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Introduction 
 

The Greenland shark is an oceanic enigma. The creature holds the recognition as 
being the longest-living vertebrate in the world. They sexually mature after 100 years and 
survive for over four centuries. The shark also contains some of the highest biological 
observed tissue concentrations of a metabolite called trimethylamine N-oxide (TMAO). 
Although poisonous when consumed fresh, Greenland shark is compressed and dried to 
lower the TMAO content and produce a fermented and odorous food called hákarl. These 
ancient ‘shark bites’ are unique but it is the TMAO that has garnered the recent attention 
of the scientific community. This is because TMAO has been labeled “The New Red-Meat 
Risk” for heart disease (Abbasi, 2019). Indeed, numerous studies have been published 
linking higher circulating TMAO concentrations with cardiovascular disease but also non-
alcoholic fatty liver disease (NAFLD) in humans (Li et al., 2017b, Roncal et al., 2019, Tan 
et al., 2019); however, the science is contentious and subject to major criticism. Research 
has centered on the ability of dietary L-carnitine, choline, or betaine found in red meat, 
dairy products, chicken, eggs, and fish to be broken down to trimethylamine (TMA) in the 
gut, which is absorbed and converted to TMAO in liver by the enzyme flavin-containing 
monooxygenase-3 (FMO3). For the dairy industry, the story of TMAO has several 
implications. First, increases in endogenous TMAO may indirectly reflect the 
gastrointestinal degradation and limited bioavailability of choline, betaine, or L-carnitine, 
which are often fed as rumen-protected supplements to dairy cattle. Second, TMAO may 
elicit direct effects on bovine metabolism and thus influence milk production or health of 
the animal. Third, milk and dairy products are a potential source of TMAO and TMAO-
precursors such as choline, and thus represent a potential concern for consumers 
questioning their own dairy intake. This review breaks down the current understanding of 
TMAO in humans and dairy cows. The associative and causative role of TMAO within the 
development of human disease is considered with an emphasis on potential mode of 
action. Studies focused on the relationship between dairy consumption and TMAO are 
considered with the realization that a single dietary component alone, like dairy, is not 
enough to influence disease progression. 
 

Trimethylamine N-Oxide Metabolism and the Gut Microbiome 
 

Dietary choline (free or lecithin-derived), betaine, and L-carnitine are converted to 
TMA within the small intestine by choline TMA lyase, betaine reductase, and carnitine 
oxidoreductase, respectively (Figure 1). Other TMA precursors include γ-butyrobetaine 
(from betaine degradation) and ergothioneine. Research has shown that bacterial TMA-
forming enzymes are ubiquitously present in mammals; but their abundance is influenced 



by the composition of the gut microbiota and diet (Rath et al., 2020). For instance, 
carnivores have a higher fecal abundance of carnitine oxidoreductase than herbivores 
(Rath et al., 2020). Once TMA is formed, the tertiary amine is absorbed through the 
intestinal epithelium via passive transport. This includes ingested TMAO that avoids direct 
absorption but is converted to TMA by TMAO reductase. Once in portal circulation, TMA 
enters the liver where it is oxidized to TMAO by NADPH-dependent FMO3. FMO3 is one 
of five functional FMO genes in humans and the isoform predominantly expressed in liver. 
Approximately 95% of all TMA that enters the liver is converted to TMAO. In a study of 
humans administered radiolabeled TMA or TMAO, 95% of TMAO was is excreted in urine 
in a 3:95 TMA:TMAO ratio (Al-Waiz et al., 1987). Minimal TMAO is excreted in feces and 
breath (4 and 1%, respectively; Al-Waiz et al., 1987). 
 

 
 

Figure 1.   The synthesis of TMAO from choline, betaine, and L-carnitine in mammals.  
 The gastrointestinal synthesis of dimethylamine from TMAO is not shown. 
 Adapted from Janeiro et al. (2018) and modified.  

