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FMO (flavin-containing monooxygenase)-3 is expressed 
primarily in the liver and oxidizes a variety of xenobi-

otics containing amines or sulfides, including the bacterial-
derived metabolite trimethylamine (TMA).1–4 The oxidation 
product of TMA, trimethylamine N-oxide (TMAO), has 
been identified as an independent risk factor for cardiovas-
cular disease, as well as other disorders.2,4–9 The possibility 
that elevated TMAO levels are causal for disease, rather than 
simply a marker, has been supported by experimental studies 
in mice.2,4,5 In particular, a small molecule nonlethal inhibitor 
of TMA and TMAO generation resulted in atherosclerosis re-
duction in the apoEKO mouse model.10 The proposed mecha-
nisms by which TMAO promotes cardiovascular disease 
include promotion of foam cell formation by upregulation of 
macrophage scavenger receptors,2 inhibition of reverse cho-
lesterol transport,5 induction of inflammation in the vascular 

cells by activation of the NF-κB (nuclear factor kappa-light-
chain-enhancer of B cells) pathway,11 and inflammasome acti-
vation.12,13 Recently, TMAO was also shown to be a powerful 
potentiator of platelet activation and thrombosis potential 
at relatively low levels.4 Moreover, a family of mechanism-
based suicide substrate inhibitors that target gut microbial 
TMA production, which in turn reduces TMAO generation 
inhibited platelet hyperresponsiveness and enhanced throm-
bosis potential in vivo.14

Several groups, including ours, have examined the effects 
of FMO-3 deficiency on atherosclerosis and related traits 
using an antisense oligonucleotide (ASO), that efficiently 
knocks down both transcript and protein levels of FMO-3 in 
liver. Such FMO-3 knockdown resulted in substantial reduc-
tions in not only plasma TMAO levels and atherosclerosis but 
also plasma lipids, glucose, and insulin levels.15–17
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Objective—FMO (flavin-containing monooxygenase)-3 converts bacterial-derived trimethylamine to trimethylamine 
N-oxide (TMAO), an independent risk factor for cardiovascular disease. We generated FMO-3 knockout (FMO3KO) 
mouse to study its effects on plasma TMAO, lipids, glucose/insulin metabolism, thrombosis, and atherosclerosis.

Approach and Results—Previous studies with an antisense oligonucleotide (ASO) knockdown strategy targeting FMO-
3 in LDLRKO (low-density lipoprotein receptor knockout) mice resulted in major reductions in TMAO levels and 
atherosclerosis, but also showed effects on plasma lipids, insulin, and glucose. Although FMO3KO mice generated via 
CRISPR/Cas9 technology bred onto the LDLRKO background did exhibit similar effects on TMAO levels, the effects 
on lipid metabolism were not as pronounced as with the ASO knockdown model. These differences could result from 
either off-target effects of the ASO or from a developmental adaptation to the FMO-3 deficiency. To distinguish these 
possibilities, we treated wild-type and FMO3KO mice with control or FMO-3 ASOs. FMO-3-ASO treatment led to 
the same extent of lipid-lowering effects in the FMO3KO mice as the wild-type mice, indicating off-target effects. The 
levels of TMAO in LDLRKO mice fed an atherogenic diet are very low in both wild-type and FMO3KO mice, and no 
significant effect was observed on atherosclerosis. When FMO3KO and wild-type mice were maintained on a 0.5% 
choline diet, FMO3KO showed a marked reduction in both TMAO and in vivo thrombosis potential.

Conclusions—FMO3KO markedly reduces systemic TMAO levels and thrombosis potential. However, the previously 
observed large effects of an FMO-3 ASO on plasma lipid levels appear to be due partly to off-target effects.   (Arterioscler 
Thromb Vasc Biol. 2019;39:00-00. DOI: 10.1161/ATVBAHA.119.312592.)
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We have generated FMO-3 knockout (FMO3KO) mice 
using the CRISPR/Cas9 technology. The FMO3KO mice 
exhibited decreased TMAO levels and reduced platelet re-
activity and in vivo thrombosis potential, but they only par-
tially recapitulated the effects on plasma lipid metabolism 
that were previously reported with an FMO-3 ASO. However, 
treatment of FMO3KO mice with FMO-3 ASO resulted in 
similar effects on lipid metabolism previously reported with 
the FMO-3 ASO, strongly supporting an off-target effects hy-
pothesis. Our results provide new clarification of the role of 
FMO-3 in cardiometabolic disease.

Materials and Methods

Animal Studies
All animal experiments were approved by the UCLA, Cleveland 
Clinic, and University of Massachusetts Medical School Animal 
Care and Use Committees, in accordance with PHS guidelines. 
The FMO3KO mice, on the C57BL/6J background, were generated 
in our laboratory and we reported their preliminary characteriza-
tion.18 Briefly, they lacked FMO-3 protein as judged by Western 
blot analysis,18 exhibited significantly reduced TMAO levels and 
elevated TMA levels, and liver homogenates showed an overall 
75% reduction in the ability to oxidize TMA.18 Our previous study 
demonstrated that expression of FMO-3 is sexually dimorphic, with 
females expressing more than 100-fold and 4-fold, respectively, 
higher FMO-3 mRNA and activity levels in liver as compared with 
the male mice.3 Therefore, to observe a larger phenotypic differ-
ence in TMAO levels, thrombosis, and atherosclerosis between the 
wild-type (WT) and FMO3KO mice, we chose to use only female 
mice in these experiments. We feel that this is a valid exception to 
the guidelines as described in the ATVB Council Statement.19 For 
thrombosis related studies, age-matched female FMO3KO and WT 
mice were fed a chow diet containing 0.5% choline (TD.140294, 
Envigo Teklad Diets, Madison, WI) for 2 weeks before traits were 
measured. In thrombosis study using a separate KO, FMO3KO-2 
(see below), the mice were fed a 1% choline-containing chow diet 
(TD 09041, Envigo Teklad Diets, Madison, WI) for 2 weeks be-
fore traits were measured. For atherosclerosis studies, the FMO-3 
null mutation was crossed onto the LDLRKO (low-density lipo-
protein receptor knockout) background to generate FMO3KO/
LDLRKO and LDLRKO littermates. Two-month-old female 
FMO3KO/LDLRKO and LDLRKO mice were fed a Western diet 
(RD-D12079B, Research Diets, New Brunswick, NJ) for 12 weeks 

before tissue collection. Sex- and age-matched Serpina1a-e KO 
mice20 and WT mice maintained on a chow diet were fasted for 4 
hours before blood collection.

