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TMAQO reductase, a biomarker for gut permeability defect
induced inflammation, in mouse model of chronic kidney
disease and dextran sulfate solution-induced mucositis
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Abstract

Background: The excretion of trimethylamine N-oxide (TMAO) (uremic toxin) into the intestine might be en-
hanced, due to the limited renal elimination in chronic kidney disease (CKD), possibly induced TMAO reductase (a
TMAO-neutralizing enzyme) in gut bacteria. Detection of TMAO reductase in serum could be used as a biomarker of
gut permeability defect.

Objective: To explore the correlation between serum TMAO reductase, gut leakage, and systemic inflammation in
CKD.

Methods: Mouse models of gut leakage; including 5/6 nephrectomy-induced chronic kidney disease (CKD), a model
without colitis, and 1.5% dextran sulfate solution (DSS), a colitis model, were performed. In parallel, serum samples
from patients with chronic hemodialysis (n = 48) and the healthy control (n = 20) were analyzed.

Results: Gut-leakage (FITC-dextran, endotoxemia, and reduced intestinal tight junction protein) was detected in both
CKD and DSS models. While TMAO reductase and TMAO were elevated in the serum of both mouse models and pa-
tients, TMAO reductase correlated with TMAO, gut- leakage, and serum IL-6 only in mice but not in patients. Notably,
endotoxemia was used as a surrogate marker of gut leakage in patients. In patients, TMAO reductase and TMAO did
not correlate with serum IL-6 and vascular complications using the ankle-brachial index and cardio-ankle vascular in-
dex.

Conclusions: Serum TMAO reductase was elevated in CKD mice and patients with CKD. Serum TMAO reductase was
correlated with TMAO and gut-leakage only in mice but not in patients. Further studies in patients are needed to de-

termine the benefit of serum TMAO reductase in patients with CKD.
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al tight junctions (TJ), is the major intrinsic mucosal defense
barrier between the host and gut organisms. Indeed, normal
TJ only allows the passive movement of molecules that small-
er than 0.6 kDa through paracellular transport." Gut mucosa
injury induces gut permeability defect allows the translocation
of organismal molecules from the gut into blood circulation
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refer to as “gut leakage”* Because of the foreignness to host
of microbial molecules, most of these molecules from gut
translocation induce systemic inflammatory responses.” Due
to the dominant abundance of Gram-negative bacteria in the
gut, gut translocation of lipopolysaccharide (LPS), referred to
as endotoxemia, demonstrates several adverse effects to the
host in both infectious diseases (bacterial endotoxemia), or
non-infection diseases (metabolic endotoxemia).” Endotox-
emia without active infection is used as a biomarker for gut
leakage because LPS is too large to pass through T] (MW 50-
100 kDa).> The detection of gut leakage using endotoxemia is
easier than the standard method with detection of the non-ab-
sorbable carbohydrates in urine or serum after oral ingestion.?®
However, several non-gut-derived factors could be responsible
for endotoxemia including occult infections and contaminat-
ed intravenous fluid. Hence, other bacterial products might be
interesting to use as gut leakage biomarkers.

Chronic kidney disease (CKD) is a major health care
problem worldwide® with a possibility of endotoxemia from
gut translocation.’’ Accordingly, the uremic toxin is one of
the major causes of intestinal T] damage'! that is responsible
for uremia-induced gut leakage. Interestingly, trimethylamine
N-oxide (TMAOQO), the amine oxides formed in the liver, is
a metabolite of trimethylamine (TMA) which is produced
from dietary phosphatidylcholine by bacteria in the gut.!* As
such, TMAOQ, is small enough for the passive transportation
through TJ into blood circulation'? that worsens renal func-
tion.”

