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Background: Trimethylaminuria (TMAU) is a rare recessive genetic disorder with limited global prevalence. To date, there have been
no official reports of TMAU cases documented in Saudi Arabia.

Purpose: In this study, we developed a liquid chromatography—mass spectrometry (LC-MS) method for the analysis of trimethyla-
mine (TMA) and Trimethylamine N-Oxide (TMAO) in urine and plasma samples for the first reported case of TMAU in Saudi Arabia.
Patients and Methods: A 41-year-old Saudi man was diagnosed with TMAU in National Guard Hospital. Blood and urine samples
were collected to confirm the diagnosis of TMAU. In this study, we have studied LC-MS, cell culture, flow cytometry, adhesion assay
and Sanger sequencing analysis. Additionally, in this study, we have selected 5 healthy controls.

Results: The results have revealed elevated TMA levels were present in both urine and plasma samples, while TMAO levels were
significantly lower compared to control group. Further, we utilized plasma sample from the TMAU patient as novel model to
investigate the potential effect of low TMAO on monocyte and endothelial cell function in vitro. DNA sequencing analysis identified
a ¢.622G >T (p.Glu208*) which creates a premature stop codon in FMO3 gene.

Conclusion: Our findings revealed differential responses in monocytes and endothelial cells stimulated with plasma from the TMAU
patient compared to plasma from non-TMAU patients. These distinct responses may be key modulators of endothelial function and
contributes to vascular damage.

Keywords: Trimethylaminuria, TMAU, LC-MS, cell culture, flow cytometry, adhesion assay and Sanger sequencing analysis

Introduction

Trimethylaminuria (TMAU) is a rare recessive genetic disorder associated with mutations in the FMO3 gene that cause
loss of function in the FMO3 protein. This enzyme is responsible for conversion of trimethylamine (TMA) to
trimethylamine N-oxide (TMAO) in the liver. TMA containing nutrient precursors, choline, betaine, and carnitine
present in different types of foods, such as egg, fish, and meat, are metabolized by gut microbiota to TMAO." In healthy
individuals, more than 90% of TMA is converted (by FMO3) to nonodorous TMAO and excreted in the urine.? Defective
FMO3 enzyme can interrupt the conversion of TMA to TMAO, leading to accumulation of TMA in the body. This
eventually leads to a strong fishy odor excreted from breath, sweat, and urine, which gives this disorder another name as
fish odor syndrome.?
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TMAU affects an estimated range of one to five cases per million people worldwide.* However, underdiagnoses and
lack of awareness suggest the true prevalence is likely higher. No physical symptoms associated with TMAU have been
reported and patients often appear healthy. However, individuals diagnosed with TMAU experience major psychological
and social problems including depression, embarrassment, social isolation, low self-esteem, and attempted suicide due to
the fishy odor they suffer from.>®

Relying solely on a rotten-fish body odor for diagnosing TMAU can be inaccurate. The odor can be episodic, and not
all clinicians/physicians have the same sensitivity to the smell.* TMAU is diagnosed and classified by a urine test that
measures both TMA and TMAO concentrations. Gene sequencing of the FMO3 gene is used to confirm a diagnosis of
primary TMAU. Based on both analyses, TMAU can be categorized into two types; primary and secondary (acquired). In
Primary TMAU, patients have defective FMO3 enzyme, which can be affected by single or multiple mutations in the
FMO3 gene. On the other hand, with secondary TMAU patients had elevated TMA levels in the urine due to multiple
factors including an excessive dietary intake of TMA precursors, viral, and gut flora and hepatic disease that will lead to
decreased activity of FMO3 enzyme.’ Several mutations in the FMO3 gene (OMIM: 136132 and LOVD database) have
been reported including missense and nonsense types.'*">