DNA Sequence Analysis of Potential Off-Target 
Genes in the Genome of FMO3KO Mice
Genomic DNA of 5 FMO3KO mice were polymerase chain reaction 
(PCR) amplified using primers specific for potential off-target genes, 
Olfr325, Myo15, Fmo6, and Carmn (Table I in the online-only Data 
Supplement). The PCR products were then purified and sequenced 
by GENEWIZ (South Plainfield, NJ). Basic Local Alignment Search 
Tool (https://blast.ncbi.nlm.nih.gov) was then used to compare the 
DNA sequence data obtained from the amplified DNA fragments of 
the FMO3KO mice with the C57BL/6J reference genome.

Generation of FMO3KO-2 Mice
To generate global Fmo3 KO mice with conditional potential using 
homologous recombination, we used the KO first gene target-
ing strategy.21 This strategy relies on the identification of a critical 
exon common to all transcript variants that, when deleted, creates a 
frameshift mutation. The KO-first allele is flexible and can produce 
reporter KOs, conditional KOs, and null alleles following exposure 
to site-specific recombinases Cre and Flp.21 This targeting strategy 
incorporates a LacZ reporter cassette between exons 4 and 5 while 
allowing for the floxing of exon 5 for subsequent conditional KO 
studies. To create a Fmo3 KO first mouse model, we purchased a 
promoter-driven KO first targeting vector [Fmo3tm1a(KOMP)mbp] from the 
Wellcome Trust Institute (Project ID CSD80017). This vector was 
linearized and electroporated into mouse-derived embryonic stem 
cells derived from the 129 background,22 and G418-resistant colonies 
were selected by the Case Western Reserve University Transgenic 
& Targeting Core Facility. Following selection, embryonic stem 
cell colonies were expanded and screened for homologous recom-
bination by standard and quantitative PCR strategies spanning ge-
nomic and LacZ cassette regions. Two positive ES cell clones were 
injected into C57BL/6 blastocysts for generation of chimeric mice. 
One chimeric male and 2 chimeric female mice with >70% agouti 
coat color were generated, and the male was successful in germ-
line transmission of the targeted allele. Thereafter, breeders pairs 
were maintained as Fmo3WT/KO-first×Fmo3WT/KO-first to generate either 
Fmo3WT/WT, Fmo3WT/KO-first, or Fmo3KO-first/KO-first experimental mice. 
Genotype was confirmed by PCR of genomic DNA using the follow-
ing primers: 5′-CATCACAGCATGGTAAAGAAAGG-3′, 5′-CCAA 
CTGACCTTGGGCAAGAACAT-3′, and 5′-GTGGTACTGAGGTG 
TGGATATAAG-3′. All studies here used global Fmo3 KOs (desig-
nated as FMO3KO-2 in this study) that had not been crossed to Flp 
recombinase in a mixed C57BL/6J-129 background and will be re-
ferred to as FMO3KO-2.

ASO Injection Study
Four-month-old female WT or FMO3KO mice were treated with a 
control ASO (Ionis number 141923; 5′-CCTTCCCTGAAGGTTC 
CTCC-3′, 50 mg/kg body weight per week) or a FMO-3 ASO (Ionis 
number 555847; 5′-TGGAAGCATTTGCCTTTAAA-3′, 50 mg/kg 
body weight per week) through weekly intraperitoneal injection for a 
total of 8 injections before tissue collection.

Biochemical Assays
After 4 hours of fasting, blood samples were collected retro-
orbitally from mice. Plasma total and HDL (high-density lipo-
protein) cholesterol, triglyceride, glucose, insulin, bile acids, and 
aspartate aminotransferase levels of WT and FMO3KO mice were 
then determined as described previously.16 Homeostatic model 
assessment of insulin resistance (HOMA-IR) was calculated 
as [glucose (μmol/L)×insulin (μU/L)]/22.5. Plasma TMA and 
TMAO levels were determined by mass spectrometry as described 
previously.23

Nonstandard Abbreviations and Acronyms

ASO antisense oligonucleotide

FMO-3 flavin-containing monooxygenase-3

FMO3KO FMO-3 knockout

HDL high-density lipoprotein

HOMA-IR homeostatic model assessment of insulin resistance

IDL intermediate-density lipoprotein

KO knockout

LDL low-density lipoprotein

LDLRKO LDL receptor knockout

NF-κB nuclear factor kappa-light-chain-enhancer of B cells

OCT optimal cutting temperature

PCR polymerase chain reaction

TMA trimethylamine

TMAO trimethylamine N-oxide

VLDL very-low-density lipoprotein

WT wild-type
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Mouse Ex Vivo Platelet Aggregometry Studies
Mice were anesthetized with ketamine (90 mg/kg) and xylazine 
(15 mg/kg). Platelet-rich plasma was generated from whole blood 
(600 μL) collected into 0.109 mol/L sodium citrate (100 μL), and 
then diluted with an additional 500 μL Ca2+/Mg2+ free modified 
Tyrode buffer and centrifugation at 100×g for 10 minutes at 22°C as 
described previously.4 Diluted platelet-poor plasma was prepared by 
further centrifugation at 800×g for 2 minutes. Platelets were counted 
using a hemocytometer and concentrations adjusted to 2×108/mL with 
platelet-poor plasma. CaCl

2
 and MgCl

2
 (both 1 μmol/L final concen-

tration) were added immediately before platelet aggregation studies. 
Platelet aggregation in response to 1 μmol/L ADP was assessed at 
37°C in a dual channel Type 500 VS aggregometer (Chrono-log) with 
stirring at 1200 rpm.