 
The gut microbiome is the major influencer of endogenous TMAO status in 

mammals. For example, the bacterium Desulfovibrio desulfuricans is recognized for 
expressing choline TMA lyase (Craciun and Balskus, 2012).  Other bacterial species that 
reside in the human gastrointestinal tract that generate TMA include Anaerococcus 
hydrogenalis, Clostridium asparagiforme, Clostridium hathewayi, Clostridium 
sporogenes, Escherichia fergusonii, Proteus penneri, Providencia rettgeri, and 
Edwardsiella tarda (Romano et al., 2015). Mice fed L-carnitine displayed increases in 
TMA and TMAO production in association with an increased population of Bacteroides, 
Parasutterella, Staphylococcus, and Ruminococcaceae within the intestinal tract (Koeth 
et al., 2014). When comparing the effects of dietary choline versus L-carnitine on the 
cecal microbiota at the phylum level, the abundance of Desulfovibrio was greater in 
choline-fed mice, whereas the abundance of Acinetobacter was greater in L-carnitine-fed 
mice (Yu et al., 2020). Diet plays a role in modulating the gastrointestinal microbiome and 



supplies choline, betaine, and L-carnitine, which together influence TMA formation 
(described further below). In addition to diet, the use of broad spectrum antibiotics is also 
likely to influence TMA and TMAO production via direct effects on the gut microbiome 
(Tang et al., 2013). However, it is conceivable that any intervention that influences the 
gastrointestinal microbiome would potential influence TMA and TMAO formation such as 
heat stress, exercise, pre- and probiotic therapy, pharmaceutical use, or malnutrition. 

 
Trimethylamine N-Oxide, Human Health, and Diet 

 
In humans, TMAO has been implicated in the progression of cardiovascular 

disease and NAFLD in humans (Ufnal et al., 2015, Li et al., 2017b, Abbasi, 2019, Roncal 
et al., 2019). Currently, the involvement of TMAO in the development of cardiovascular 
disease has the most scientific support. It has been suggested that the heightened 
mortality risk and cardiovascular risk linked to the chronic consumption of red meat, which 
is high in L-carnitine, is attributed in part to the conversion of L-carnitine to TMAO (Abbasi, 
2019). A meta-analysis of published prospective studies suggests individuals with high 
circulating TMAO concentrations have a 62% increased risk for acquiring a major 
cardiovascular adverse event (Heianza et al., 2017). The thought is that TMAO 
accelerates atherosclerosis by increasing arterial plaque formation. The mechanisms of 
cardiac impairment caused by TMAO may involve reduced cholesterol clearance in bile 
and increased cholesterol-laden foam cells (Warrier et al., 2015, Tomlinson and Wheeler, 
2017). Furthermore, microbial transplantation with human gut commensals containing 
choline TMA-lyase was adequate to transmit increased platelet reactivity and thrombosis 
in germ-free mice (Skye et al., 2018). TMAO also causes vascular inflammation and 
disrupts redox homeostasis to cause oxidative stress (Li et al., 2017a). However, critiques 
are quick to question whether TMAO causes cardiovascular disease. In support of their 
argument, chronic, low-dose oral TMAO reduces diastolic dysfunction and heart fibrosis 
in hypertensive rats (Huc et al., 2018). In addition, elevations in circulating TMAO may be 
indicative of other cardiovascular disease risk factors including high salt intake (Bielinska 
et al., 2018), a low glomerular filtration rate (Missailidis et al., 2016), and a compromised 
gastrointestinal barrier (Kindie et al., 2017, Santisteban et al., 2017). Moreover, diets high 
in fish have been considered “heart healthy” but fish has high amounts of TMAO and 
omega-3 fatty acids, which is counterintuitive. The rebuttal is that TMAO is only elevated 
in deep-sea fish like cod and halibut, but not present in fresh-water fish like bass, catfish, 
and trout (Abbasi, 2019). Others also argue that TMAO predicts for the future 
development of heart disease, which can occur in patients with normal kidney function 
(Abbasi, 2019). At this point in time, we can conclude that TMAO does accumulate in 
patients with cardiovascular injury but we cannot conclude whether TMAO acts in a 
causative manner independent of other heart disease risk factors.  

