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It is well recognized that the composition of the diet exerts a major influence on
atherogenesis in several species®. Other than by the induction of hypercholesterolemia, the
mechanisms of dietary influence are not always clear. One important modulator of this
influence is the gut microbiome2:3. Microbes in the intestinal lumen affect the expression of
genes in the enterocytes related to immune function and lipid metabolism. Among the small
molecules generated or modified by the microbiome are short chain fatty acids,
lysophosphatidic acid, bile acid and, of particular relevance to this editorial, choline
metabolites. In this issue is an interesting paper from the Backhed laboratory studying the
differential effect of choline supplementation of chow and Western type diet (WTD) on
atherosclerosis in male Apoe™~ mice*.

The relationship between choline metabolites and cardiovascular disease (CVD) stems from
the seminal observations made by Wang and colleagues®. An unbiased search for small
molecules in human plasma that are associated with increased risk for CVD identified
choline, betaine and trimethylamine oxide (TMAO). In preclinical studies of female Apoe™~
mice fed either a standard low-fat chow diet or one supplemented with 1% choline, aortic
root lesions, as calculated as absolute lesion area, was enhanced. TMAQO is generated in the
liver from trimethylamine (TMA), a gas generated by the metabolism of choline by TMA
lyase in intestinal microbes. Dietary choline may be free or derived from the
phospholipolysis of lecithin (phosphatidylcholine) present in a normal diet. The hepatic
enzymes responsible for converting TMA to TMAO are flavin mono-oxygenases (FMO),
particularly FMO3 and to a lesser extent FMO1. The specific activity of FMO3 is much
higher in female than in male livers®. To establish that the formation of TMA in the intestine
is dependent on the gut microbiome, some animals were treated with poorly absorbed broad-
spectrum antibiotics to deplete the gut microbiota. Under this protocol, no significant level
of TMAQO is demonstrable in the plasma and the choline-induction of atherosclerosis is
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attenuated. Wang and colleagues performed some experiments with male and female mice,
but, as male mice seemed to be less sensitive than female mice to supplementation with
dietary choline, so most of their studies report results with female mice.

In the report of Jonsson and colleagues* germ-free mice and conventionally raised mice
were fed either a chow or a WTD containing standard low levels of choline (0.08%) or
enriched in choline (1%-1.2%). As expected no TMAO was detected in the plasma of germ-
free mice regardless of choline status. Also, no secondary bile acids or deconjugated bile
acids were noted in germ-free mice. Their major findings were threefold. (1) Germ-free
mice have larger aortic root lesions when maintained on chow. Conventionally raised mice
fed chow had lower total plasma cholesterol than germ free mice. In these chow fed mice,
plasma cholesterol level correlated with the size of the lesion. (2) The absence of microbiota
had no effect on atherosclerosis in mice fed WTD. (3) Increased levels of plasma TMAO
had no effect on aortic root atherosclerosis in conventionally raised male mice. Although
most of their studies were performed with male Apoe™~ mice, in one experiment they found
no effect of choline supplementation on the atherosclerosis of female Apoe™~ mice fed
either chow or WTD, so they performed essentially all of their other studies on male mice.
On the surface, this report appears to contrast with other studies pointing toward an impact
of TMAQO on atherosclerosis. The remainder of this editorial concerns the possible
explanations for these apparently contrasting findings.