In Vivo Carotid Artery Thrombosis Model
After surgical isolation of the common carotid artery and fluores-
cent labeling of platelets with rhodamine 6G (100 μL; 0.5 mg/mL) 
via direct injection into the right jugular vein,4 mice were subjected 
to common carotid artery injury by application of 10% FeCl

3
 for 1 

minute and thrombus formation monitored in real time using intra-
vital fluorescence microscopy and continuous video image capture, 
as described previously.4 Time to cessation of blood flow was deter-
mined through inspection of computer images as described4 by 2 data 
analysts blinded to animal group assignments.

RNA Isolation and Quantitative RT-PCR Analyses
Total RNA samples from tissues were isolated using Trizol reagent 
(Life Technologies, Carlsbad, CA) according to the manufacturer’s 
protocol. The cDNA was synthesized using the High Capacity cDNA 
Reverse Transcription Kit (Applied Biosystems, Foster City, CA). 
Quantitative PCR was performed using gene-specific primers (Table 
I in the online-only Data Supplement) and the Roche SYBR green 
master mix in a Roche Lightcycler 480 system (Roche, Pleasanton, 
CA). The mRNA levels of specific genes were normalized to the 
mRNA levels of the housekeeping gene, β-actin, of the same sample.

Atherosclerosis
The study adhered to the guidelines for experimental atherosclerosis 
studies described in the American Heart Association Statement.24 
Power calculation estimated that the minimal sample size needed 
for each group was 13 to detect a 50% difference in atherosclerotic 
lesion size with a common SD of 45%, power=0.8, and significance 
level at 0.05. Quantification of the lesion area was performed in a 
blinded fashion. Atherosclerotic lesions in the proximal aorta were 
quantitated as described. 25Briefly, the aorta was flushed with PBS 
and embedded in optimal cutting temperature (OCT). Frozen sections 
(10 μmol/L) were stained with Oil Red O and lesion area quantified 
every third section beginning at the aortic valves. The average of the 
first 10 stained sections was then used as a measure of lesion size.

Statistical Analysis
All analyses were performed using the GraphPad Prism 8 software 
(San Diego, CA). When data were not normally distributed, a loga-
rithm or a square root transformation of the data was performed so 
that it followed normal distribution. If data from 2 groups followed 
a normal distribution and had equal variances, a Student t test was 
used to compare the means of the 2 groups. If data from 2 groups 
followed a normal distribution, but the groups had unequal variances, 
an unpaired t test with Welch correction was used. When comparing 
2 groups, for traits that could not be transformed to normality, the 
Mann-Whitney test was used. For tests comparing multiple groups, 
all data followed a normal distribution and were analyzed by a 1-way 
or 2-way ANOVA. Following a significant 1-way ANOVA, a post 
hoc Tukey multiple comparisons test was used. A 2-way ANOVA 
was used to estimate the contributions of ASO, FMO-3 genotype, 
and their interaction to the variances of the traits obtained in the 
FMO3KO/WT+ASOs study (Figure 1D; Tables 2 and 3).

Results
FMO3KO/LDLRKO Mice Exhibit Minor Changes  
in Plasma Lipid Levels, Decreased Plasma TMAO  
Levels, and Similar Atherosclerotic Lesion Size  
as LDLRKO Mice
FMO3KO mice were generated by CRISPR/Cas9 technique 
using a guide RNA targeted to the exon 2 of Fmo3 gene.18 A 
number of different Fmo3 mutations were observed as shown 
in Table II in the online-only Data Supplement. The studies 
reported here used mice with a 7 bp deletion at exon 2 result-
ing in a frameshift mutation with premature termination at 
amino acid 98.

When maintained on a chow diet, female FMO3KO mice 
exhibited a 186% (P<0.001) increase in circulating TMA levels 
and a 71% (P<0.001) decrease in circulating TMAO levels as 
compared with the WT females (Figure 1A). Male FMO3KO 
mice, on the contrary, exhibited similar TMA levels and a sig-
nificant 48% (P<0.001) decrease in circulating TMAO levels 
(Figure 1B). The difference between females and males is due 
in part to the fact that adult male mice exhibit greatly reduced 
FMO-3 expression because of testosterone-mediated repres-
sion of gene expression.3 These data confirm that FMO-3 is the 
major enzyme in mice that converts TMA to TMAO.

To study atherosclerosis and related traits, the FMO3KO 
mice were crossed with LDLRKO mice to generate LDLRKO 
and FMO3KO/LDLRKO mice. After 12 weeks of feeding 
of a Western diet to induce hypercholesterolemia, the fe-
male FMO3KO/LDLRKO mice exhibited similar plasma 
triglyceride and HDL cholesterol levels as compared with 
the female LDLRKO littermates (Table 1). Plasma total bile 
acids and aspartate aminotransferase levels were also sim-
ilar between the 2 groups of mice (Table 1). Moderate but 
significant decreases in total cholesterol (14%) and VLDL 
(very-low-density lipoprotein)/IDL (intermediate-density 
lipoprotein)/LDL cholesterol (15%) were observed in the 
FMO3KO/LDLRKO mice (Table 1). Plasma glucose levels 
and HOMA-IR were significantly lower in the FMO3KO/
LDLRKO mice, whereas plasma insulin levels were similar 
between the 2 groups (Table 1). Hepatic gene expression anal-
ysis revealed that the FMO3KO/LDLRKO mice exhibited 
similar mRNA levels of genes involved in glucose and lipid 
metabolisms including Fasn, Fgf21, Foxo1, G6pc, Me1, Scd1, 
and Srebp-1c, as compared with the LDLRKO mice (Figure I 
in the online-only Data Supplement). In contrast, expression 
of the same set of genes was shown to be decreased in the 
livers of FMO-3 ASO-treated mice as compared with the con-
trol ASO group.16 Circulating TMA levels were increased in 
the FMO3KO/LDLRKO mice and circulating TMAO levels 
were significantly decreased (P<0.0001) as compared with the 
LDLRKO mice (Figure 1C). In male mice, we did not observe 
any significant differences in plasma triglyceride, total, HDL, 
and VLDL/IDL/LDL cholesterol, glucose, insulin levels, or 
HOMA-IR between the FMO3KO/LDLRKO and LDLRKO 
mice (Table III in the online-only Data Supplement).