The biochemical analysis of TMAU is achieved by measuring the levels of TMA and TMAO in urine and then
calculates the TMA: TMAO ratio. Furthermore, following the biochemical analysis, the “FMO3 metabolic capacity” can
be calculated using the following equation: TMAO/(TMA + TMAO), which can be used to classify TMAU into mild,
moderate, or severe.'” Individuals with TMAU exhibit elevated levels of TMA associated with low levels of TMAO.
From the broader perspective, several studies suggest a link between elevated plasma TMAO level and cardiovascular
diseases.'® High TMAO level has been linked to endothelial cell dysfunction and monocyte activation.'” However, the
impact of low TMAO levels, as observed in TMAU patients, on endothelial function and inflammation has remained
unclear.'®'? The role of TMAO in cardiovascular disease remains controversial and two recent cohort studies have found
no link.

Several analytical methods have been developed to determine TMA and TAMO in urine samples including proton
nuclear magnetic resonance spectroscopy (H-NMR), matrix-assisted laser desorption/ionization with time-of-flight MS
(MALDI-TOF-MS), fast atom bombardment mass spectrometry (FAB-MS), and capillary gas chromatography-mass
spectrometry (GC-MS).?>** Some of these methods lack sensitivity, specificity, or require time-intensive sample
preparation.”* In contrast, stable isotope dilution liquid chromatography selected reaction monitoring (SID-LC-SRM)
showed accurate and precise method to detect and quantify TMA and TMAO in biological samples.?**

This study investigated the first documented case of an adult patient in Saudi Arabia presenting to our genetic clinic
with Trimethylaminuria and experiencing unpleasant body odor. A comprehensive diagnostic approach was employed,
incorporating clinical evaluation, genetic analysis, and LC-ESI-MS/MS for the quantification of TMA, TMAO, and their
precursors. Further, this study investigated the impact of TMAO level on endothelial dysfunction in Trimethylaminuria
patient using models of monocytes and macrophage cells.

Methods

Chemicals and Reagents

Trimethylamine Hydrochloride, Trimethylamine N-Oxide Dihydrate, choline chloride, and L-Carnitine were purchased
from TCI Company. Betaine monohydrate and Trimethyl-d9-amine hydrochloride were purchased from Sigma Aldrich.
Trimethylamine N-Oxide (d9), choline chloride (Trimethyl-d9), Betaine (d11) were purchased from Cambridge Isotope
Laboratories. The Ultra PFP Propyl Column was purchased from Restek.

Patient and Study Approval

A 41-year-old Saudi male presented to our genetics clinic with a main complaint history of unpleasant body odor was
included in our study. A control group of five healthy individuals, matched for age and ethnicity, was also recruited. The
study was approved by the institutional review board of King Abdullah international medical research center (RC20/171
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and RC-19-120-R). Written informed consent was obtained from participants. Also, this study compiles with the
Declaration of Helsinki.

Preparation of Stock Solutions, Calibrators and Quality Control Samples

Stock solution (1 mg/mL) for standards and QCs were prepared in water using accurately weighed amounts of TMA,
TMAO, Choline, Carnitine, and Betaine and stored at —20°C. For calibration standards, the stock solution was serially
diluted in water to obtain ten different concentrations of (125, 62.5, 31.25, 15.6, 7.8, 3.9, 1.95, 0.97, 0.48, and 0.24, uM)
for TMA, TMAO, and Choline and ten different concentrations of (15.6, 7.8, 3.9, 1.95, 0.97, 0.48, 0.24, 0.12, 0.06 and
0.03 pM) for Carnitine and Betaine. The quality control (QC) samples were prepared in the same way at three levels:
lower — LQC with 1.95uM for TMA, TMAO, and Choline, and 0.24uM for Carnitine and Betaine. Medium — MQC with
7.8 uM for TMA, TMAO, and Choline, and 0.97uM for Carnitine and Betaine. High — HQC with 62.5 uM for TMA,
TMAO, and Choline, and 7.8uM for Carnitine and Betaine. During calibration, a blank sample spiked only with an
internal standard was examined using the standard procedure.