While bacteria in the gut produce TMAO, TMAO reduc-
tase (MW at 172 kDa) is a bacterial enzyme that metabolizes
TMAO™"" which normally does not pass through the healthy
intestinal barrier.! Then the detection of TMAO reductase in
blood might be associated with gut permeability defect. Dif-
ferent from the limitation of endotoxemia as a biomarker for
gut leakage (including the LPS contamination during hemo-
dialysis), the detection of serum TMAO reductase might be
more specific to gut permeability defect. Moreover, it is well-
known that TMAO is associated with arterial complications in
patients with CKD.'*'® If TMAO reductase is associated with
TMAO level, TMAO reductase might also be a biomarker for
CKD vascular complications. Due to the easier method for the
detection of TMAO reductase (using ELISA) compared with
TMAO (by mass-spectrometry), the utilization of TMAO re-
ductase might be more affordable in regular clinical practice.
Hence, we performed mouse models to explore the utilization
of TMAO reductase in mouse models of CKD (5/6 nephrecto-
my) and dextran sulfate solution (DSS) induced mucositis and
in serum from patients with CKD.

Materials and Methods
Animal and animal models

The animal study protocol following the National Insti-
tutes of Health (NIH), USA was approved by the Institutional
Animal Care and Use Committee from the Faculty of Medi-
cine, Chulalongkorn University, Bangkok, Thailand (SST 022/
2561). C57BL/6 mice were purchased from Nomura Siam
International (Pathumwan, Bangkok, Thailand). For the in-
duction of chronic kidney disease (CKD), 5/6 nephrectomy
(Nx) was performed in 8-wk-old male mice with two stages

of operation under isoflurane anesthesia following the pre-
vious publications.'*® Briefly, the resection of the upper and
lower pole of the left kidney was performed through the
left flank incision with the microfibrillar collagen hemosta-
sis (Avitene, Davol, Cranston, RI). At 1 week later, the entire
right kidney was removed via a right flank incision. For the
sham-operated mice, the flank incisions were performed with-
out renal resection. In parallel, a model of the direct mucosal
injury, DSS-induced mucositis, was conducted as previous-
ly.#?422 In brief, DSS (Sigma-Aldrich, St. Louis, MO, USA) was
diluted into the drinking water of 8-wk-old male mice at the
concentration of 1.5% (v/v), and the regular drinking water
was used for the control group. Then, CKD (and sham) mice
and DSS (and water control) mice were sacrificed at 3 months
after right nephrectomy and 7 days post-DSS, respectively.
Mice were sacrificed with cardiac puncture under isoflurane
anesthesia with the collection of blood and ascending colons
(distal to the caecum). Serum was kept at -80°C until used
and ascending colon samples were prepared in 10% formalin
for histology and in Cryogel (Leica Biosystems, Richmond, IL,
USA) for the immunofluorescent staining of the tight junction
protein.