Atherosclerotic lesion size at the aortic root region was sim-
ilar between the female FMO3KO/LDLRKO and LDLRKO 
mice (Figure 1C). This result contrasts with our previous study 
with the FMO-3 ASO (Ionis number 555847) in the LDLRKO 
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mice that resulted in a significant decrease in atherosclerotic 
lesion size, likely due to a combination of decreased circu-
lating VLDL/IDL/LDL cholesterol levels (75% decrease) as 
well as TMAO levels.16 Although FMO3KO/LDLRKO mice 
had significantly decreased plasma TMAO levels as compared 
with the LDLRKO mice (0.43 versus 2.48 μmol/L, respec-
tively; P<0.001), both of these values are very low and there-
fore not likely to have a major impact on atherogenesis. For 
example, studies showing an impact of TMAO on atheroscle-
rosis involved ≈10-fold higher levels of TMAO.2,5,10

Off-Target Effects of an FMO-3 ASO on Metabolic  
Traits
We performed the following experiments to address the possi-
bility that some of these differences between our present find-
ings and previous studies with the FMO-3 ASO were due to 
off-target effect of the guide RNA used for generation of the 
FMO3KO mice. Based on sequence similarity, there are 4 po-
tential genes that may be targeted by the guide RNA used to 
mutate Fmo3: Olfr325, Myo15, Fmo6, or Carmn (Table IV 
in the online-only Data Supplement). However, we did not 
observe any mutations in these genes in the FMO3KO mice 

(Table IV in the online-only Data Supplement), suggesting 
specificity of this guide RNA toward Fmo3.

There are 2 likely mechanisms that can explain the differ-
ences observed between the genetic mutation of FMO-3 and 
acute knockdown of FMO-3 using an ASO: (1) the ASO used 
in our previous study may have off-target effects, or (2) there 
is genetic compensation induced in FMO3KO mice but not 
in FMO-3 knockdown using an ASO. To address this issue, 
we performed 8-weekly control ASO or FMO-3 ASO (Ionis 
number 555847) injections into WT or FMO3KO mice before 
tissue collection. Before ASO injection, WT and FMO3KO 
mice exhibited similar levels of plasma triglyceride, total 
cholesterol, HDL cholesterol, VLDL/IDL/LDL choles-
terol, glucose, and insulin (Tables 2 and 3). After 8-weekly 
injections of ASOs, we found that the FMO-3 ASO substan-
tially lowered plasma lipid, glucose, and insulin levels, and 
HOMA-IR, to the same extent in both WT and FMO3KO 
mice, suggesting that these effects are due to an off-target 
effect of the ASO (Tables 2 and 3). Two-way ANOVA was 
used to determine the source of variance contributing to 
these metabolic traits. We found that FMO-3 genotype did 
not significantly contribute to the variances observed in these 

Figure 1. Phenotypic comparisons of FMO3KO (flavin-containing monooxygenase-3 knockout) and wild-type (WT) mice, and WT and FMO3KO mice re-
ceiving a control antisense oligonucleotide (ASO) or an FMO-3 ASO. Plasma trimethylamine N-oxide (TMAO) and trimethylamine (TMA) levels of chow diet 
fed female (A; n=4–9) and male (B, n=9–10) WT and FMO3KO mice are shown. C, Female LDLRKO (low-density lipoprotein receptor knockout) and FMO3KO/
LDLRKO mice were fed a Western diet for 12 wk before mean atherosclerotic lesion size at the aortic root region (n=15–27) and plasma TMAO and TMA 
levels (mean±SEM, n=9–16) were measured. A–C, ***P<0.001 (Student t test) between the 2 genotype groups. A–C, Individual values (in circles) with group 
means (middle bars)±SEM (upper and lower bars) are shown. D, Hepatic gene expression analysis of WT and FMO3KO mice that received either a control or 
an FMO-3 ASO (Ionis number 555847). Sample sizes of each group range from 5 to 7 mice. Two-way ANOVA was used for analysis. Group means and SEMs 
are shown. D, &&P<0.01, &&&P≤0.001, &&&&P≤0.0001.
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plasma lipid, glucose, insulin, or HOMA-IR traits (Table V in 
the online-only Data Supplement). The type of ASO (control 
ASO versus FMO-3 ASO) was responsible for between 35% 
and 48% of the variances observed in the metabolic traits, 
whereas the interaction between FMO-3 genotype and ASO 
did not contribute significantly to the variance (Table V in the 
online-only Data Supplement).

Hepatic gene expression analyses showed that WT 
mice that received the FMO-3 ASO exhibited substantial 
decreases in Foxo1, Me1, Ppara, and Srebp-1c mRNA levels 
and more than 2-fold increase in Mcp1 mRNA levels as com-
pared with the control ASO groups (Figure 1D), confirming 
our previous observations.16 Notably, the FMO3KO mice 
that received the FMO-3 ASO exhibited similar changes 
in the expression of these genes as compared with the 
FMO3KO mice that received the control ASO (Figure 1D). 
Two-way ANOVA was performed, and again we found that 
type of ASO contributed significantly to the variances of 
these mRNA levels (34% to 53%; Table VI in the online-
only Data Supplement), whereas FMO-3 genotype and 

interaction did not contribute significantly to the variances 
(Table VI in the online-only Data Supplement). These data 
indicate that the decreased expression of these glucose and 
lipid metabolism genes was due to the off-target effect of 
the FMO-3 ASO, since it elicited a similar response in both 
WT and FMO3KO mice.