Internal Standards Information

Stock solutions of TMA-d9, TMAO-d9, Betaine-d11, and Choline-d9 were accurately weighed and dissolved at
a concentration of 1 mg/mL in water. The stock solution was further diluted into by Methanol as the internal standard
solution.

Sample Preparation

Urine samples were collected from five healthy controls and one patient. Aliquots of 1.5 mL were stored at —80°C.
Samples were thawed at room temperature. Next, urine samples were diluted into 1:100 in water. Ten calibration
standards were prepared from serially diluted stock solution. 20ul of the samples were spiked with 150ul of IS working
solution. Subsequently, sample centrifugation at 12000 rpm for 5 min at 4°C was done, after that, the supernatant was
transferred into autosampler vial and injected.

LC-MS/MS

The analysis was performed using the QTRAP® 5500 (SCIEX, Canada) coupled with Agilent 1260 Infinity HPLC
system (Agilent, Germany). 0.5 puL of the sample was injected into an Agilent Pursuit 3 PFP column (30 x 3.0mm), and
the flow rate was set at 150 uL/min. Mobile phase A consist of SmM ammonium formate in water with pH = 3.0. Mobile
phase B contains 90% acetonitrile in water and 10% of 5mM ammonium formate in water with pH = 5.8. The scan mode
was operated with multiple reaction monitoring (MRM) with positive ion mode. The TurbolonSpray source parameters
were as follows: CUR = 20; CAD = low; IS = 5500 V; source temperature = 500°C; GS1 and GS2 = 40 and 20,
respectively. DP = 38.00, EP = 10.00, and CXP = 10.00.

Single Gene Sequencing

Genomic DNA was obtained from 2mL of peripheral blood collected in an EDTA vacutainer using a Qiagen extraction
kit. Next, a NanoDrop spectrophotometer was used to measure the DNA quality. Genotyping for (¢.622C>T) variant is
present in the FMO3 gene was carried out with 50uL reactions including the Qiagen master mix, oligonucleotide sets
designed for FMO3 gene and DNA templates. The PCR products were run on 2% agarose gel electrophoresis to sustain
the bands prior to performing the Sanger sequencing analysis for FMO3 gene.

Cell Culture and Plasma Incubation

Human umbilical vein endothelial cells (HUVECs) were purchased from ATCC (CRL-1730 USA) and were maintained
in completed Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine serum (FBS). Human
leukemia monocytic cell line ATCC (TIB-202 USA) was cultured in RPMI 1640 supplemented with 2-mercaptoethanol
to a final concentration of 0.05 mm, 10% fetal bovine serum (Gibco), and 1% penicillin/streptomycin antibiotic (Gibco).
All cells were cultured in a humidified 5% CO2 atmosphere at 37°C. For the differentiation of monocyte to monocyte-

The Application of Clinical Genetics 2024:17 hetps: 217



Alghanem et al

like-macrophages, THP-1 cells were stimulated for 3 days with 100 nM phorbol-12-myristate 13-acetate (PMA)
(MilliporeSigma, Burlington, Massachusetts, United States). After that, the cells were washed three times with PBS
and incubated with fresh media. Cells were incubated for 24 h, and then the culture medium was removed and replaced
with fresh complete medium supplemented with 10% healthy control or patient plasma. Cells were incubated for another
24h before harvesting.

Adhesion Assay

THP-1 cells were stained with 5-(and-6)-carboxyfluorescein diacetate succinimidyl ester (CFSE) for 30 min, then
incubated with endothelial cells for 2 hours. Cells were washed three times with PBS and used for imaging by
EVOS®™ FL Auto Imaging System (Thermo Fisher Scientific).