Analysis of mouse samples and gut leakage determination
Liver injury was determined by glutamic-oxaloacetic trans-
aminase (SGOT) (EASTR-100) and glutamate-pyruvate trans-
aminase (SGPT) (EALT-100) (BioAssay, Haywood, CA, USA).
Renal injury was indicated by blood urea nitrogen (BUN)
(QuantiChrom Urea Assay; DIUR-100) and serum creatinine
(QuantiChrom Creatinine Assay; DICT-500) (BioAssay). En-
zyme-linked immunosorbent assay (ELISA) for serum IL-6
(PeproTech, Rocky Hill, NJ, USA) and trimethylamine-N-ox-
ide (TMAO) reductase (MBS7254609) (MyBioSource, San
Diego, CA, USA) were used. On the other hand, gut leak-
age was determined by i) fluorescein isothiocyanate dextran
(FITC-dextran) assay, ii) endotoxemia, iii) tight junction
molecule detection using immunofluorescence, and iv) stain-
ing for enterocyte apoptosis. The detection of FITC-dextran,
a nonabsorbable molecule, in serum with Fluorospectrometer
(NanoDrop 3300; Thermo Scientific, Wilmington, DE, USA)*
at 3 h after an oral administration of 12.5 mg FITC-dextran
(4.4 kDa) (FD4; Sigma-Aldrich) indicates gut permeability
defect.* Serum endotoxin (LPS) was evaluated by HEK-Blue
LPS Detection Kit 2 (InvivoGen, San Diego, CA, USA).” with
the limit of detection (LOD) at less than 0.01 EU/mL.
Furthermore, the intestinal tight junctions of ascending
colon were evaluated following the previous publications®*
due to the dominant colon injury in DSS-induced mucositis.*
As such, samples in Cryogel (Leica Biosystems, Richmond, IL,
USA) were prepared into 5 pm-thick acetone-fixed sections
and were stained by primary antibody against enterocyte tight
junction molecules Claudin-1 (catalog no. 71-7800; Thermo
Fisher Scientific, Waltham, MA, USA) with secondary green
fluorescent antibodies (Alexa Fluor 488) (Life Technologies,
Carlsbad, CA, USA). Then, the slides were washed and stained
with 4',6’-diamidino-2-phenylindole (DAPI; BioLegend, USA)
(1:1,000) for 15 min, mounted (Prolong; Life Technologies),
and were visualized with a Zeiss LSM 800 confocal micro-
scope (Carl Zeiss, USA). Additionally, enterocyte apoptosis
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was determined by immunohistochemistry as a possible cause
of gut leakage. Accordingly, 10% formalin-fixed paraffin-em-
bedded sections of the colon were stained with anti-cleaved
caspase-3 (Aspl75) (catalog no. 9661; Cell Signaling Technol-
ogy, Beverly, MA, USA) for 1 h before incubation with sec-
ondary biotinylated goat anti-rabbit antibody (Cell Signaling
Technology) for 30 min before visualization. The semiquan-
titative analysis of apoptotic cells from 10 random fields per
slide was evaluated, by 2 examiners in a blinded fashion, with
the average number of enterocytes with apoptosis counted at
a 200x magnification and expressed as the number of positive
cells per high-power field.

Serum trimethylamine-N-oxide (TMAO)

Serum TMAO was determined by liquid chromatogra-
phy-mass spectrometry (LC-MS/MS) following a previous
publication”” using a silica column (Luna silica; 00G-4274-EO0,
Phenomenex, Torrance, CA) at a flow rate of 0.8 mL/ min with
a 4 LC-20AD Shimadazu pump system, SIL-HTC autosampler
and dual column switching valve system (MXP7900, IDEX
Health & Science, Oak Harbor, WA)? interfaced with a Xevo®
TQ-S mass spectrometer (Waters Ges.m.b.H USA.). Electro-
spray ionization in positive-ion mode with multiple reaction
monitoring (MRM) of precursor and characteristic product
ion transitions of m/z 76 - 58 amu and 85 > 66 amu, respec-
tively, were performed. The parameters for the ion monitoring
were as follows: Spray voltage, 4.5 kV; Curtain gas, 15; GS1,
60; GS2, 50; CAD gas, medium; DP, 60; CE, 25.0 volts for
TMAO and 28.3 volts for d9-TMAO (internal standard); CXP,
10; EP, 10. Nitrogen (99.95% purity) was used. Various con-
centrations of non-isotopically labeled TMAO standards were
spiked into control plasma to prepare the calibration curves.
The internal standard d9-TMAO was used for quantification
as well as to calculate the recovery rate of TMAO.