We identified potential off-target genes by search-
ing for regions of similarity between the FMO-3 ASO 
(TGGAAGCATTTGCCTTTAAA) and other gene tran-
script sequences using the publicly available Basic Local 
Alignment Search Tool (https://blast.ncbi.nlm.nih.gov). 
The results demonstrated sequence similarity between the 
FMO-3 ASO and the mRNA sequences of several genes in-
cluding Rab5b [16/16 consecutive nucleotides (nt) matched], 
Serpina1a-e (14/14 consecutive nt matched to all 5 Serpina1 
paralogs: Serpina1a, Serpina1b, Serpina1c, Serpina1d, and 
Serpina1e, abbreviated as Serpina1a-e), Slc38a9 (17/18 
nt matched), Sh3bp4 (14/14 consecutive nt matched), and 
Zyg11b (14/14 consecutive nt matched). In follow-up stud-
ies, we observed marked decreases in the mRNA levels of 
these potential off-target genes in the livers of FMO-3 ASO-
treated mice as compared with those of the control ASO-
treated mice (Figure II in the online-only Data Supplement). 
These data suggest that the FMO-3 ASO significantly 
reduced the expression of the Rab5b, Serpina1a-e, Slc38a9, 
Sh3bp4, and Zyg11b genes, which could have mediated 
some of the metabolic effects observed using the ASO. We 
next obtained a second, independent ASO for FMO-3 (Ionis 
number 555926) from Ionis, Inc. This ASO was less effi-
cient at knocking down hepatic FMO-3, had some effect in 
reducing plasma triglyceride and HDL cholesterol level, but 
showed no effects on plasma total cholesterol, VLDL/IDL/
LDL cholesterol, glucose, or insulin levels (Figure III in the 
online-only Data Supplement).

To further investigate the possibility of ASO-mediated 
off-target effects, we leveraged publicly available results of 
human genome-wide association studies for plasma lipid lev-
els from the Global Lipids Genetics Consortium.26 Of the 400 
kb regions encompassing each gene that we examined, SNPs 
located in between SERPINA6 and SERPINA2/SERPINA1 
(the ortholog of the 5 mouse paralogs: Serpina1a-e) were as-
sociated with plasma LDL levels (Figure IVA in the online-
only Data Supplement). The lead variant at this locus was 
rs4905179 (A>G) and yielded a P value of 5.6×10−7, which 
exceeded the Bonferroni corrected significance threshold for 
the number of SNPs in this interval (0.05/621=8.1×10−5) by 2 
orders of magnitude. Specifically, the A allele of rs4905179, 

Table 1. Plasma Lipid, Glucose, Insulin, AST, and Bile Acid Levels of Female 
LDLRKO and FMO3KO/LDLRKO Mice Maintained on a Western Diet for 3 Months

Genotype (n) LDLRKO (27)
FMO3KO/

LDLRKO (16) P Value

Triglyceride, mg/dL 233±21 197±20 0.26

Total cholesterol, mg/dL 1504±39 1292±45 0.002

HDL cholesterol, mg/dL 85±3 85±3 0.97

VLDL/IDL/LDL cholesterol, 
mg/dL

1419±39 1206±44 0.0013

Glucose, mg/dL 229±9 201±9 0.045

Insulin, pg/mL 605±65 506±37 0.19*

HOMA-IR 10.7±1.2 7.8±0.6 0.03*

AST, U/L 179±14 170±44 0.83

Bile acids, μmol/L 11.4±0.7 16.1±5 0.25

Plasma lipids, glucose, and insulin data were collected from 2 independent 
cohorts of mice. Mice were fasted for 4 h before blood collection. Values shown 
are mean±SE of each group. Sample sizes for AST and bile acids were 17 and 
9 for LDLRKO and FMO3KO/LDLRKO, respectively. Student t test was used for 
data analysis unless noted otherwise. AST indicates aspartate aminotransferase; 
FMO3KO, flavin-containing monooxygenase-3 knockout; HDL, high-density 
lipoprotein; HOMA-IR, homeostatic model assessment of insulin resistance; IDL, 
intermediate-density lipoprotein; LDL, low-density lipoprotein; LDLRKO, LDL 
receptor knockout; and VLDL, very-low-density lipoprotein.

*Unpaired t test with Welch correction was used for data analysis due to 
unequal variances of the 2 groups.

Table 2. Plasma Lipid, Glucose, Insulin Levels, and HOMA-IR of WT and FMO3KO Mice at Baseline

Group (n)
Triglyceride, 

mg/dL
Total Cholesterol, 

mg/dL
HDL Cholesterol, 

mg/dL
VLDL/IDL/LDL 

Cholesterol, mg/dL Glucose, mg/dL Insulin, pg/mL HOMA-IR

WT (14) 29±2 74±2 53±2 21±1 190±8 222±20 3.1±0.3

FMO3KO (10) 27±2 77±2 56±2 22±2 215±10 251±39 3.9±0.7

P value 0.54 0.47 0.36 0.61 0.07 0.47 0.25

Mice were fasted for 4 h before blood collection. Values shown are mean±SE of each group. Student t test was used for baseline data set. 
FMO3KO indicates flavin-containing monooxygenase-3 knockout; HDL, high-density lipoprotein; HOMA-IR, homeostatic model assessment of insulin 
resistance; IDL, intermediate-density lipoprotein; LDL, low-density lipoprotein; VLDL, very-low-density lipoprotein; and WT, wild-type.
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which has a frequency of ≈0.80 in subjects of European an-
cestry, was associated with decreased LDL levels and exhib-
ited a comparably significant association (P=1.1×10−6) with 
decreased plasma total cholesterol (Figure IVB in the online-
only Data Supplement). From the Cardiovascular Disease 
Knowledge Portal (http://broadcvdi.org/home/portalHome), 
we also found significant and suggestive associations of 
SERPINA1 SNPs with plasma lipids (LDL and total choles-
terol, triglyceride) and type 2 diabetes mellitus in human data 
sets (Table VII in the online-only Data Supplement).