Flow Cytometry

Cells were harvested, then washed with 1X PBS and incubated for 30 minutes at 4°C with PE-conjugated antibodies
(ICAM-1, CD11C and TNFa). For the unconjugated primary antibody (V-CAMI1) a secondary antibody and FITC
Streptavidin were added. After that cells were washed twice with PBS and resuspended with 300 ul FACS buffer, then
analyzed using LSRFortessa BD FACS machine (BD Biosciences) and data were analyzed using FACSDiva software.
For reactive oxygen species (ROS) detection, CellROX™ Deep Red Reagent (1 uL) (Invitrogen) was diluted in RPMI
Medium (Gibco) (4mL), then cells were incubated for 20 min in 100 pL of this mixture at 37°C. Flow cytometry was
used to evaluate the cells after they were washed in PBS. Annexin-V binding assay was used to determine apoptosis.

3D Protein Model Analysis

Multiple Alignment Sequences for p.Glu208Ter Variant

The protein sequence of p.Glu208* variant and normal sequences were translated into in-silico analysis using the
Ensembl tool used online. The p.Glu208Glu and p.Glu208* amino acid sequences will be further converted into
FASTA sequences and will be used to analyze the Sanger sequencing analysis for ¢.622G>T (p.Glu208%*) variant present
in the FMO3 gene.

Prediction Analysis of 3D Protein Structure in p.Glu208Ter

In this study, we will use a web server known as I-TASSER, which will be used to predict the 3D protein structure and
function of the FMO3 protein. With the help of I-TASSER, we will predict the protein structure, homology analysis of
protein type proximity based on 3D structure, biological functional analysis and protein homology analysis type
proximity based on biological functional analysis. PyMol software will be used to visualize the predicted structures.

Secondary Structure

The secondary structure of the protein was studied in detail for normal and mutated sequences present in p.Glu208Glu
and p.Glu208* region. The secondary structure consists of a-helices, B-turn extended strand, B-sheet and coils. Using the
PDM sum tool, both the secondary motif map and topology diagram were calculated.”’

Results

A 41-year-old Saudi male who was referred to our clinic 2 years ago and noticed to have offensive fishy body odor since
adolescent. No other clinical manifestation that he has a part of this, and type 2 diabetes mellitus diagnosed one year ago,
and he is on metformin and controlled. No history of hypertension, tachycardia, anemia or neutropenia or recurrent
infections. He is married and has 2 healthy daughters. No other similar illness in his family. The offensive fishy odor has
an impact on his psychosocial life as it makes him live in coastal cities, he is currently live in Vietnam.

Given the absence of prior reported cases of Trimethylaminuria in Saudi Arabian medical clinics, the initial priority
was to establish a biomedical assay for the measurement of TMA and TMAO. This assay will serve as a rapid diagnostic
tool for identifying future cases in Saudi Arabia and can be used to confirm the results of FMO3 gene sequencing. TMA
precursors including choline, carnitine, and betaine were added to the study to evaluate their potential dietary influence
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on TMA levels in urine samples for the participants (patient). The present study describes an adaptation of the previously
published LC-SRM method employing pentafluorophenyl (PFP) stationary phase for the analysis of TMA and TMAO
without pre-derivatization.”® The mobile phase composition was modified. Ammonium formate buffer (pH 3.0) was
employed for mobile phase A, while in the mobile phase B, the combination of acetonitrile and ammonium formate
buffer (pH 5.8) was used. Chromatographic separation of TMA and TMAO was satisfactory, as illustrated in Figure 1.

Quantification was achieved using deuterium isotope internal standards to ensure analytical accuracy and precision.
Since a method for determining TMA and TMAO using a pentafluorophenyl (PFP) stationary phase has already been
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Figure | Extracted lon Chromatogram (XIC). LC-MS chromatogram for all compounds (TMA, TMAQO, Betaine, Choline, and Carnitine) and their internal standards.
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Table 1 TMA, TMAQ, and Their Precursor’s Concentrations in Urine Samples.

