fermentation and 

released from encapsulation by the digestive process

Absorbability 

(metabolizable)

The amount of choline, which was released from encapsulation 

at the small intestine, that is actually absorbed into the cow

Bioavailability The amount of choline, which was absorbed, that was actually 

utilized by the cow for a biological function; influenced by 

intrinsic and extrinsic factors

Adapted from Godber, 1990



Choline bioavailability is noté
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ü the amount of choline that escapes ruminal fermentation

ü the amount of choline not measured in faeces

ü the amount of choline measured at the small intestine

ü the amount of choline not used for biological functions



The metabolic core 
of how choline 
functions in the cow
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Key choline metabolites:

Betaine

Phosphatidylcholine

Lysophosphatidylcholine

Sphingomyelin

Phosphocholine

Glycerophosphocholine

Acetylcholine

McFadden et al., 2020



Choline and choline metabolite concentrations of 
common feed ingredients

de Veth et al., 2016; mg/100 g of feed
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Ruminal (in vitro) choline disappearance (%)

Sharma and Erdman, 1989
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An increase in post-
ruminal choline increases 
milk choline yield

Sharma and Erdman, 1988

A

B

8



If choline from RPC is bioavailable, what milk or 
plasma metabolites are responsive?
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Study Stage of lactation Treatment Sample type Choline Betaine Phosphocholine DMG PC LPC SM Total 

Deuchler et al., 1998 Early lactation Abomasal CC Milk ++

Engel et al., 2006 Lactating Fed RPC Milk/Plasma NC/NC

Elek et al., 2008 Early lactation Fed RPC Milk ++

de Veth et al., 2016 Late lactation Abomasal CC Plasma ++ ++ ++ NC NC NC NC

de Veth et al., 2016 Late lactation Fed RPC Plasma + ++ NC NC NC NC NC

Zenobi et al., 2018 Dry Fed RPC Plasma NC NC - ++ ++ ++ ++

Myers et al., 2019 Dry Fed RPC Isolated VLDL/LDL ++

Potts et al., 2019 Late lactation Fed RPC Milk/Plasma NC/NC NC/NC NC/NC NC/NC NC/NC +/NC NC/NC

Late lactation Abomasl CC Milk/Plasma ++/++ ++/++ ++/NC NC/NC NC/NC NC/NC NC/NC

Mid lactation Fed RPC Milk/Plasma NC/- NC/NC

Transition Fed RPC Milk NC - or + NC NC NC NC

Myers et al., 2019 Late lactation Abomasal CC Plasma ++ ++ ++ ++ NC NC NC NC

Piantoni et al., 2021 Late lactation Fed RPC Milk NC ++ NC

France et al., unpublished Early lactation RPC bolus Milk/Plasma ++/++ ++/++ ++/++ NC/- NC/ND NC/NC NC/NC

France et al., unpublished Late lactation RPC bolus Milk/Plasma NC/++ ++/NC ND/NC NC/NC ND/- +/NC NC/NC

NC = no change; ND = not detected 



How gastrointestinal bacteria limit choline 
bioavailability: The role of trimethylamine N-oxide
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The role of gut bacteria and TMAO

Myers and McFadden, 2020; Fennema et al., 2016
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Ruminal and post-ruminal choline degradation 
increases trimethylamine (TMA)/TMAO

Hayward and Stadtman, 1959; Neill et al., 1978; Sharma and Erdman, 1988; Myers et al., 2019

Reaction controlled by TMA Lyase

A

Ruminal choline degradation

Trimethylamine

Choline

0

10

20

30

40

PA PA+C

C
h

o
li
n

e
, 

n
m

o
l/
m

L

*      
P-value 

<0.0001

0

5

10

15

20

25

30

35

PA PA+C

T
M

A
O

, 
n

m
o

l/
m

L P-value

<0.05 *      

B C

-choline +choline -choline +choline

Post-ruminal choline degradation;

Plasma choline and TMAO increase in parallel
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Plasma Plasma



Feeding phosphatidylcholine 
(i.e., lecithin) increases plasma 
[TMAO] in lactating cows

Wang et al., 2021
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Obligatory role of gut flora in generation of TMAO

Wang et al., 2011

A B
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Diet and microbiome influences TMAO response

Wu et al., 2019; humans

A B C
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The TMAO response varies by individual

Miller et al., 2014

A B

16



Bacterial composition and host genotype modulates hepatic FMO3 
activity, serum TMAO, and likely choline bioavailability

Romano et al., 2015; mice
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Intravenous TMAO infusion increases urinary and 
milk TMAO in early lactation Holstein cows

Replicated 4 Ĭ4 Latin square; 8 cows; continuous i.v. infusion
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Myers et al., 2021