To verify that Serpina1a-e explain the potential off-targets 
of the FMO-3 ASO, we examined plasma lipids traits of the 
KO and WT mice. We observed that female Serpina1a-e KO 
mice had significantly decreased plasma triglyceride and 
VLDL/IDL/LDL cholesterol levels but no changes in plasma 
total and HDL cholesterol, glucose, or insulin levels, as com-
pared with the WT mice (Table VIII in the online-only Data 
Supplement). Male Serpina1a-e KO mice had no changes in 
plasma total, HDL, and VLDL/IDL/LDL cholesterol and glu-
cose levels but significantly decreased plasma triglyceride, and 
increased plasma insulin and HOMA-IR as compared with the 
WT mice (Table VIII in the online-only Data Supplement). 
It is unclear why there is a paradoxical increase in plasma 
insulin levels in the male Serpina1a-e KO mice. These data 
suggest that part of the off-target effect of the FMO-3 ASO, 
including the plasma triglyceride and VLDL/IDL/LDL cho-
lesterol-lowering effects, is mediated through the decreased 
expression of Serpina1a-e.

FMO3KO Mice Exhibit Decreased Platelet 
Responsiveness and Thrombosis Potential
Recent studies have shown that TMAO promotes platelet 
hyperresponsiveness to multiple agonists and enhances 
thrombosis potential, suggesting that this is a likely mech-
anism by which TMAO may contribute to the development 
of atherosclerosis and cardiovascular disease risks.4 We 
evaluated the impact of the FMO-3 deficiency on platelet 
function and thrombosis potential by examining ex vivo 
platelet aggregation and in vivo carotid artery injury (FeCl

3
-

induced) thrombosis in mice maintained on 0.5% choline to 
elevate plasma TMAO levels. We observed no difference in 
plasma triglyceride, total, HDL, and VLDL/IDL/LDL cho-
lesterol, and glucose levels between the WT and FMO3KO 
mice under nonfasting condition (cohort number 1, housed 
at Cleveland Clinic; Table IX in the online-only Data 
Supplement). However, plasma insulin levels were signifi-
cantly decreased in the FMO3KO mice as compared with 
the WT mice (cohort number 1; Table IX in the online-only 
Data Supplement). In a separate cohort (cohort number 2, 
housed at UCLA), we did not observe any significant dif-
ferences in plasma lipids, glucose, or insulin levels between 
the 2 groups of mice (Table IX in the online-only Data 
Supplement), suggesting that differences in housing condi-
tions, microbiome, and animal handling may have influenced 
these metabolic traits. As shown in Figure 2A, the lower 
TMAO levels observed in FMO3KO mice were accompa-
nied by decreased platelet responsiveness (P<0.0001). In a 
different group of animals (FMO3KO versus WT controls), 
decreased TMAO levels in the FMO3KO mice were accom-
panied by slower clot formation and significantly longer 
times to vessel occlusion in the carotid artery FeCl

3
 injury 

experiments (P<0.001; Figure 2B and 2C). We observed 
that aortas collected from the FMO3KO mice exhibited 
decreased expression levels of inflammatory genes in-
cluding Ptgs2 (Cox2) and Cxcl2 (Figure V in the online-
only Data Supplement). Among the genes that promote 
platelet adhesion/thrombosis, we observed that E-selectin 
(Sele) levels were decreased in the aortas of FMO3KO, but 
no change in Icam1, P-selectin (Selp), tissue factor (F3), or 
von Willebrand factor (Vwf) levels were observed (Figure 
V in the online-only Data Supplement). Our findings sug-
gest that the reduced thrombosis potential observed in the 
FMO3KO mice is mainly due to TMAO’s effect on platelet 
responsiveness, with decreased vasculature inflammation 
playing a supporting role.

To further confirm that the antithrombotic effects that we 
observed in the FMO3KO mice are due to FMO-3 deficiency 
but not an off-target gene effect or an artifact of the CRISPR/
Cas9 mutagenesis, we studied an independently generated 
strain of FMO3KO mice, FMO3KO-2 created using homol-
ogous recombination (see Materials and Methods). After 
feeding a 1% choline diet for 2 weeks, the FMO3KO-2 
mice exhibited significantly lower plasma TMAO levels and 
longer times to vessel occlusion in the carotid artery FeCl

3
 in-

jury experiments as compared with the WT and FMO3KO-2 
heterozygous mice (Figure 2D), confirming our results using 
the CRISPR/Cas9 generated FMO3KO mice.

Table 3.  Plasma Lipid, Glucose, Insulin Levels, and HOMA-IR of WT and FMO3KO 
Mice After Receiving 8-Weekly Injections of a Control ASO or an FMO-3 ASO

Trait ASO WT FMO3KO

Triglyceride, mg/dL Control ASO 29±6 26±4

 FMO-3 ASO* 16±2 17±2

Total cholesterol, mg/dL Control ASO 74±5 76±6

 FMO-3 ASO* 61±3 57±6

HDL cholesterol, mg/dL Control ASO 50±3 50±3

 FMO-3 ASO* 41±3 38±4

VLDL/IDL/LDL cholesterol, mg/dL Control ASO 24±2 26±3

 FMO-3 ASO* 19±1 19±2

Glucose, mg/dL Control ASO 221±22 222±27

 FMO-3 ASO* 169±11 162±9

Insulin, pg/mL Control ASO 400±72 611±149

 FMO-3 ASO† 196±32 211±37

HOMA-IR Control ASO 5.8±0.9 10±3.1

 FMO-3 ASO† 2.2±0.2 2.4±0.4

Mice were fasted for 4 h before blood collection. Values shown are mean±SE 
of each group. Two-way ANOVA was used for ASO treatment data set. Sample 
sizes were 5 to 7 per group in the ASO treatment study. ASO indicates antisense 
oligonucleotide; FMO-3, flavin-containing monooxygenase-3; FMO3KO, FMO-
3 knockout; HDL, high-density lipoprotein; HOMA-IR, homeostatic model 
assessment of insulin resistance; IDL, intermediate-density lipoprotein; LDL, 
low-density lipoprotein; VLDL, very-low-density lipoprotein; and WT, wild-type.