Patient data

Serum of patients without residual renal function in a reg-
ular chronic hemodiafiltration program (3 times a week) after
2 days of the dialysis free period from the Nephrology Unit of
the King Chulalongkorn Memorial Hospital, Bangkok, Thai-
land or the healthy volunteers were collected following the
approved protocol (NBC 18/2020) by the Ethical Institutional
Review Board, Faculty of Medicine, Chulalongkorn Universi-
ty, according to the Declaration of Helsinki, with written in-
formed consent from each patient. For the demographic data
of the healthy control (n = 20; 40% male) and patients (n =
48; 46% male) in mean * standard deviation (SD) were; av-
erage age, 57 + 15 vs. 65 *+ 12 years old; height, 171 £ 10 vs.
160 + 9 cm and body mass index (BMI), 28 + 10 vs 25 * 8.
The dialysis vintage of patients and dry weight at the time of
the sample collection were 11 + 5 years and 61 + 15 kg. The
underlying diseases of the patients were diabetic nephrop-
athy (50%), hypertension (17%), Glomerular diseases (8%),
and unknown (25%). The serum samples were collected after
2 days of dialysis free in all patients as the representatives of
the chronic kidney disease group. The exclusion criteria were
patients with current infection or history of infection with-
in 2 months, pregnancy, liver cirrhosis, active lupus, or oth-
er auto-immune diseases. The analysis of patient samples was

based on the hospital service using i) Alinity ci-series Inte-
grated Clinical Chemistry and Immunoassay (Abbott, Abbott
Park, Illinois, USA) for detection of BUN, Creatinine, SGOT,
and SGPT, ii) Cobas 8000 c502 (Roche Diagnostics, Brent-
wood, TN, USA) for $2-microglobulin (2M) and C-reactive
protein (CRP). Serum TMAO and TMAO reductase were de-
termined by LC-MS/MS and the ELISA (MyBioSource), re-
spectively, as mentioned above. Human cytokines (IL-6 and
TNF-a) and LPS were measured by ELISA (88-7066 and 88-
7346; Thermo Fisher Scientific) and HEK-Blue LPS Detection
Kit 2 (InvivoGen). In parallel, ankle-brachial Index (ABI) and
cardio-ankle vascular index (CAVI) were used to determine
the vascular complications using a portable ultrasonogra-
phy-based machine (VaSera VS-200; Fukuda-Denshi Compa-
ny, Tokyo, Japan) as published articles.*** Accordingly, ABI is
calculated by the highest systolic pressure on the foot of that
side/average of the highest pressure from both arms, while
CAVI score was calculated by the machine. The average of
ABI and CAVI from left and right-sided measurements were
used to determine the correlation with serum indicators. The
ABI score < 0.9 and 0.91-0.99 are peripheral arterial disease
and borderline, respectively, while ABI at 1-1.4 and > 1.4 are
normal and non-compressible arteries (possibly from diabetes
mellitus), respectively.”’ The CAVI score < 8 and 8-9 are nor-
mal and at risk for atherosclerosis, while CAVI > 9 is possible
atherosclerosis.?*

Statistical analysis

Analyzed data using Statistical Package for Social Scienc-
es software (SPSS 22.0, SPSS Inc., IL, USA) and Graph Pad
Prism version 7.0 software (La Jolla, CA, USA) are presented
as mean * standard error (SE) and mean + standard deviation
(SD) for mouse and patient data, respectively. The differences
between groups were examined for statistical significance by
one-way analysis of variance (ANOVA) followed by Tukey’s
analysis or Student’s t-test for comparisons of multiple or 2
groups, respectively. In parallel, Pearson correlation was used
for the correlation coefficients and p < 0.05 was considered
statistically significant. R?