All Results Normalized to Creatinine Level

Sample Carnitine Betaine Choline TMA TMAO TMAO/ TMAO/
Name pmol/mmol pmol/mmol pmol/mmol pmol/mmol pmol/mmol TMA ratio | (TMA+TMAO)*100
Patient | 11.04 10.10 21.86 164.81 7.49 0.05 4.35

Ctrl | 16.11 12.64 34.22 13.35 47.88 3.59 78.20

Ctrl 2 17.88 12.03 52.09 38.90 67.72 1.74 63.51

Ctrl 3 4.12 9.63 31.98 8.94 39.84 4.46 81.67

Ctrl 4 23.06 6.84 32.66 5.80 14.86 2.56 71.92

Ctrl 5 243 5.87 27.02 7.07 24.38 3.45 77.51

established and validated, this study assessed only linearity and precision. All calibration curves demonstrated excellent
linearity, with correlation coefficients exceeding 0.996 for all compounds. To assess reproducibility, three quality controls
(QC) samples were incorporated at low, medium, and high concentration during analytical runs. The coefficient of
variation (CV) for the high and medium concentration levels was below 5%, while the CV for the low concentration level
remained under 9%. The concentrations of TMA, TMAO, Carnitine, betaine, and choline in urine samples have been
normalized to the creatinine levels. The patient with the highest TMA concentration exhibited a level of 164.8 pmol/
mmol exceeding all other participants in the study. The patient’s TMAO concentration was 7.49 pmol/mmol, and lower
than that of all of the control individuals. The patient showed a markedly low TMAO/TMA ratio of 0.05, significantly
lower than the healthy control group. Urine levels for TMA precursors including choline, carnitine, and betaine were not
significantly different compared to healthy controls. Table 1 summarizes the quantitative analysis of all measured
compounds in the urine samples collected from the patient and healthy controls. Further, the plasma levels of TMA
and TMAO were measured in our patient, with results indicating 114.1 and 0.43 pmol/L, respectively.

To verify the diagnosis based on the urinary TMA and TMAO level, genetic analysis was subsequently performed.
Genetic analysis of the patient identified a homozygous non-sense mutation in the FMO3 gene; ¢.622G > T p. (Glu208*).
This mutation was reported as a pathogenic variant in the ClinVar, LOVD and OMIM databases.

The observation of sustained reduced levels of TMAO in our patient, who is on a low-protein diet, and is suffering
from a rare genetic defect in FMO3, prompts us to further investigate the impact of his plasma on endothelial function
and inflammatory processes. We used plasma from our patient as model for TMAO low level and we evaluate the
potential interaction with monocytes and endothelial function. We find that monocytes stimulated by plasma of the
patient are less adherent to endothelial cells compared to healthy control (Figure 2A and B), while the adhesion
molecules ICAM-1 and VCAM-1, were increased (Figure 3A and B). Furthermore, an elevated level of ROS marker

(A) (B)
120
5 100 Healthy control TMAU Patient
2
g 80
c
S 60
°
@
S 40
£
< 20
0
Healthy Patient
Control

Figure 2 Plasma from TMA/patient decreased monocyte adhesion to endothelial cells. Thp-1 monocytes were incubated with plasma from (TMAU patient) compared to
healthy donors (healthy control). (A) Number of adherent cells and (B) representative image for healthy control and patient.
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Figure 3 Plasma from TMA/patient stimulates monocyte adhesion markers, oxidative stress and apoptosis. Thp-I monocytes were incubated with plasma from (TMA/
patient) compared to healthy donors (healthy control). (A) ICAM-1, (B) VCAM-I and (E) CDI1C were measured by flow cytometry, bars are presented as percentage of
positive cells (C) ROS detection was measured by flow cytometry using CelROX™ Deep Red Reagent and (D) Apoptosis measurement was detected using Annexin
V assay. The data are presented as mean + SEM, n=3-4.

was observed in our patient compared to control sample (Figure 3C). We further evaluated the apoptosis process where
we observe an increase in apoptotic cells after media supplementation with plasma from the patient (Figure 3D)
compared to control. No difference was observed in CD11C marker between patient and control samples (Figure 3E).