*P<0.01.
†P≤0.001, 2-way ANOVA, control ASO vs FMO-3 ASO.D
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Figure 2. FMO (flavin-containing monooxygenase)-3 deficiency leads to decreased platelet responsiveness and decreased thrombosis potential in vivo. A–C, 
FMO3KO (FMO-3 knockout) and wild-type (WT) mice were fed with 0.5% of choline-supplemented chow diet for 2 wk. A, Platelet aggregometry was moni-
tored in platelet-rich plasma following stimulation of submaximal (1 μmol/L final) ADP. Data represent the % of max aggregometry amplitude in response to 
1 μmol/L ADP, along with mean (±SEM) plasma trimethylamine (TMA) and trimethylamine N-oxide (TMAO) levels, for each of the mouse groups. B, C, In vivo 
thrombosis potential was quantified using the FeCl3-induced carotid artery injury model. B, Time to cessation of flow in the FeCl3-induced carotid artery injury 
model, along with plasma TMA and TMAO levels reported as mean (±SEM). C, Shown are representative vital microscopy images of carotid artery thrombus 
formation at the indicated time points following arterial injury. *P<0.05, **P<0.01, ****P<0.0001 (Student t test); ####P<0.0001, unpaired t test with Welch 
correction; $$$$P<0.0001, Mann-Whitney test, between the 2 genotype groups. A and B, Individual values (in circles) with group means (middle bars)±SEM 
(upper and lower bars) are shown. D, Another strain of FMO3KO mice, FMO3KO-2, independently created by Mark Brown’s laboratory, exhibited decreased 
thrombosis potential as compared with the WT and heterozygous (HET) mice in the FeCl3-induced carotid artery injury model. One-way ANOVA was used to 
compare 3 groups. Following a significant 1-way ANOVA, Tukey post hoc test was then used to compare between any 2 groups of mice. For TMAO and TMA, 
any 2 groups that share the same letters are significantly different (P<0.05) in means.
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Discussion
Numerous human studies have revealed a significant associ-
ation between TMAO levels and cardiovascular disease, in-
cluding myocardial infarction and stroke,6,7 and experimental 
studies in mice have provided evidence that TMAO is causal 
for the disease.2,10 Several recent meta-analyses have system-
atically examined the many clinical studies involving TMAO 
and confirmed that elevated TMAO levels are associated with 
both enhanced cardiovascular disease and mortality risk in 
subjects.7–9 Several potential mechanisms by which TMAO 
can contribute to cardiovascular disease have been identi-
fied, including alterations in cholesterol and lipid metabo-
lism,2,5,16,17 glucose metabolism and diabetes-related traits,15–17 
vascular inflammation,11 and thrombosis.4,27 The initial studies 
implicating FMO-3 in modulation of lipid and glucose me-
tabolism were based on studies with an ASO (Ionis number 
555847), showing that a reduction in FMO-3 coincided with 
substantially decreased levels of plasma cholesterol, insulin, 
and glucose.15–17 Recently, we generated FMO3KO mice and 
were surprised to see that plasma lipids, glucose, and in-
sulin levels were not affected as compared with the WT mice 
under chow diet and 4-hour fasting conditions (Tables 2 and 
3). On the hyperlipidemic LDLRKO mouse background, we 
observed that female FMO3KO/LDLRKO mice had moderate 
but significant decreases in plasma total cholesterol (14%), 
VLDL/IDL/LDL cholesterol (15%), and glucose (12%) levels 
but no change in plasma triglyceride, HDL cholesterol, or in-
sulin levels as compared with the LDLRKO mice (Table 1). In 
addition, male FMO3KO/LDLRKO mice did not exhibit any 
differences in plasma lipids, glucose, or insulin levels as com-
pared with the LDLRKO mice (Table III in the online-only 
Data Supplement).

We then examined the basis of the differences observed 
between ASO treatment and genetic deficiency of FMO-3. 
To determine whether the ASO exhibited off-target effects, 
we treated the FMO3KO mice with the ASO. The ASO still 
exhibited effects on plasma cholesterol, lipid, glucose, and in-
sulin levels in the absence of FMO-3 (Tables 2 and 3). Other 
instances of discordance between phenotypes resulting from 
ASO treatment as compared with genetic mutations have been 
reported.28,29 To determine the nature of the off-target effects, 
we identified several genes exhibiting strong homology to 
the ASO sequence that showed reduced expression follow-
ing ASO administration. The human ortholog of Serpina1a-e, 
SERPINA1, exhibits natural genetic variation in human popu-
lations that was associated with plasma lipids and type 2 di-
abetes mellitus traits. Consistent with this, decreased plasma 
triglyceride (both female and male) and VLDL/IDL/LDL cho-
lesterol (female only) levels were observed in the Serpina1a-e 
KO mice as compared with the WT mice (Table VIII in the 
online-only Data Supplement), suggesting that the off-target 
triglyceride and VLDL/IDL/LDL cholesterol-lowering effect 
of the FMO-3 ASO (Ionis number 555847) is partly mediated 
through Serpina1a-e knockdown.

Our previous study16 demonstrated that treatment of the 
second FMO-3 ASO (Ionis number 555926) at 100 mg/kg 
body weight/wk significantly decreased plasma triglyceride, 
total and HDL cholesterol, glucose, and insulin levels in 
male C57BL/6J mice maintained on a chow diet. However, 

in our current study we found that using the same FMO-3 
ASO at 75 mg/kg per week to treat female LDLRKO mice 
maintained on a Western diet significantly decreased only 
plasma triglyceride and HDL cholesterol, not total or VLDL/
IDL/LDL cholesterol, glucose, or insulin levels as compared 
with the control ASO group (Figure III in the online-only 
Data Supplement). The differences in gender (male versus 
female), ASO dose (100 versus 75 mg/kg per week), genetic 
background (WT versus LDLRKO), and diet (chow versus 
Western diet) may have contributed to the different outcomes 
of these 2 studies.