Results
Detection of TMAO reductase in blood was associated with
gut leakage and systemic inflammation in the mouse models
Mouse models of indirect and direct intestinal damage us-
ing CKD and DSS models, respectively, did not demonstrate
diarrhea (data not shown) similar to the previous publica-
tions.>” As such, renal injury (BUN and serum creatinine)
was detectable in CKD mice but not in DSS mice (Figure
1A, B) with systemic inflammation (serum IL-6) in both
models (more prominent in DSS than CKD mice) (Figure
1C). In parallel, gut leakage was demonstrated in both mod-
els with the higher severity in DSS mice than CKD mice as
determined by FITC-dextran assay, endotoxemia, and the
detection of Claudin-1, a tight junction molecule (Figure
1D-G). In addition, serum TMAO reductase was prominent
in CKD mice and DSS mice (higher in DSS model) (Figure
1H) possibly due to mucositis-induced gut translocation.
Meanwhile, TMAO, a uremic toxin, increased only in CKD
mice but not in DSS mice (Figure 1I) which corresponded to
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Figure 1. Characteristics of mice with chronic kidney disease (CKD), 3 months after 5/6 nephrectomy, or sham surgery and 1
week of 1.5% dextran sulfate solution (DSS) induced mucositis or drinking water control group as determined by i) renal func-
tion; blood urea nitrogen (BUN) and serum creatinine (A, B), ii) systemic inflammation (serum IL-6) (C), iii) gut permeability
defect; serum FITC-dextran assay, endotoxemia, the immunofluorescent score of tight junction molecule (Claudin-1) and the
representative figures (D-G), iv) serum TMAO reductase and serum TMAO (H, I) are demonstrated (n = 8-11/group). Addi-
tionally, the correlation between serum TMAO reductase against serum TMAO, FITC-dextran (gut leakage biomarker), or serum

Serum TMAO reductase (ng/mL)

Serum TMAO reductase (ng/mL)

IL-6 (systemic inflammation) in the CKD model (J-L) is demonstrated. *p < 0.05

Serum TMAO reductase (ng/mL)
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the high TMAO reductase in CKD mice (Figure 1H) possibly
due to the enhanced reductase enzyme from gut bacteria to
metabolite uremia-enhanced production of TMAQ.** As such,
there was a good correlation between TMAO reductase and
TMAO in CKD mice (Figure 1J).

Additionally, serum TMAO reductase (172 kDa MW),*
was associated with gut leakage using FITC-dextran (4 kDa
MW) (Figure 1K) with R* > 0.4 but was not correlated with
LPS (50-100 kDa MW)? (data not shown) possibly due to the
higher MW of TMAO reductase. Moreover, serum TMAO
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reductase also correlated with systemic inflammation (serum
IL-6) (Figure 1L) possibly due to the host reaction against
molecules from gut leakage.”® Despite a previously mentioned
uremia-induced enterocyte apoptosis in bilateral nephrecto-
my mice,” the intestinal apoptotic cells in the colon of CKD
5/6 nephrectomy mice were non-detectable. Only the apop-
tosis in inflammatory cells at lamina propria of the colon in
both CKD and DSS mice (more prominent in DSS mice) was
demonstrated (Figure 2A, B).

Figure 2. Detection of intestinal apoptotic cells in colons using caspase 3 immunohistochemistry staining from mice with chronic
kidney disease (CKD; 3 months after 5/6 nephrectomy) or sham surgery and mice with 1 week of 1.5% dextran sulfate solution
(DSS) induced mucositis or drinking water control group as indicated by the representative pictures (200x for original magnifi-
cation and 400x for the inset image) (A) and apoptotic cells abundance (cells/high power field at 200x) (n = 6-8/group) (B). *p <
0.05; The arrows indicate some of the positive apoptosis in mononuclear cells at the laminar propria (but not enterocytes) in the

picture.
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Increased serum TMAO reductase in patients with chronic
hemodialysis was not associated with endotoxemia and se-
rum TMAO

The data from mice suggest that TMAO reductase might
be used as a biomarker of gut permeability defect on CKD. For
a proof of concept, a cross-sectional analysis of blood samples
from patients was performed. Accordingly, blood samples
from patients with chronic hemodialysis were analyzed and
divided into patients with endotoxemia and non-endotoxemia
as the demographic data presented in table 1. The liver func-
tion (SGOT and SGPT) of the patients was within the nor-
mal range (< 40 U/L) despite the slightly higher level than the
healthy control (Figure 3A, B). In parallel, all of the uremia
toxins; small molecules (urea nitrogen and creatinine), a mid-
dle molecule (2M), and a protein-bound molecule (TMAO),