Further, we investigate the potential interaction with macrophages and endothelial function using the same markers.
The result was the same (Figure 4B-D) except ICAM-1, the only marker that was completely reversed (Figure 4A).
Furthermore, the CD11C marker was increased in the patient sample. We further evaluate the expression of VCAM-1 and
TNF-o on endothelial cells. Results revealed an increase level of VCAM-1 and decrease level TNF-a in patient sample
compared to health control as shown in Figure SA and B, respectively.

The sequence identification of both normal and mutated proteins was confirmed by 82.86% and 91.35%. Multiple
sequence alignments of the FMO3 gene protein present in p.Glu208Ter were performed to identify the conserved
residues. In our study, we could not show mutated protein due to the deletion of termination codon in the amino acid
sequence present after the 208th position in the FMO3 gene, and it was revealed from GRCh38.p13 in the Ensembl
genome browser along with the transcript ID: ENSG00000007933.13.

With the support of I-TASSER tool, we have created a couple of protein 3D models for both the normal and mutated
protein present in 208th position in the FMO3 gene. Figure 6 shows the different forms of 3D protein models shown
between the normal and mutated protein.

The knowledge towards the secondary structural analysis is to comprehend confirmation modification in 3D structures
of protein. In this study, we have performed the secondary structural element for both the normal and mutated protein for
the position 208 in the FMO3 gene ie, Glu-208-Glu and Glu-208-Ter. The predicted model for secondary structures for
both the normal and mutated proteins was generated using PDMsum tool, and it is shown in Figure 7. The Figure 7a and
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Figure 4 Plasma from TMA/patient stimulates monocyte-like-macrophage adhesion markers, oxidative stress and apoptosis. Thp-|-like macrophages cells were incubated
with plasma from (TMA/patient) compared to healthy donors (healthy control). (A) ICAM-I, (B) VCAM-I and (E) CDIIC were measured by flow cytometry, bars are
presented as percentage of positive cells (C) ROS detection was measured by flow cytometry using CellROX™ Deep Red Reagent and (D) Apoptosis measurement was
detected using Annexin V assay. The data are presented as mean * SEM, n=3-4.
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Figure 5 Plasma from TMA/patient stimulates VCAM-| and TNF-o expression in endothelial cells. HUVEC cells were incubated with plasma from (TMA/patient) compared
to healthy donors (healthy control). (A) Percentage of VCAM-I positive cells and (B) percentage of TNF-a positive cells, measured by flow cytometry. The data are
presented as mean * SEM, n=3-4.
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Figure 6 Predicted protein structures present for Glu208Glu and Glu208Ter proteins appear in FMO3 gene. (a) contains normal protein and (b) mutated protein modelling
(c) displays as surface view of normal protein structure and (d) mutated protein structure in the form of surface view.

b show the normal and mutated proteins and it shows the Helices strands ie, H1-H25 and H1-H10. The a-helices were
labelled with H and B-strands indicates the presence of upper letters and additionally, B, y. Moreover, hairpin turns were
also labelled. In the normal protein of the secondary structure, 25 helices ie, H1-H25 had appeared in multiple helix—
helix interactions, while various B-sheet motifs are composed of 34 B-strands. The normal protein sequence of this
mutation does not come under any of the helix, and it was seen in the Figure 7; precisely 7a. The topology of this
mutation was documented in the Figure 8a. When it comes to the mutated protein sequence, 10 helices had appeared as
H1-H10 among the helix—helix interactions. The mutated protein sequence also does not come under any of the helixes,
and it was seen in the Figure 7b. The topology of this mutation was present in the Figure 8b. Further, in Figure 8§, it was
showed the arrangement and connectivity of the helices and strands in a protein. Both the protein chain consists of C and
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Figure 7 Predicted secondary structure for normal and mutated protein sequence present at 208" position in FMO3 gene. (a) consists of normal protein structure ie,
Glu208Glu (b) consists of termination codon present at 208" position.
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! U

Figure 8 Exposition of Topology diagram for both normal and terminated proteins present in 208" position in FMO3 gene. (a) consists of normal protein structure and (b)
consists of termination codon.
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N terminal domains, and it was folded into a mixed o/p topology. The helices were represented as cylinders and arrows
define the B-strands.

