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ABSTRACT

Background: Trimethylamine N-oxide (TMAO), a metabolite
from red meat and fish consumption, plays a role in promoting
cardiovascular events. However, data regarding TMAO and its
impact on clinical outcomes are inconclusive, possibly due to its
undetermined dietary source.

Objectives: We hypothesized that circulating TMAO derived from
fish intake might cause less harm compared with red meat sources by
examining the concomitant level of 3-carboxy-4-methyl-5-propyl-
2-furanpropionate (CMPF), a known biomarker of fish intake, and
investigated the association between TMAO, CMPF, and outcomes.
Methods: Patients were recruited from the European QUALity
(EQUAL) Study on treatment in advanced chronic kidney disease
among individuals aged >65 y whose estimated glomerular filtration
rate (eGFR) had dropped for the first time to <20 mL/min per 1.73
m? during the last 6 mo. The association between TMAO, CMPF,
and outcomes including all-cause mortality and kidney replacement
therapy (KRT) was assessed among 737 patients. Patients were
further stratified by median cutoffs of TMAO and CMPF, suggesting
high/low red meat and fish intake.

Results: During a median of 39 mo of follow-up, 232 patients died.
Higher TMAO was independently associated with an increased risk
of all-cause mortality (multivariable HR: 1.46; 95% CI: 1.17, 1.83).
Higher CMPF was associated with a reduced risk of both all-cause
mortality (HR: 0.79; 95% CI: 0.71, 0.89) and KRT (HR: 0.80; 95%
CI: 0.71, 0.90), independently of TMAO and other clinically relevant
confounders. In comparison to patients with low TMAO and CMPF,
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patients with low TMAO and high CMPF had reduced risk of all-
cause mortality (adjusted HR: 0.49; 95% CI: 0.31, 0.73), whereas
those with high TMAO and high CMPF showed no association across
adjusted models.

Conclusions: High CMPF conferred an independent role in health
benefits and might even counteract the unfavorable association
between TMAO and outcomes. Whether higher circulating CMPF
concentrations are due to fish consumption, and/or if CMPF is
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Introduction

Patients with chronic kidney disease (CKD) are characterized
with a high prevalence of cardiovascular (CV) comorbidities and
increased risk of mortality (1). Traditional risk factors such as old
age, diabetes, hypertension, and hyperlipidemia are only partly
accountable for the excessive CV burden and adverse clinical
outcomes (2, 3), suggesting other residual factors as culprits in the
setting of CKD. Recent research has highlighted the role of diet
and gut microbiota in mediating the generation and metabolism
of some uremic toxins, as well as the consequent impact on host
health (4-8).

One of the most representative uremic toxins linking diet, gut
microbiome, and host health is trimethylamine N-oxide (TMAO).
Although multiple studies have reported the link between TMAO
and risk of cardiometabolic diseases (9—11), the clinical evidence
linking TMAO to adverse CV outcomes are discordant (12—18).
Another uremic toxin is 3-carboxycarboxy-4-methyl-5-propyl-
2-furanpropionate (CMPF), a metabolite of furan fatty acids
(19, 20). Despite being generally considered as a protein-bound
(>95%) uremic toxin highly elevated in advanced CKD (21, 22),
the prognostic role of CMPF in CKD is scarcely explored. The
richest dietary sources of furan fatty acids and their metabolite
CMPF are fish and fish oils. Moreover, several studies have
identified plasma CMPF as a biomarker for fish consumption
(23). The main dietary source of TMAO, on the contrary, is
animal food, including red meat and egg rich in choline and
carnitine, but also fish. Although red meat and fish consumption
can cause increased plasma or urine concentrations of TMAO
(24, 25), this marker, in contrast to CMPF, has not yet been
verified as a specific marker of red meat or fish intake.