We wish to emphasize that our studies do not negate the 
previous conclusions15–18 that FMO-3 has metabolic effects in 
addition to its effect on TMA/TMAO metabolism. Although 
it appears that the large decrease in plasma lipids levels 
observed with the FMO-3 ASO (Ionis number 555847) is due 
at least partly to an off-target effect, the other reported meta-
bolic phenotypes were observed in the FMO3KO mice under 
certain conditions, including plasma glucose and VLDL/IDL/
LDL cholesterol levels (on the LDLRKO background, fe-
male only), plasma insulin (Table IX in the online-only Data 
Supplement; C57BL/6J background, choline diet, nonfasted, 
only in 1 cohort) and adiposity (both on the C57BL6/J and 
LDLRKO background).18 There is experimental evidence for 
these phenotypes that is independent of the FMO-3 ASO, 
including FMO-3 transgenic mouse studies,16 tissue culture 
overexpression studies,16 and studies with a second ASO.16 
Most of the findings, but not all, were consistent with the pre-
sent results. For example, FMO-3 transgenic mice showed 
effects on plasma triglyceride levels16 that were not observed 
here in the FMO3KO mice. Such differences could well re-
sult from factors such as the diet, differences in the chosen 
hyperlipidemic background (LDLRKO versus apo-E Leiden 
transgenic mice), or gut microbiomes, which likely exhibit 
small differences between studies. Since FMO-3 is expressed 
in many tissues, there may also be tissue-specific effects 
that differ between studies. For example, the FMO-3 ASO 
is likely much more effective in some tissues than others, 
whereas the FMO3KO will abolish expression in all tissues. 
Last, we cannot rule out the possibility of developmental ad-
aptation that occurs in the FMO3KO mice since certain traits 
such as plasma triglyceride and HDL cholesterol levels were 
decreased by treatment of both of the FMO-3 ASOs but not 
in the FMO3KO mice. Therefore, it is possible that there are 
certain genes involved in lipid and glucose metabolism whose 
expression are altered to compensate for the loss of Fmo3 
during development.

We did not observe any changes in atherosclerotic lesion 
development in the FMO3KO/LDLRKO mice as compared 
with the LDLRKO littermates, in contrast to previous stud-
ies.16 This difference is probably due to the fact that there 
was a 75% decrease in plasma VLDL/IDL/LDL cholesterol 
levels associated with the FMO-3 ASO knockdown, but only 
a minor decrease (15%) in the FMO3KO/LDLRKO mice. It 
is important to note, however, that the TMAO levels observed 
in the present studies were quite low (mean=2.48 μmol/L for 
LDLRKO mice and 0.43 μmol/L for FMO3KO/LDLRKO 
mice), well below the median TMAO level (3.7 μmol/L) 
reported in human subjects,6 and also well below levels of 
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TMAO observed in numerous mouse studies, where effects on 
atherosclerotic plaque development have been observed.2,5,10 
We note that recent studies examining inhibition of TMA and 
TMAO production via use of an inhibitor of gut microbial 
conversion of choline into TMA significantly reduced ather-
osclerosis in the apoEKO mouse model.10 It will be impor-
tant in future studies to test the effect of the FMO3KO on 
atherosclerosis under conditions of elevated TMAO, such as 
feeding choline or carnitine, or in the presence of impaired 
renal function.

Next, we performed a series of thrombosis experiments 
in mice fed a 0.5% choline diet to elevate TMAO. Here, we 
observed that the FMO3KO mice fed a 0.5% choline diet had 
a significant decrease in plasma TMAO level and robustly 
decreased both platelet hyperresponsiveness and thrombosis 
potential. Specifically, we observed that the FMO3KO mice 
had reduced platelet aggregation in response to ADP and 
that in a FeCl

3
 model of thrombosis, the rate of clot forma-

tion was decreased and time to vessel occlusion was signifi-
cantly increased. Furthermore, similar findings of decreased 
thrombosis potential in vivo were observed using a second, 
independently generated, FMO3KO mouse strain, confirming 
that these findings are directly due to FMO-3 deficiency. The 
mechanism by which FMO-3 deficiency leads to attenuated 
thrombosis potential is likely due to decreased circulating 
TMAO levels. Previously, we showed that direct expo-
sure of platelets to TMAO enhanced submaximal stimulus-
dependent platelet activation from multiple agonists through 
augmented Ca2+ release from intracellular stores.4 This is 
likely the main reason that FMO3KO mice exhibit attenuated 
platelet function.

Collectively, there is now strong evidence that the TMAO 
pathway is associated with cardiovascular disease risk in 
humans.7–9 In parallel, the fact that feeding TMAO promotes 
atherosclerosis and thrombosis in mouse models,2,4,5,10 pro-
vides support that TMAO serves as both a biomarker and 
causative factor in atherothrombotic diseases. Our findings 
clarify the specific role of the TMAO-producing enzyme 
FMO-3 in lipid and glucose metabolism and atherothrombotic 
disease. It is important to note that our previous observation 
of a reduction in atherosclerosis following ASO treatment16 
may have been due to the off-target effect on plasma VLDL/
IDL/LDL cholesterol levels rather than TMAO levels. This is 
an important lesson that warns against the use of a single drug 
or knockdown approach and reinforces the power of mouse 
genetics in defining mechanism of action. Given the findings 
of this study, it will be important to continue investigation in 
FMO3KO mice to fully understand how this multifunctional 
enzyme impacts cardiometabolic disease.
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Highlights
• FMO (flavin-containing monooxygenase)-3 knockout mice exhibited elevated trimethylamine levels and reduced trimethylamine N-oxide levels.
• The previously observed effect of an FMO-3 antisense oligonucleotide on plasma lipid levels is due primarily to an off-target effect.
• The FMO-3 knockout mice exhibited reduced platelet activation and reduced thrombosis in a FeCl3 model.
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