Discussion

TMAU is a rare genetic disorder with limited reported cases in the global population. Based on the availability of the
documented literature, no studies were present on TMAU cases in Saudi Arabia. Among, a 41-year-old man with
extensive history of strong fishy body odor was reported to genetic division, department of pediatrics, King Abdullah
Specialist Children Hospital, in Riyadh. He complained of disturbing social and work life that made him depressed and
anxious. Five healthy individuals’ males and age matched served as controls alongside the patient in this study.

This study presents the first documented case of TMAU in the Saudi population. The unpleasant odor had a significant
negative impact on his mental health, prompting his relocation to Vietnam, a coastal nation, where he sought to minimize the
comments on his odor every day. The patient’s distinctive fish odor provoked us to investigate whether similar cases of TMAU
with the same genetic mutation have been previously reported. It has been found that one single case was reported previously for
an Asian patient with the same mutation.”” The TMA and TMAO urine levels in the Asian patient were 48.7 and 70.0 pmol/mmol
creatinine, respectively. Despite having the same mutation, the significantly lower TMAO/TMA ratio in our patient (0.05)
compared to the Asian patient (1.4) may be associated with more severe body odor observed in our patient.

Plasma levels of TMAO are also independently associated with cardiovascular diseases as reported in multiple cohorts.'®?*%~
** Lowering TMAO levels for prevention of atherosclerosis and cardiac events has become of significant interest.*>~® Production
of TMAO depends on diet, gut microbes, and FMO3 considered the three potential therapeutic targets for such interventions. Our
gut microbiota metabolizes some dietary nutrients, particularly carnitine, choline and phosphatidylcholine into TMA. In the liver
and in the presence of FMO3, a class of hepatic FMO enzymes, TMA is oxidized into TMAO. The observation of consistently
reduced plasma levels of TMAO in our patient (TMAO = 0.43pumol/L compared to the reference interval of 1.28-19.67umol/L
defined as 2.5th—97.5th percentile,’” who is on a low-protein diet and is suffering from a rare genetic defect in FMO3, prompts us
to further investigate the impact of his plasma on endothelial function and inflammatory processes.

Endothelial dysfunction of Vasculature is an early key marker for the development of vascular damages and inflammation
leading to cardiovascular complications.>® It was demonstrated that TMAO modulates oxidative stress and inflammation as well
as expression of adhesion molecules, and that high level of TMAO stimulates endothelial cell dysfunction and induces monocyte
activation.*”*° However, there is no clear study reported on the effect of low circulating level of TMAO in endothelial function or
inflammation. We employed our patient plasma, which had a low level of TMAO, as a model to investigate potential interactions
with monocytes and endothelial function. Adhesion of monocytes to endothelial cells is a crucial process during the pathophy-
siology of inflammation and cardiovascular diseases. Our findings indicate that monocytes stimulated by the patient’s plasma less
adhere to endothelial cells than those stimulated by healthy control plasma, despite the upregulation of adhesion molecules ICAM-
1 and VCAM-1. This effect may be explained by the excessive production of ROS, which leads to endothelial dysfunction and
abnormal monocyte adhesion. Furthermore, upon adding the patient plasma to the media, we observed a rise in the number of
apoptotic cells, suggesting an enhanced apoptotic process.