A B C



Methods and limitations to measure 
choline bioavailability
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Area-under-the curve technique/temporal response
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ü Evaluates temporal changes in plasma and milk choline and 
choline metabolites in response to increasing doses of RPC in 
the cow

ü TMAO response can be observed

ü Supraphysiological bolus dose; does not mimic feeding behavior

ü Accounts for handling and allows for mastication by the cow

ü Qualitative; not quantitative 

ü Biological outcomes may be hard to detect

ü Good approach for product comparison 



A rumen-protected choline 
bolus increases plasma 
choline and betaine in a dose-
dependent manner

Unpublished
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A rumen-protected choline bolus increases milk 
choline yield in early lactation cows

Unpublished
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If choline from RPC is bioavailable, what milk or 
plasma metabolites are responsive?
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Study Stage of lactation Treatment Sample type Choline Betaine Phosphocholine DMG PC LPC SM Total 

Deuchler et al., 1998 Early lactation Abomasal CC Milk ++

Engel et al., 2006 Lactating Fed RPC Milk/Plasma NC/NC

Elek et al., 2008 Early lactation Fed RPC Milk ++

de Veth et al., 2016 Late lactation Abomasal CC Plasma ++ ++ ++ NC NC NC NC

de Veth et al., 2016 Late lactation Fed RPC Plasma + ++ NC NC NC NC NC

Zenobi et al., 2018 Dry Fed RPC Plasma NC NC - ++ ++ ++ ++

Myers et al., 2019 Dry Fed RPC Isolated VLDL/LDL ++

Potts et al., 2019 Late lactation Fed RPC Milk/Plasma NC/NC NC/NC NC/NC NC/NC NC/NC +/NC NC/NC

Late lactation Abomasl CC Milk/Plasma ++/++ ++/++ ++/NC NC/NC NC/NC NC/NC NC/NC

Mid lactation Fed RPC Milk/Plasma NC/- NC/NC

Transition Fed RPC Milk NC - or + NC NC NC NC

Myers et al., 2019 Late lactation Abomasal CC Plasma ++ ++ ++ ++ NC NC NC NC

Piantoni et al., 2021 Late lactation Fed RPC Milk NC ++ NC

France et al., unpublished Early lactation RPC bolus Milk/Plasma ++/++ ++/++ ++/++ NC/- NC/ND NC/NC NC/NC

France et al., unpublished Late lactation RPC bolus Milk/Plasma NC/++ ++/NC ND/NC NC/NC ND/- +/NC NC/NC

NC = no change; ND = not detected 



RPC dose and type influences plasma [TMAO]

Unpublished
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RPC dose and type influences milk [TMAO]

Unpublished; variable choline chloride content
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TMAO-response varies to choline challenge in cows

Unpublished; lowest and highest quartiles (n = 3/quartile)
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de Veth et al., 2016

Evaluation of net portal flux: abomasal infusion of 
choline chloride vs dietary RPC topdress
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Limitations:

ü Requires intensive approach

ü Does not account for intestinal use

ü Does not account for intestinal 

conversion of choline to TMA

ü Influenced by stage of lactation 

and feed intake (rate of passage)

ü Rate of flow can vary



Calsamiglia and Stern, 1995; Ross et al., 2010

Three-step in vitro procedure or Ross method 
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ü In situ or in vitro rumen incubation time is fixed

ü Particle size can be difficult to control

ü Digestive [enzyme] are unknown or based on sheep studies

ü Use of bags prolongs lag phase of digestion 

ü Demonstrated loss of highly soluble components of feeds

ü Does not account for ruminal or post-ruminal conversion of choline to 

TMA; could be highly influenced by host microbiome

Á Inadequate replicates

ü Does not account for effect of product handling or mastication by cow

ü Does not measure bioavailability of choline or choline metabolites



Rumen bypass followed by duodenal insertion 
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ü In situ rumen incubation time is fixed

ü Particle size can be difficult to control

ü Use of bags prolongs lag phase of digestion 

ü Demonstrated loss of highly soluble components of feeds

ü Does not account for ruminal or post-ruminal conversion of choline to 

TMA; could be highly influenced by host microbiome

Á Inadequate replicates

ü Does not account for effect of product handling or mastication by cow

ü Does not measure bioavailability of choline or choline metabolites

ü Intestinal insertion likely does not align with pancreatic secretions

ü Falsely assumes that choline release in large intestine is bioavailable



Other
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ü RPC feeding trials

ü Plasma free amino acid dose-response technique

ü Use of stable-labeled choline



Arshad et al., 2020

Greater milk yield 
means greater 
choline 
bioavailability

A B

C D
�³�«�W�K�H��observed increased in DMI of 
0.5 kg/d would likely support at least 

1.1 kg of ECM, or 50% of the 
observed response with supplemental 

choline ion in the present �V�W�X�G�\���´
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