We hypothesized that TMAQO derived from fish consumption
might cause less harm compared with TMAO from mainly red
meat/egg. Given the elusive and divergent metabolic properties of
TMAO and CMPF, we postulated that integrating these 2 uremic
toxins, as representative metabolites of dietary intake of red meat
and/or fish intake, may provide a better perspective to elucidate
their role in health outcomes in the context of CKD. To fill this
gap, we investigated the association between TMAO, CMPF, and
clinical outcomes including risk of all-cause mortality and kidney
replacement therapy (KRT) initiation in carefully phenotyped
patients aged >65 y old with advanced CKD.

Methods

Study design

The European QUALity (EQUAL) Study on treatment in
advanced chronic kidney disease is a prospective cohort study
in advanced CKD patients in Germany, Italy, Poland, Sweden,
the Netherlands, and the United Kingdom (26). Approval was
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obtained from the Medical Ethical Committees of the national
coordinating centers and corresponding institutional review
boards of the participating centers. Written informed consent
was obtained from all patients. A full description of the study
has been published elsewhere (26). Patients >65 y of age were
included if their estimated glomerular filtration rate (eGFR), as
estimated by the Modification of Diet in Renal Disease (MDRD)
equation (27), had dropped for the first time to <20 mL/min
per 1.73 m? during the previous 6 mo. Patients were followed
until kidney transplantation, death, moving to a center outside the
designation of the EQUAL study, refusal of further participation,
or loss to follow-up or end of follow-up, whichever came first.
For the current analyses, we included patients with baseline
measurement of TMAO and CMPF (between March 2012
and February 2019) and examined events of interest within a
maximum of 48 mo follow-up (see flowchart in Supplemental
Figure 1).

Data collection

Patients’ clinical data from the baseline visit occurring within
6 mo from the index eGFR were entered in a web-based
clinical record form, covering information on the patients’
demographics, primary kidney disease, comorbid conditions,
medication, physical examination, and routine laboratory results.
Data on preexisting cardiovascular disease (CVD), including
cerebrovascular disease, peripheral vascular disease, myocardial
infarction, angina pectoris, congestive heart failure, left ventricu-
lar hypertrophy, and cardiac arrhythmias, were recorded. The 7-
point subjective global assessment (SGA) tool was used to assess
patients’ nutritional status (28), and SGA <5 was defined as
malnutrition.

TMAO and CMPF

Upon enrollment of the patients, serum samples were collected
and immediately frozen. The samples were thawed immediately
prior to analysis. The investigated 2 uremic toxins (CMPF and
TMAO) were assayed in serum samples collected at baseline
using a validated ultra-performance LC—-tandem MS (UPLC-
MS/MS) technique (29). To determine total concentrations,
serum samples were first precipitated with methanol. The
supernatant was evaporated with nitrogen and then reconstituted
in 80 uL of water. The assay’s limit of quantification was between
10 and 50 ng/mL, depending on the compound. The intra- and
interassay variabilities (evaluated at 3 different concentrations:
150, 8000, and 40,000 ng/mL) for the 2 compounds were all
<13%.

Outcomes

The primary outcomes were all-cause mortality and KRT
initiation during 48 mo of follow-up. In a sensitivity analysis,
we explored first major adverse cardiac events (MACEs) as an
additional outcome. Information on outcomes was collected as a
part of the study protocol at each planned study visit. The cause
of death was assigned by the treating doctor and registered in the
EQUAL study whenever it was available.
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Statistical analysis