 
High circulating concentrations of TMAO have also been observed in patients with 

NAFLD (Chen et al., 2016, Tan et al., 2019), which is characterized by excessive hepatic 
triglyceride deposition and inflammation. In mice fed a high-fat diet, feeding TMAO 
increased hepatic triglyceride accumulation (Tan et al., 2019). One possibility is that 
TMAO may alter hepatic bile acid production to inhibit farnesoid X receptor signaling and 
promote lipogenesis to trigger NAFLD (Wilson et al., 2016, Tan et al., 2019). However, 



the oral administration of TMAO has also been shown to impair glucose tolerance in mice 
fed a high fat diet (Gao et al., 2014) and diabetic individuals have high TMAO plasma 
concentrations (Dambrova et al., 2016); so, TMAO could enhance adipose tissue lipolysis 
and hepatic fatty acid uptake by inhibiting insulin action. Such findings are supported by 
elevated circulating TMAO concentrations in obese patients with non-alcoholic 
steatohepatitis (an inflammatory form of NAFLD) and type 2 diabetes (León-Mimila et al., 
2020). But controversy is still present because choline and betaine, TMAO precursors, 
are recognized as key dietary nutrients for the prevention of NAFLD. Humans that eat low 
choline diets develop NAFLD (Corbin and Zeisel, 2012, Guerrerio et al., 2012). Dietary 
betaine has also been shown to improve or protect against NAFLD in humans 
(Abdelmalek et al., 2009, Kathirvel et al., 2010). Choline and betaine support the hepatic 
synthesis of phosphatidylcholine, which is a glycerophospholipid needed for the assembly 
and secretion of very-low-density lipoproteins containing triglyceride (McFadden et al., 
2020). So, an increased TMAO status may once again reflect underlying conditions of the 
disease but TMAO may not act in a causative manner. In agreement, NAFLD has been 
linked to renal function impairment, which would prevent TMAO excretion (Le et al., 
2019). Gut microbial dysbiosis and a disrupted intestinal barrier are also likely at play 
during NAFLD (Farhadi et al., 2008, Boursier et al., 2016, Soderborg and Friedman, 
2019), and such outcomes would influence endogenous TMAO status (Ufnal and Pham, 
2017, Xu et al., 2017, Wang et al., 2019).  

 
Although the effects of TMAO on health is riddled with uncertainty, diet clearly 

influences TMAO status in humans. In a study of Swedish men, consumption of fish from 
the Baltic sea was associated with increased urinary TMAO concentrations (Svensson et 
al., 1994). Diets high in resistant starch increase plasma concentrations of TMAO as well 
(Bergeron et al., 2016). The Paleolithic diet is based on the consumption of meat, fish, 
eggs, and fruits and vegetables without processed foods, grains or dairy products. Long-
term adherence to the Paleolithic diet was associated with different gut microbiota and 
increased serum TMAO concentrations (Genoni et al., 2020); although not observed by 
Genoni et al. (2019). The chronic consumption of red meat increased plasma and urine 
TMAO concentrations as compared to diets containing non-meat protein (Wang et al., 
2018). Concentrations of plasma and urinary L-carnitine, but not choline, were also linked 
to red meat consumption and increased TMAO in this study. Oral L-carnitine 
supplementation has been shown to increase plasma TMAO status (Miller et al., 2016), 
and oral choline bitartrate supplementation has been show to increase fasting plasma 
TMAO concentrations in parallel with platelet aggregation (Zhu et al., 2017). The 
consumption of egg yolks (0 to 6 yolks containing 0 to 714 mg of total choline) has been 
shown to increase plasma and urine TMAO concentrations in humans enrolled in a 
longitudinal, double-blind, randomized dietary intervention study (Miller et al., 2014). They 
estimated that ~11 to 15% of dietary total choline was converted to TMAO. In a German 
adult population, meat, egg, or fish consumption was not associated with plasma TMAO 
status; however, increases in milk and dairy food consumption was related to increased 
plasma TMAO concentrations (Rohrmann et al., 2016). In addition, the consumption of 
fermented dairy products (e.g., yogurt) lowered the plasma and urinary TMAO 
postprandial response as compared to the intake of non-fermented milk (Burton et al., 
2020). We can agree that diet modulates TMAO supply in humans; however, at this time, 



it would be potentially damaging to suggest that a specific food impairs human health 
because of the TMAO response it elicits. 