The plasticity of monocyte differentiation throughout the inflammatory phase alters their biological activity, we differentiate
thp-1 cells into thp-1-like macrophages and evaluate the same markers used on monocytes. While all other markers displayed
similar trends, ICAM-1 exhibited a complete reversal. Decrease of ICAM-1 in monocyte during differentiation may also explain
at least in part the loss of adhesion property and the potential activation and change of function after stimulation with plasma from
patient, supported by the increase of CD11C. This marker plays a major role in modulating migration and adhesion of monocyte
and regulation of immune responses throughout the inflammatory process. We further evaluate the expression of VCAM-1 and
TNF-a on endothelial cells. VCAM-1 was increased in cells cultured with media supplemented by plasma from a patient
compared to control. However, TNF-o, which played a role in monocyte recruitment, adhesion and migration, was decreased.
These results support the hypothesis that the decrease of monocyte adhesion is due mostly to activation of these cells rather than
dysfunction of adhesion molecules in endothelial cells. Overall, decrease of TMAO levels in our patient may be the cause of some
hidden abnormalities in the circulatory system, specifically the interaction between monocytes and endothelial cells. However,
these effects did not reach the pathologic level that affects the clinical phenotype. Furthermore, additional investigation with
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a large number of subjects is required to confirm these preliminary results, which have evident limitations in terms of the quantity
of samples used.

The supplementary Figure-1 and supplementary Table-1 consists of previous studies carried out between different variants
present in the FMO3 gene on TMAU. In these global wide studies, we have documented 147 variants studied in the FMO3 gene in
different populations (Supplementary File) and majority from the Japanese population.*' 3 Among 147 variants, 3.4% belong to

the Intronic region, 7.5% be appropriate to UTR region and 89.1% were present in eight exonic regions ie, between exons 2-9.
Almost 22.9% of FMO3 gene variants are present in exon-9. The protein sequence Glu308Gly was commonly documented in the
global population, '>!44%43:46:47:49.34-57 Next P135L and G158L variants were well documented in the global wide populations.
Additionally, V257M, A205C, C197Ter, Arg500Ter, Arg388Ter, Gln470Ter, GIn475Asp, 1441T, Asn114Ser, M1661, Gly180Val,
Thr201Lys, Ser310Leu (S.Table-1) were mainly documented. In our study, we have documented the p.Glu208Ter variant and it
was previously reported in the UK population among a nine-year-old boy. When it comes to our study, we have found this
variant in adult men with 41 years of age.

The FMO3 gene variants in TMAU disorder were focused deeply and primarily studied in the Japanese population by Shimizu
et al studies and reported many variants including novel mutation.*' > Based on the preceding aspect, we assume that FMO3
genetic variants have frequently appeared in the Japanese population, which could be attributable to the predominance of common
ethnicity in TMAU disorder. We also assume that as a dietary factor, seafood can contribute to TMAU disease in this population
because seafood consists of elevated TMA levels. In addition, it is worth noting that a small number of mutations identified in
certain patients can have a significant impact on a large number of patients.

Previous studies have confirmed the elevated levels of TMAO are strongly associated with obesity>” and diabetes.®® The
patient had a BMI of 29.4kg/m? and was the child of parents who were consanguineous. He was married to a woman who was
non-consanguineous to him. In our study, we found that the parents of the patient had a consanguineous history, which is
a common factor in this autosomal recessive inherited disorder. This is the first documented diagnosed case in his family. One of
the limitations of this study could be the detailed analysis of the molecular tests for the family members.

This sequence change creates a premature translational stop signal (p.Glu208*) in the FMO3 gene. It is expected to
result in an absent or disrupted protein product. Loss-of-function variants in FMO3 are known to be pathogenic (PMID:
20301282). This variant is present in population databases (rs559643079, gnomAD 0.06%). This premature translational
stop signal has been observed in individual with TMAU (PMID: 27118741). ClinVar contains an entry for this variant
(Variation ID: 1322927). For these reasons, this variant has been classified as Pathogenic.

Conclusion

This study concludes that the termination codon was detected at the 208" protein position in the FMO3 gene. Moreover, we have
developed the LC-MS method for quantifying urine TMA and TMAO concentration levels. This method will facilitate disease
diagnosis and support other clinical centers within the Kingdom with analyzing samples from suspected patients. Nevertheless,
our results require further examination to be confirmed because we are limited in the quantity of samples.
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