Baseline characteristics are presented as means £+ SDs for
normally distributed continuous variables, medians with IQRs
for skewed continuous variables, and categorical variables as
percentages. Statistical significance was set at the level of
P < 0.05. Comparisons between TMAO and CMPF tertile
groups were assessed with the Kruskal-Wallis test for skewed
continuous variables, 1-factor ANOVA for normally distributed
variables, and the chi-square test for categorical variables.
Multivariable regression analysis was used to investigate the
association between TMAO, CMPF, and other clinically relevant
parameters. Multiple imputation was used to minimize the risk of
bias. Missing values at baseline [including Charlson comorbidity
index, diastolic blood pressure (BP), systolic BP, height, weight,
hemoglobin, albumin, phosphate, and albumin creatinine ratio
(ACR)] were imputed using multivariable normal regression
(20 repetitions). In regression analyses, continuous variables
with nonnormal distributions were converted as natural log (In)-
transformed values. MACE was defined as a hospitalization or
comorbidity due to cerebrovascular disease, myocardial infarc-
tion, peripheral vascular disease, angina pectoris, arrhythmias,
coronary artery disease, or death due to myocardial ischemia
and infarction, cardiac arrest, or cerebrovascular accident. First
MACE refers to the first occurrence of an MACE after entering
the study. We used Cox proportional hazards regression to
examine unadjusted and multivariable adjusted associations
between TMAO, CMPEF, and risk of death and first MACE.
We adjusted for demographic characteristics (age, sex, and
country) in model 1, with further adjustment for traditional risk
factors (diabetes, CVD, Charlson comorbidity index, diastolic
BP, systolic BP, SGA) in model 2, and CKD-related biochemical
parameters (albumin, phosphate, hemoglobin) in model 3 and
eGFR in model 4. Schoenfeld residuals were examined to confirm
the proportionality assumption. We applied cause-specific Cox
proportional hazards regression models to evaluate the relation
between TMAO, CMPFE, and risk of KRT with death as a
competing risk. The competing risk model was adjusted for
conventional risk factors of dialysis (age, sex, eGFR, and
ACR) in model 1, further adjusted for other confounders in
model 2 (country, diabetes, CVD, Charlson comorbidity index,
diastolic BP, systolic BP, SGA) and CKD-related biochemical
parameters (albumin, phosphate, hemoglobin) in model 3. To
test the assumption of TMAO and CMPF as biomarkers of red
meat and fish intake and whether such a pattern is associated
with clinical outcomes, we categorized patients into 4 groups
according to the median cutoff medians of TMAO and CMPF:
low TMAO (-) and low CMPF (-) (suggesting low red meat
and low fish intake), low TMAO (-) and high CMPF (+)
(suggesting low red meat and high fish intake), high TMAO
(+) and low CMPF (-) (suggesting high red meat and low fish
intake), and high TMAO (+4) and high CMPF (+) (suggesting
high red meat and/or fish intake). The association between
categorized TMAO and CMPF subgroups and outcomes were
tested in Cox regression models as mentioned previously. We
repeated analyses both in original and imputed datasets, and
for convenience, results derived from imputed datasets are
presented. Statistical analyses were performed using Stata 16.1
(StataCorp).

Dai et al.

Results

Baseline characteristics and TMAO and CMPF
concentrations

The main characteristics of 737 patients with baseline serum
TMAO and CMPF measurements are described in Table 1. The
median age was 76y, 63.1% were male, and eGFR at baseline was
19.7 (IQR: 16.0, 23.0) mL/min per 1.73 m?. Forty-six percent
of patients had preexisting CVD, 43% had diabetes, and 32%
showed signs of malnutrition (SGA <5). At baseline, 9% were
prescribed a low-protein diet (<0.8 g - kg per day). The median
serum TMAO was 18.2 (IQR: 11.9, 28.5) uM, and CMPF was
7.1 IQR: 2.6, 14.9) uM. Patient characteristics according to the
tertiles of TMAO and CMPF are presented in Supplemental
Tables 1 and 2.

Association between TMAQO, CMPF, and other clinical
parameters

In age- and sex-adjusted multivariable regression analysis,
while male sex (adjusted for age), diabetes, phosphate, and CMPF
were positively associated with TMAO, hemoglobin and eGFR
were negatively associated with TMAO (Table 2). Age, male sex,
hemoglobin, height, and TMAO were positively associated with
CMPF, whereas compared with patients recruited in Germany,
patients from Sweden were associated with higher CMPF and
patients from the United Kingdom were associated with lower
CMPF concentrations (Table 2).