in patients with CKD were higher than the healthy control
(Figure 3C-F). Additionally, endotoxemia was detectable in
12 out of 48 patients (25%), but not in the healthy control
(Figure 3G), supporting the possible gut permeability defect.”
In parallel, serum TMAO reductase, a bacterial enzyme, was
also higher in a patient with CKD together with inflamma-
tory responses (CRP and serum cytokines) (Figure 3H-K).
Overall, the uremic toxins (BUN and creatinine, p2M and
TMAO), TMAO reductase, endotoxemia (in 12 out of 48 pa-
tients), CRP, and serum cytokines in patients with CKD were
higher than the healthy control (Figure 3C-K). There was no
correlation between TMAO and TMAO reductase. Also, both
TMAO and TMAO reductase were not associated with other
uremic toxins (creatinine and Pp2M), systemic inflammation
(serum IL-6) (R?* < 0.4) (Figure 4A-G), and LPS (Figure 4H-I)

Table 1. Characteristics of patients with or without endotoxemia.

Age (mean * SD) (years)
Gender, n (%)
Male
Female
Dry weight (mean + SD) (kg)
Height (mean + SD) (cm)
BMI (mean + SD)
Dialysis vintage (mean + SD) (years)
Primary kidney disease, n (%)
Diabetic nephropathy
Hypertension
Glomerulonephritis
Unknown
Laboratory (mean + SD)
Fasting plasma glucose (FBS) (mg/dL)
SGOT (U/L)
SGPT (U/L)
BUN (mg/dL)
Creatinine (mg/dL)
Beta-2 microglobulin (ug/L)
Serum C-RP (mg/L)*
Serum TMAO (uM)
Serum TMAO reductase (ng/dL)
Serum TNF-alpha (pg/mL)
Serum IL-6 (pg/mL)

Serum LPS (EU/mL)

Endotoxemia Non-endotoxemia
(n=12) (n=36)
65+ 14 64+ 11

4(33) 18 (50)
8 (67) 18 (50)
58 £ 14 62+ 16
159 +7 161 £ 10
235 24+5
12+5 12+5
4(33) 20 (55)
4(33) 4(11)
1(8) 3(8)
3(25) 9 (25)
104 + 31 107 =27
17+8 20+7
16 £ 10 18+8
66 26 68 + 20
8+3 9+3

31,877 + 8,985 28,963 + 7,346

8§+11 4+10
135+ 162 110 + 140
14+ 5 16 + 15
154 + 26 154 + 530
4+4 24 +52
0.04 £ 0.07 <0.01

*p < 0.05 between groups
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Figure 3. Characteristics of the healthy volunteers (n = 20) and the patients with chronic kidney disease (CKD) (see method) (n
= 48) as determined by i) liver injury; serum glutamic-oxaloacetic transaminase (SGOT) and serum glutamate-pyruvate trans-
aminase (SGPT) (A, B), ii) uremic toxins of small molecules; blood urea nitrogen (BUN) and serum creatinine (C, D), middle
molecule; beta-2 microglobulin (p2M) (E), protein-bound uremic toxin; Trimethylamine N-oxide (TMAO) (F), iii) gut leakage
(endotoxemia) (G), iv) TMAO reductase (H) and v) inflammatory responses; C-reactive protein (CRP), serum TNF-a and IL-6
(I-K) are demonstrated. *p < 0.05; **p < 0.001
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Figure 4. The correlation between serum Trimethylamine N-oxide (TMAO) reductase and serum TMAO (A) and between serum
TMAO reductase or serum TMAO with serum creatinine (a small molecule uremic toxin) (B, C), beta-2 microglobulin (f2M) (a
middle molecule uremic toxin) (D, E) or systemic inflammation (serum IL-6) (E, G) and endotoxemia (H, I) from patients with
chronic kidney disease (CKD) (see method) (n = 48) are demonstrated.
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Figure 5. The correlation between serum Trimethylamine N-oxide reductase (TMAO; a protein-bound uremic toxin), serum
TMAO reductase, or systemic inflammation (serum IL-6) versus ankle-brachial index (ABI) (A-C) or cardio ankle vascular index
(CAVI), the indicators of atherosclerosis (D-F) (n = 32), are demonstrated. Additionally, the correlation between the top quartile
values of TMAQO, TMAO reductase, or IL-6 in serum versus ABI or CAVI (G-L) (n = 8) is also demonstrated.