 
Trimethylamine N-Oxide, Choline Bioavailability, and Dairy Cow Health 

 
Our understanding of the role of TMAO in dairy cows is in its infancy. The scientific 

field has more questions than answers; however, some early insights suggest the need 
to learn more. Classic work by Sharma and Erdman (1989) demonstrated that 
unprotected choline is extensively degraded in the rumen (>97%). Choline can be 
converted to methylamine and TMA in the rumen by microorganisms (Neill et al., 1978). 
TMA is further metabolized to methane (Neill et al., 1978); albeit, TMA may accumulate 
in rumen fluid during fasting. Data obtained by studying the human gut suggests that 
choline degradation is not evenly distributed between common phyla. For instance, 
choline utilization gene clusters (containing choline TMA-lyase) are found in Firmicutes, 
Proteobacteria, and Actinobacteria, and absent from Bacteroidetes (Craciun and Balskus, 
2012). Regardless, choline is degraded in the rumen to TMA. This said, a recent study by 
our lab at Cornell University demonstrated that the abomasal infusion of unprotected 
choline chloride increased plasma TMAO concentrations in lactating dairy cows (Myers 
et al., 2019). These findings suggest that post-ruminal degradation of choline to TMA 
likely occurs in a manner similar to non-ruminants. Moreover, TMA produced from choline 
is likely converted to TMAO in the bovine liver. In another study, the dietary 
supplementation of deoiled soy lecithin containing phosphatidylcholine was able to 
increase plasma TMAO concentrations in mid-lactation dairy cows fed fractionated palm 
fatty acids (Fontoura et al., 2020). These data highlight the possibility that complex lipids 
that contain a choline moiety may also increase TMA and TMAO production in the dairy 
cow. One concern is that choline degradation in the lower gut has the potential to limit 
choline bioavailability. Rumen-protected choline supplements were developed to ensure 
that choline avoided rumen degradation but choline released in the intestinal lumen could 
be degraded by intestinal bacteria and limit choline availability for absorption. Work by de 
Veth et al. (2016) estimated that the net absorption of choline when infused into the 
abomasum as unprotected choline chloride was 61%. Because choline transport by 
carrier-mediated transport (at low concentrations) or passive diffusion (at high 
concentration) is likely adequate to absorb choline at current feeding levels (Sheard and 
Zeisel, 1986, de Veth et al., 2016), the difference could be attributed to the microbial 
conversion of choline to TMA in the gut lumen. Based on the above described study in 
humans (Miller et al., 2014) and the work by de Veth et al. (2016), intestinal degradation 
of choline in the cow could range from ~10 to 40%, but this is purely speculative at this 
point in time.  

 
The TMA that enters the cow is most likely converted to TMAO in the liver. We 

hypothesis that this occurred in our trials (Myers et al., 2019, Fontoura et al., 2020). In 
support, a nonsense mutation in the hepatic FMO3 gene is responsible for the 
accumulation of TMA in the Swedish Red and White dairy breed (Lundén et al., 2002). 
This defect elicits a fishy off-flavor in milk produced by these cows that smells like rotting 
fish. One limited finding was the observation that circulating TMAO concentrations are 
elevated in cows with fatty liver disease (Xu et al., 2016). This outcome is supported by 



the observed accumulation of TMAO in non-ruminants with fatty liver (Chen et al., 2016, 
Tan et al., 2019, León-Mimila et al., 2020). High TMAO status in fresh cows could be a 
concern because fatty liver disease is a common postpartum health condition. Moreover, 
rumen-protected choline feeding was designed in part to alleviate fatty liver in dairy cows; 
but the hepatic triglyceride-lowering effect of choline is inconsistently observed (Arshad 
et al., 2019, McFadden et al., 2020), which may be due to differences in TMAO status. 
To begin our focused studies on TMAO, we sought to define the effects of TMAO in early 
lactation dairy cows on measures of metabolic health including liver enzymes, glucose 
tolerance, and milk production.  