Association between TMAQO, CMPF, and outcomes
TMAO, CMPF, and all-cause mortality.

During a median of 39 mo of follow-up, 232 patients died and
258 patients initiated KRT. The unadjusted and adjusted HRs
for all-cause mortality in Cox regression models are presented
in Table 3. In the crude model, In CMPF and In TMAO were
significant predictors of all-cause mortality [HRs: 0.81 (95% CI:
0.73, 0.90) and 1.63 (95% CI: 1.33, 2.00), respectively]. These
associations remained statistically significant after extensive
adjustments across models (Table 3).

The association between TMAO and CMPF subgroups and
all-cause mortality is presented in Figure 1. In the crude
model, in comparison to patients with TMAO (-) CMPF (-) (as
reference group), the subgroup with TMAO (-) CMPF (4) had
substantially lower risk of all-cause mortality (HR: 0.49; 95% CI:
0.33,0.74). The significant lower mortality risk for the TMAO (-)
CMPF (+) patient group (51-57% lower risk) was sustained after
multivariable adjustments. In contrast, patients with TMAO (+)
CMPF (-) showed a higher risk of mortality only in a crude model
(HR: 1.41;95% CI: 1.01, 1.98), whereas patients with TMAO (+)
CMPF (+4) showed no association with risk of mortality across
crude and adjusted models.

TMAQO, CMPE, and risk of KRT initiation.

In the unadjusted crude model, In CMPF and In TMAO were
predictors of risk of KRT [HRs: 0.74 (95% CI: 0.67, 0.82)
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TABLE 1 Baseline characteristics of patients with baseline TMAO and CMPF measurements'

Values

Age,y
Male sex, n (%)
Country, n (%)
Germany
Poland
Sweden
United Kingdom
Primary renal diagnosis (n = 729), n (%)
Glomerular disease
Tubulo-interstitial disease
Systemic disease affecting the kidney
Diabetes
Hypertension
Familial/hereditary nephropathies
Miscellaneous renal disorders
Unknown
Charlson comorbidity index (n = 726)
Previous CVD, n (%)
Diabetes, n (%)
eGFR (MDRD), mL/min per 1.73 m?
Diastolic BP (n = 727), mmHg
Systolic BP (n = 727), mmHg
Height (n = 695), cm
Weight (n = 712), kg
BMI (1 = 686), kg/m>
BMI group (kg/m?) (n = 686), n (%)
<22
22-24.9
25-29.9
>30
Waist circumference (n = 700), cm
a-Blocker, n (%)
B-Blocker, n (%)
ACEIi/ARB, n (%)
Lipid-lowering, n (%)
SGA overall assessment
SGA <5 (malnourished), n (%)
Low-protein-diet prescription (n = 732), n (%)
Hemoglobin (n = 715), mmol/L
Sodium (n = 721), mmol/L
Potassium (n = 724), mmol/L
Calcium (n = 699), mmol/L
Phosphate (n = 690), mmol/L
Urea (n = 714), mmol/L
Albumin (n = 657), g/LL
Total cholesterol (n = 550), mmol/L
PTH (n = 587), pmol/L
ACR (n = 335), mg/mmol
TMAO, uM
CMPF, uM

76.0 (70.4, 80.8)
465 (63.1%)

115 (15.6%)
61 (8.3%)
213 (28.9%)
348 (47.2%)

85 (11.5%)

63 (8.5%)

21 (2.8%)
165 (22.4%)
232 (31.5%)

33 (4.5%)

23 (3.1%)
107 (14.5%)

7(6-8)

335 (45.5%)
319 (43.3%)
19.7 (16.0, 23.0)

74 (67, 81)
147 (132, 160)
169 (161, 175)
80.0 (69.9,91.5)
28.2 (24.9, 32.0)