suggesting a lesser impact of TMAO reductase in patients to ABI (the lower ABI values, the more severe arterial stift-
with CKD. Because of the well-known correlation between se- ness) (Figure 5C), there was still no correlation to ABI and
rum TMAO and CKD vascular complications,'*'® ankle-bra- CAVT score with the highest quartile of these values (Figure
chial index (ABI) and cardio-ankle vascular index (CAVI), the 5G-L). Hence, increased TMAO reductase in patients with

indicators of peripheral arterial disease and arterial stiffness, CKD might be slightly associated with systemic inflammation
respectively, were measured in patients. Unfortunately, there (Figure 4F), but not correlated with TMAO (Figure 4A) and
was no correlation between serum TMAO, TMAO reductase, the arterial complications (Figure 5B, E). The p values from

or serum IL-6 with neither ABI nor CAVI (Figure 5A-F). No- Figure 4 and Figure 5 are demonstrated in Supplement Table
tably, only serum IL-6 demonstrated the negative correlation 1.
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Discussion
Increased serum TMAO reductase in mouse models of gut
leakage by uremia and DSS mucositis

The reduced toxin elimination through the kidney in
CKD might enhance the excretion of trimethylamine N-oxide
(TMAOQO), the uremic toxin formed in the liver, into the intes-
tine that possibly induced TMAO reductase (a TMAO-neu-
tralizing enzyme) in gut bacteria. The hypothesis that “the
detection of TMAO reductase in serum might be used as a
biomarker of gut permeability defect” was tested. The intes-
tinal damage in 5/6 nephrectomy-induced CKD (an indirect
intestinal injury from uremia) and DSS mucositis model (a
direct gut injury model) was demonstrated. Accordingly, the
intestinal permeability defect in the DSS model was more
severe than the CKD model as indicated by the higher
FITC-dextran and LPS with the lower abundance of a tight
junction molecule (Claudin-1) supporting the previous pub-
lications.?>* Due to gut translocation of LPS (MW 50-100
kDa), the damage of intestinal mucosa in both models was se-
vere enough for gut translocation of microbial molecules with
high molecular weight.! Perhaps, the presentation of TMAO
reductase (MW 172 kDa) in serum of these mice might also
due to gut permeability defect. Although enterocyte apopto-
sis in gut mucosa allows gut translocation of the larger mi-
crobial molecules (or the whole viable organisms),' apoptosis
of the mononuclear cells, but not enterocytes, were detectable
at lamina propria of both CKD and DSS model. These accu-
mulated lymphoid cells with apoptosis may be also responsi-
ble for the enhanced intestinal inflammation.’* However, se-
rum TMAO was detectable only in CKD mice, but not DSS
mice, supporting the property of TMAO as a uremic toxin.
Despite fecal dysbiosis in both uremia* and DSS,* the dys-
biosis in uremia (but not DSS) enhanced TMAO suggesting
the different selected growth of some bacteria between these
models. Surprisingly, TMAO and TMAO reductase in serum
of DSS mice were higher and lower than CKD mice, respec-
tively, implying the enhanced TMAO reductase production by
other non-TMAO factors in DSS mice. Indeed, TMAO reduc-
tase in Vibrio fluvialis could be inducible by the high hydro-
static pressure.*® Hence, some stress factors in the gut micro-
environment in the DSS colitis model might induce TMAO
reductase. More studies are needed. On the other hand, in our
attempts to detect the level in fecal contents, fecal TMAO re-
ductase in both DSS and CKD models were still higher than
the upper range of the standard curve of the assay which pos-
sibly due to the extremely high level of TMAO reductase or
the non-specific binding to other substances in the fecal con-
tents (data not shown). More studies on these topics are in-
teresting. Nevertheless, the correlation between TMAO and
TMAO reductase in the CKD mouse model implied a possi-
bility to use TMAO reductase as a CKD biomarker.