It is important to note in considering data on conventionally raised mice that the microbiome
may well have different composition in the vivaria of different laboratories’. Treatment of
male mice, but not female mice, with antibiotics to deplete the gut microbiota showed a
trend towards enhanced lesion size®. Accelerated atherosclerosis in germ-free mice has been
noted®. The higher level of atherosclerosis in germ-free mice suggests that some
component(s) of the conventionally raised mice may afford protection against the
development of atherosclerosis. It should be noted that the immune system of germ-free
mice is not identical to that in conventionally raised mice’. Other than choline and its
metabolites, there are other products of microbial metabolism that have been shown to
contribute to atherogenesis, such as short chain fatty acids®. In the assessment of
atherosclerosis in the aortic root, Jonsson and colleagues took the mean of two sections and
expressed the results as the proportion of vessel size occupied by lesion and noted no change
with choline supplementation. This mode of expression normalizes lesion for the size of the
vessel along the vessel extent (however, they did not indicate precisely where they took their
sections for analysis) or normalizes for any adaptive change in vessel diameter during lesion
development!9, When they measured absolute lesion size they noted a significant increase
with choline supplementation of WTD fed mice. Thus, the way lesion size is expressed may
well influence the conclusions. Despite this, there was still no relationship between lesion
size and TMAQO plasma concentration in male mice. TMAQO was measured only in males. A
major difference between these studies and those of the Hazen group is the gender of the
mice used. The latter predominantly employ female mice while Jonsson and colleagues
mostly use male mice. There appears to be quite a strong gender-based difference in choline
metabolism. TMAO concentration is almost 10-fold higher in the plasma of females than
males®. This is correlated with large differences in hepatic FMO3 expression®. FMO3 is
expressed in the livers of male mice up to the age of 6 weeks, after which its expression is
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switched off. This could be significant for the comparison of these two studies. The Hazen
group enriched the diet with choline at 4 weeks of age, while the Backhed group only added
the supplementary choline at 8 weeks of age, by which time FMO3 is no longer being
expressed in male livers. FMO3 expression is induced by the bile acid cholic acid in an FXR
dependent manner. This may, in part, account for the pro-atherogenic effect of the cholate
containing Paigen diet. In males FMO3 is expressed in extrahepatic tissue, including in the
aorta. TMAO stimulates endothelial and smooth muscle cell signaling molecules including
NF-kB!, Taking advantage of the highly resolving hybrid mouse diversity panel (HMDP)
crossed into the CETP transgenic, dominant Apoe Leiden background to elicit
hyperlipidemia Bennett and colleagues observed a large gender bias in TMAO levels'2. In
females TMAO level accounted for 7.8% of the genetic determination of lesion area. There
was no contribution of this metabolite to the genetic determination of atherosclerosis in male
mice. The gender bias was also clearly observed in the offspring born to
hypercholesterolemic Apoe™~ micel3. Female mice born to hypercholesterolemic mothers,
but not those born to normocholesterolemic mothers, exhibited larger atherosclerotic lesions
in the aortic root at 25 weeks of age, but not in the thoracic or abdominal aorta. Female
offspring mice also had 5-8 fold higher plasma TMAQO levels than males and this correlated
with higher expression levels of hepatic FMO3. This phenotype was not observed in male
offspring. When account is taken of the marked gender bias, the results of Jonsson and
colleagues is not entirely inconsistent with the literature. The most distinct finding that is
poorly explicable is the absence of an influence of choline supplementation in the female
mice examined in one experiment by Jonsson and colleagues. Parenthetically, it is
noteworthy that the gut microbiome contributes to the gender bias in autoimmune diseasel4.

While most of this discussion deals with the role of the choline-TMA-TMAO axis on
atherogenesis, it is clear from recent work that this axis plays an important role, in glucose
and lipid metabolism as well as cholesterol homeostasis ¢ 1916, Indeed, this work may
provide some insight into the correlation of cholesterol levels with aortic root atherosclerosis
between germ free mice and conventionally raised mice observed by Jonsson et al.

The study of Jonsson and colleagues and related murine studies have some limitations. First,
the fact that only aortic root atherosclerosis responds to manipulation of dietary choline
suggests that the mouse is not a perfect preclinical model for the role of choline as risk
factor for human CVD, especially if one bears in mind that in patients TMAO levels
correlate with vascular disease in various sites including coronary artery and peripheral
vascular®. Although hepatic FMO3 expression is lower in men than women, the difference is
not as dramatic as it is for mice®. So far there is no indication of a gender bias in the role of
dietary choline on human cardiovascular disease. Second, is the fact that plasma cytokine
levels do not all show the expected correlations with lesions. Plasma cytokine levels are
reflective of production by innate and adaptive immune cells, though their level in the
plasma may not fully reflect the state of activation of these cells in lesions and the draining
lymphoid tissues?’.

In summary, we have compared the response of Apoe—/—mice to diets enriched in dietary
choline in the laboratories of Béckhed* and Hazen®. Their results are not concordant. The
Béckhed laboratory did not observe any effects of choline enrichment on aortic root
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atherosclerosis in either male or female mice, though they focused mostly on males. On the
other hand, the Hazen laboratory studied mostly female mice which were shown to be more
sensitive the effect of choline enrichment on atherogenesis. Both groups measured plasma
TMAO after addition of choline to the diet and observed that TMAQ production is
dependent on the presence of intestinal bacteria. But Jonsson and colleagues found no
relation between TMAO levels and lesion size in their male mice, while Wang et al found a
statistically significant correlation of TMAO levels and lesion size, particularly in female
mice. A part from differences in gender, there are other experimental differences, most
notably the timing of the introduction of choline into the diet and duration of choline feeding
that may have impacted on the effect of choline supplementation and TMAO on
atherosclerosis. In addition, it is well known that mice raised in different specific pathogen-
free vivaria have different microbiomes. Furthermore, it appears that the choline-TMA-
TMAO axis has complex effects on several metabolic pathways and how each of these
factors may contribute to the impact of this axis on atherogenesis remains to be more fully
explored. It is clear that these studies have uncovered unexpected, complex metabolic
interactions that will require careful future investigations controlling for various factors
including gender, age of initiation of diet and microbiome content to fully understand the
impact of this axis on atherogenesis. Not the least of these future studies is the consolidation
of the observation that the choline content of the normal human diet represents a significant
factor for the development of cardiovascular disease.

Acknowledgments

None
Source of Funding

The authors work was funded by the National Institute of Health grant R0O1 HL131028.