49 (6.6%)
130 (17.6%)
250 (33.9%)
257 (34.9%)
103 (95, 113)
204 (27.7%)
414 (56.2%)
385 (52.2%)
466 (63.2%)
6.0 (5.0,7.0)
239 (32.4%)
68 (9.3%)
7.1(6.6,7.9)
141.0 (139.0, 142.0)
4.6 (4.2,5.0)
2.3(2.2,2.4)
1.3 (1.1, 1.4)
17.8 (14.6,22.2)
38.0 (34.2, 41.0)
45(3.7,5.5)
15.4 (9.0, 23.5)
493 (8.5, 198.4)
18.2 (11.9-28.5)
7.1 (2.6, 14.9)

'Values are medians (IQR), or n (%), as appropriate; n = 737. ACEi/ARB, angiotensin-converting enzyme inhibitor/angiotensin receptor blocker; ACR,
albumin creatinine ratio; BP, blood pressure; CMPF, 3-carboxy-4-methyl-5-propyl-2-furanpropionate; CVD, cardiovascular disease; eGFR, estimated
glomerular filtration rate; MDRD, Modification of Diet in Renal Disease; PTH, parathyroid hormone; SGA, subjective global assessment; TMAO,

trimethylamine N-oxide.

and 1.78 (95% CI: 1.46, 2.16), respectively] (Table 4). After
adjusting for conventional factors accountable for initiating KRT,
higher CMPF remained independently associated with reduced
risk of KRT (HR: 0.82; 95% CI: 0.73, 0.91; model 1). The
significant association between higher CMPF and lower risk of
KRT withstood further extensive adjustment in model 3 (HR:

0.80; 95% CI: 0.71, 0.90). No significant association between
TMAO and risk of KRT was observed in adjusted models.

We next looked at the risk of KRT stratified by our predefined
subgroups of TMAO and CMPF (Figure 2). In the crude model,
compared with the reference group, patients with TMAO (+)
CMPF (-) had a significantly increased risk of KRT initiation
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TABLE 2 Multivariable linear regression of factors associated with TMAO and CMPF'

In TMAO In CMPF
Coefficient (SE) P Coefficient (SE) P

In Age® 0.14 (0.28) 0.61 1.34 (0.49) 0.007
Male sex? 0.23 (0.05) <0.0001 0.18 (0.09) 0.05
Country (Germany as reference group)

Poland -0.11 (0.11) 0.29 -0.01 (0.18) 0.96

Sweden 0.03 (0.08) 0.67 0.52 (0.13) <0.0001

United Kingdom -0.08 (0.72) 0.26 -0.37 (0.12) 0.002
Diabetes, yes vs. no 0.17 (0.05) 0.001 -0.18 (0.09) 0.04
Previous CVD, yes vs. no -0.04 (0.05) 0.49 0.17 (0.09) 0.06
SGA <5, malnutrition 0.05 (0.05) 0.39 -0.12 (0.09) 0.20
Charlson comorbidity index 0.17 (0.10) 0.08 -0.29 (0.18) 0.10
In Hemoglobin -0.63 (0.19) 0.001 0.96 (0.33) 0.003
In Albumin -0.25 (0.12) 0.04 0.31(0.21) 0.14
In Height 0.49 (0.61) 0.48 2.09 (1.07) 0.05
In Phosphate 0.71 (0.12) <0.0001 -0.32 (0.19) 0.11
In eGFR -0.73 (0.08) <0.0001 0.25(0.14) 0.08
In CMPF 0.07 (0.02) 0.001 — —
In TMAO — — 0.23 (0.06) 0.001

'n = 737. Each model is age- and sex-adjusted. CMPF, 3-carboxy-4-methyl-5-propyl-2-furanpropionate; CVD, cardiovascular disease; eGFR, estimated
glomerular filtration rate; SGA, subjective global assessment; TMAO, trimethylamine N-oxide.