Serum TMAO reductase increased in patients with CKD but
did not correlate with serum TMAO, discordance between
the CKD mouse model and the patients

Because blood collection was performed before hemo-
dialysis without clinical infection, endotoxemia in these pa-
tients did not dialysis contamination but most likely from gut
permeability defect. There was slightly increased CRP (8 + 3
mg/L; normal value < 5 mg/L) in patients with endotoxemia,
despite the non-elevation of serum cytokines. However, se-
rum LPS was non-detectable on the repeated measurement at
1 week later in all of these patients (data not shown) imply-
ing transient endotoxemia possibly from diet or other factors.
More studies are interesting.

Different from the CKD mice, TMAO reductase in pa-
tients with CKD did not correlate with LPS (a marker of pos-
sible gut leakage), TMAO, inflammatory cytokines, and bio-
markers of vascular complication (ABI and CAVI) implied a
limitation of TMAO reductase in the real clinical situation.
Despite an increase in TMAO reductase in patients with CKD,
the benefit of TMAO reductase over other CKD biomarkers is
limited. As such, the discordance between patients and mice
might due to the limitation of mouse models or the differ-
ence in several clinical patient factors; including medications,
underlying diseases, and hemodialysis. Notably, the non-cor-
relation between serum TMAO and vascular complications
(ABI and CAVI) different from most of the publications on
the topic'®'® implied a limitation in the number of patients in
our pilot study. The studies on a proper number of patients
with end-stage renal disease (ESRD) before hemodialysis with
direct measurement of gut leakage are needed.

In conclusion, increased TMAOQO reductase in CKD mice
was correlated with serum TMAO, gut leakage, and system-
ic inflammation. However, TMAO reductase in patients with
CKD did not correlate with serum TMAO, endotoxemia (a
surrogate marker of gut leakage), and systemic inflammation,
despite the increased serum level in patients compared with
the healthy control, demonstrated a limitation of TMAO re-
ductase in the hemodialysis patients. More studies in patients
with ESRD without hemodialysis are interesting.
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Supplement table 1. The correlation and p value from figure 4 and 5.

Groups of interest
TMAO reductase vs. TMAO
Creatinine vs TMAO reductase
Creatinine vs TMAO
B2M vs TMAO reductase
IL-6 vs TMAO reductase
IL-6 vs TMAO
LPS vs TMAO reductase
LPS vs TMAO
TMAO vs. ankle brachial index (ABI) (all samples)
TMAO reductase vs. ankle brachial index (ABI) (all samples)
IL-6 vs. ankle brachial index (ABI) (all samples)
TMAO vs. cardio-ankle vascular index (CAVI) (all samples)
TMAO reductase vs. Cardio-ankle vascular index (CAVI) (all samples)
IL-6 vs. cardio-ankle vascular index (CAVI) (all samples)
TMAO vs. ankle brachial index (ABI) (top quartile)
TMAO reductase vs. ankle brachial index (ABI) (top quartile)
IL-6 vs. ankle brachial index (ABI) (top quartile)
TMAO vs. cardio-ankle vascular index (CAVI) (top quartile)
TMAO reductase vs. Cardio-ankle vascular index (CAVI) (top quartile)

IL-6 vs. cardio-ankle vascular index (CAVI) (top quartile)

R
0.0114
0.0281
0.0059
0.0252
0.247
0.0747
0.0025
0.0009
0.1433
0.0143
0.3426
0.1386
0.0001
0.0024
0.0172
0.1347
0.382
0.0292
0.0028

0.0365

p value
0.485
0.271
0.616
0.298
0.050
0.069
0.744
0.845
0.0527
0.515
0.0504
0.0516
0.957
0.79
0.474
0.051
0.0501
0.349
0.774

0.295