 
The effects of acute intravenous TMAO infusion in early lactation dairy cows 
 

At the Cornell University Dairy Research Center (Harford, NY), eight early 
lactation Holstein dairy cows (30.4 ± 6.41 days in milk; 2.88 ± 0.83 parity) were enrolled 
in a 4 × 4 replicated Latin square design. Cows were intravenously infused TMAO 
solubilized in saline at four different concentrations: 0 (control), 20, 40, or 60 g/d for 6-d 
experimental periods with 9-day washout period to avoid carryover effects. Pre-prandial 
plasma and serum samples were collected daily. Milk samples were collected on day -1, 
0, 5, and 6, relative to start of TMAO infusion. Urine was collected on day -1 and 6. An 
intravenous glucose tolerance test was administered and liver biopsies performed on 
day 5 and 6 of each experimental period, respectively. Plasma TMAO, triglyceride, total 
fatty acid, and glucose concentrations were quantified. A liver serum panel was also 
performed to assess liver health. Circulating metabolites and proteins were analyzed in 
SAS (Version 9.4; SAS Institute Inc., Cary, NC) utilizing the MIXED model procedure. 
The mixed model included the fixed effects of baseline measurements as a covariate 
and treatment. Milk production data were analyzed using a similar approach. 
Untargeted lipidomics (nonpolar hydrophobic lipids; plasma) and metabolomics (polar 
hydrophilic compounds; serum, milk, and liver) were performed using C30 and pHILIC 
columns on a mass spectrometry platform in positive and negative modes, respectively. 
Statistical analyses for omic data were performed using MetaboAnalyst 4.0 (Chong et 
al., 2018) following generalized log-transformation and auto-scaling. Data were 
analyzed using ANOVA and partial least squares discriminant analysis (PLS-DA).  

 
Plasma, milk, and urine TMAO concentrations increased linearly with increasing 

intravenous dose of TMAO (e.g., 12 to 204 μM in cows infused 0 and 60 g of TMAO/d, 
respectively; P < 0.01). The majority of TMAO was excreted in urine. Dry matter intake 
was not modified by intravenous TMAO infusion. Milk yield and composition (i.e., fat, 
protein, and lactose), energy-corrected milk, and feed efficiency were not modified by 
treatment. Plasma triglyceride, total fatty acid, and glucose concentrations were not 
modified by TMAO infusion. Serum albumin, total protein, globulin, total bilirubin, 
aspartate aminotransferase, γ-glutamyl transferase, and glutamate dehydrogenase 
concentrations were not modified by treatment. However, serum glutamate 
dehydrogenase concentrations decreased linearly with increasing dose (P < 0.05). 
Changes in circulating glucose or total fatty acids post glucose challenge were not 
modified by TMAO, which suggest that insulin-stimulated glucose utilization was not 
modified. Lipidomics analysis revealed 143 plasma lipids. The PLS-DA model 



distinguished TMAO treatments; however, only 44 lipids (~31%) were modified by 
TMAO treatment. No apparent pattern behaviors were observed. Examples of changes 
were limited to phosphatidylcholines (e.g., PC 36:4 and 37:2 were lower and PC 37:5 
was higher in cows infused 60 g of TMAO/d, relative to control; false discover rate < 
0.05). Metabolomics analyses revealed 52 serum, 12 milk, and 39 liver compounds with 
a mzCloud mass spectral score >75%; however, detected metabolites exceeded 100 for 
each sample type. We were not able to identify unique treatment metabolomes with 
PLS-DA. In addition, ANOVA did not detect differences in any metabolite with TMAO 
treatment. We conclude that the acute intravenous infusion of TMAO does not modify 
measures of liver health, glucose tolerance, or milk production in early lactation cows.  

 
Summary 

 
 The scientific discussion on the effects of domestic animal food consumption on 
cardiovascular disease and NAFLD in humans now includes an emerging debate 
centered on the role of TMAO. We recognize that increases in circulating TMAO is 
prognostic and diagnostic of these diseases. In addition, an enhanced TMAO status is 
attributed to the increased intake of choline, betaine, or L-carnitine from meat, dairy, 
and eggs, which are converted to TMA and TMAO via the actions of bacterial enzymes 
in the lower gut and FMO3 in the liver, respectively. However, it is grossly premature to 
definitively pinpoint TMAO or a dietary TMAO precursor as the cause of these diseases 
in humans without consideration of the gut microbiota, intestinal barrier functionality, 
and kidney function. These factors may influence a patients TMAO status and possibly 
represent the true underlying cause of the disease. In dairy cattle, our investigative work 
suggests that TMAO does not overtly influence the health status or milk production of 
the animal; however, lower-gut degradation of choline has the potential to limit choline 
bioavailability. The extent of this response is not yet defined but should be considered 
when defining metabolizable choline supply in cows fed rumen-protected choline.  
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