2Model adjusted for sex.
3Model adjusted for age.

(HR: 2.29; 95% CI: 1.64, 3.20). Compared with the reference
group, no significant associations between TMAO (-) CMPF (+)
group nor TMAO (+4) CMPF (4) group and risk of KRT initiation
were observed in a crude model and models adjusted for other
confounders.

TMAO, CMPPF, and first MACE.

We also explored the association between TMAO, CMPF, and
first MACE. High TMAO was associated with increased risk of
first MACE in crude models and models adjusted for several
confounders (26-34% higher risk) but not in model 4 further
adjusted for eGFR. In contrast, CMPF was not associated with
the risk of first MACE (Supplemental Table 3). Compared with

TABLE 3 Association between TMAO, CMPF, and risk of all-cause
mortality!

All-cause mortality, HR [95% CI]

In CMPF In TMAO
Crude 0.81[0.73,0.90] 1.63 [1.33,2.00]
Model 1 0.76 [0.68,0.84] 1.63 [1.32,2.00]
Model 2 0.78 [0.70,0.87] 1.55[1.26,1.91]
Model 3 0.79 [0.70,0.88] 1.51[1.23,1.87]
Model 4 0.79 [0.71,0.89] 1.46 [1.17,1.83]

'n = 737. Crude model: In TMAO + In CMPF, Model 1: adjusted for

age, sex, and country. Model 2: model 1 + diabetes, preexisting
cardiovascular disease, Charlson comorbidity index, diastolic blood
pressure, systolic blood pressure, and malnutrition (SGA <5). Model 3:
model 2 + albumin, phosphate, and hemoglobin. Model 4: model

3 4+ eGFR. CMPF, 3-carboxy-4-methyl-5-propyl-2-furanpropionate; eGFR,

estimated glomerular filtration rate; SGA, subjective global assessment;
TMAO, trimethylamine N-oxide.

the reference group [TMAO (-) CMPF ()], TMAO- and CMPF-
stratified groups were not associated with the risk of first MACE
(Supplemental Table 4).

Discussion

In this large, prospective, multicenter study of older adults
(=65 y) with CKD stage 4-5 across several European countries,
there are several key findings. First, whereas higher TMAO
is associated with increased risk of all-cause mortality, higher
CMPF is independently associated with reduced risk of all-
cause mortality and KRT initiation. Second, we found that,
compared with a reference group with low concentrations of both
TMAO and CMPF, patients with low TMAO and high CMPF
concentrations portend a robust survival benefit in reducing all-
cause mortality; in addition, patients with high TMAO and high
CMPF do not demonstrate an increased risk of all-cause mortality
and KRT. Our findings support the hypothesis the high circulating
CMPF conferred an independent role in health benefits and
might even counteract the unfavorable association of TMAO with
outcomes.