References

1. Getz GS, Reardon CA. Diet and murine atherosclerosis. Arterioscler Thromb Vasc Biol
2006;26:242-249. [PubMed: 16373607]

2. Korean O, Spor A, Felin J, Fak F, Stombaugh J, Tremaroli V, Behre CJ, Knight R, Fagergberg B,
Ley RE, Backhed F. Human oral, gut, and plaque microbiota in patients with atherosclerosis. Proc
Natl Acad Sci USA 2011;108 Suppl 1:4592-4598. [PubMed: 20937873]

3. Karlsson FH, Fak F, Nookaew I, Tremaroli V, Fagerberg B, Petranovic D, B&ckhed F, Nielson J.
Symptomatic atherosclerosis with an altered gut metagenome. Nat Comm 2012;3:1245

4. Jonsson AL, Caesar R, Akrami R, Reinhardt C, Hallenius FF, Boren J, Backhed F. The impact of gut
microbiota and diet on the development of atherosclerosis in Apoe—/—mice. Arterioscler Thromb
Vasc Biol 2018;

5. Wang Z, Klipfell E, Bennett BJ, et al. Gut flora metabolism of phosphatidylcholine promotes
cardiovascular disease. Nature 2011;472:57-65. [PubMed: 21475195]

6. Bennett BJ, de Aguiar Vallim TQ, Wang Z, Shih DM, Meng Y, Gregory J, Allayee H, Lee R,
Graham M, Crooke R, Edwards PA, Hazen SL, Lusis AJ. Trimethylamine-N-oxide, a metabolite
associated with atherosclerosis exhibits complex genetic and dietary regulation. Cell Metab
2013;17:49-60. [PubMed: 23312283]

7. Org E, Mehrabian M, Lusis AJ. Unraveling the environmental and genetic interactions in
atherosclerosis: Central role of gut microbiota. Atherosclerosis 2015;241:387-399. [PubMed:
26071662]

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2019 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Getz and Reardon

Page 5

8. Stepankova R, Tonar Z, Bartova J, Nedorost L, Rossman P, Poledne R, Schwarzer M, Tlaskalova-

Hogenova H. Absence of microbiota (germ-free conditions) accelerates the atherosclerosis in ApoE-

deficient mice fed standard low cholesterol diet. J Atheroscler Thromb 2010;17:796-804. [PubMed:
20379054]

9. Ohira H, Tsutsui W, Fujioka Y. Are short chain fatty acids in gut microbiota defensive players for

10

11.

12.

13.

14.

15.

16.

17.

inflammation and atherosclerosis? J Atheroscler Thromb 2017;24:660-672. [PubMed: 28552897]

. Glagov S, Weisenberg E, Zarins CK, Stankunavicius R, Kolettis GJ. Compensator enlargement of

human atherosclerotic coronary arteries. N Engl J Med 1987;316:1371-1375. [PubMed: 3574413]

Seldin MM, Meng Y, Qi H, Zhu W, Wang Z, Hazen SL, Lusis AJ, Shih DM. Trimethylamine-N-
oxide promotes vascular inflammation through signaling of mitogen-activated protein kinase and
nuclear factor-xB. J Am Heart Assoc 2016;5:e002767.

Bennett BJ, Davis RC, Civelek M, et al. Genetic architecture of atherosclerosis in mice: a systems
genetics analysis of common inbred strains. PLos Genet 2015:11:e1005711.

Trenteseaux C, Gaston AT, Aguesse A, Poupeau G, de Coppet P, Andriantsitohaina R, Laschet J,
Amarger V, Krempf M, Nobecourt-Dupuy E, Ouguerram K. Perinatal hypercholesterolemia
exacerbates atherosclerosis lesions in offspring by altering metabolism of trimethylamine-N-oxide
and bile acids. Arterioscler Thomb Vasc Biol 2017;37:2053-2063.

Yurkovetskiy L, Burrows M, Khan AA, Graham L, Volchkov P, Becker L, Antonopoulos D,
Umesaki Y, Chervonsky AV. Gender bias in autoimmunity is influenced by microbiota. Immunity
2013;39:400-412. [PubMed: 23973225]

Shih DM, Wang Z, Lee R, Meng Y, Che N, Charugundla S, Qi H, Wu J, Pan C, Brown JM, Vallim
T, Bennett BJ, Graham M, Hazen SL, Lusis AJ. Flavin containing monooxygenase 3 exerts broad
effects on glucose and lipid metabolism and atherosclerosis. J Lipid Res 2015;56:22—37. [PubMed:
25378658]

Warrier M, Shih DM, Burrows AC, et al. The TMAO-generating enzyme flavin monooxygenase 3
is a central regulator of cholesterol balance. Cell Rep 2015:10:326-338.

Reardon CA, Lingaraju A, Schoenfelt KQ, Zhou G, Cui C, Jacobs-El H, Babenko I, Hoofnagle A,
Czyz D, Shuman H, Vaisar T, Becker L. Obesity and insulin resistance promote atherosclerosis
through an IFN-y-regulated macrophage protein network. Cell Rep 2018;23:3021-3030. [PubMed:
29874587]

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2019 October 01.



	References