The role of TMAO in mediating CV events has been fairly
recognized across various populations (14), but the magnitude
remains ambiguous. A study in mixed-race healthy US subjects
reported that TMAO was not associated with atherosclerosis
during a 10-y follow-up (30). Similarly, several observational
follow-up studies failed to confirm the association between
TMAO and CV outcomes (31, 32). In CKD, elevated circulating
TMAO concentrations were well documented, with a large
variability among studies (11, 13, 16, 17, 33, 34). Here we
report >5-fold higher TMAO concentrations (median: 18.4;
IQR: 12.0-29.2 uM) compared with a healthy population (33)
(median: 3.3; IQR: 3.1-6.0 uM). We found that high TMAO
conferred a 46-63% higher risk of all-cause mortality. However,
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TMAO(-)CMPF(-) N=196
0.70- TMAO(-)CMPF(+) N=173
TMAO(+)CMPF () N=173
0604 TMAO(+)CMPF(+) N=195
Logrank test p<0.0001
0.50 ,
: ~
e 0.40- o~
g r'l | _— f/_,l ’_{r—,—
-;_; 0.30 L — /_r’j
) -
0.20 T ) —rr
0.10- = va
. /‘H/ e’ —
0'00 A I’ - - H ) 1 L
0 12 48
follow-up months
All-cause mortality, HR[95%CI]
TMAO (-) TMAO (+) TMAO (+)
CMPF (+) CMPF (-) CMPF (+)
Crude | 0.49[0.33,0.74] | 1.41[1.01,1.98] | 0.92[0.65,1.31]
Modell | 0.43[{0.28,0.65] | 1.39{0.99,1.95] | 0.77[0.54,1.11]
Model2 | 0.46[0.30,0.71] | 1.34[0.95,1.90] | 0.78[0.54,1.13]
Model3 | 0.48{0.31,0.73] | 1.31{0.92,1.87] | 0.77[0.53,1.12]
Modeld | 0.49[0.31,0.73] | 1.22[0.85,1.75] | 0.72[0.49,1.05]

FIGURE 1 Kaplan—Meier estimates for all-cause mortality and cause-specific Cox regression models according to TMAO and CMPF median groups.
Model 1 adjusted for age, sex, country. Model 2: adjusted as for model 1 plus diabetes, preexisting cardiovascular disease, Charlson comorbidity index,
diastolic blood pressure, systolic blood pressure, malnutrition (SGA <5). Model 3: adjusted as for model 2 plus albumin, phosphate, hemoglobin. Model 4:
adjusted as for model 3 plus eGFR. CMPF, 3-carboxy-4-methyl-5-propyl-2-furanpropionate; eGFR, estimated glomerular filtration rate; SGA, subjective global

assessment; TMAO, trimethylamine N-oxide.

the association between high TMAO and high risk of mortality
was likely to be counteracted with a high dietary fish intake,
suggested by concomitant high CMPF concentrations. Although
TMAO is commonly recognized as a microbiota-dependent
metabolite of mainly red meat/egg consumption (35), it is also
an indicative metabolite of fish intake (36). Nevertheless, TMAO
alone had a poor ability to estimate fish intake (37), largely due
to the undetermined concentration across fish products habitating
at different depths (36). In contrast, CMPF is considered a
prominent metabolite following the consumption of fish oil and
diets rich in fish (20, 23). The correlation between plasma,
serum, and urine CMPF and habitual fish/shellfish intake has
been verified in several populations (38—40).

Here we found that high CMPF was consistently associated
with reduced risk of all-cause mortality and KRT initiation. This
observation was counterintuitive to the concept of CMPF as a
uremic toxin that can cause damage to proximal tubular cells,
at least in vitro (41). To date, there is insufficient evidence of
the impact of CMPF on human health. In vivo and in vitro
studies from Prentice et al. (42) and Liu et al. (43) showed that
CMPF can impair B-cell function, mitochondrial function, and
glucose metabolism. In contrast, CMPF was reported to be able to
regulate hepatic lipid homeostasis and reverse steatosis (20, 44).
Moreover, high CMPF was not associated with all-cause and CV
mortality in dialysis patients (45). Taken together, the knowledge
of the role of CMPF in human health is still in its infancy and
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TABLE 4 Association between TMAO, CMPF, and risk of kidney
replacement therapy'

KRT initiation, HR [95%CI]

In CMPF In TMAO
Crude 0.74 [0.67,0.82] 1.78 [1.46,2.16]
Model 1 0.8210.73,0.91] 1.11[0.88,1.40]
Model 2 0.7910.71,0.89] 1.04 [0.83,1.31]
Model 3 0.80[0.71,0.90] 1.01 [0.81,1.27]

'n = 737. Crude model: In TMAO + In CMPFE. Model 1: adjusted for
age, sex, eGFR, and ACR. Model 2: model 1 4 country, diabetes,
preexisting cardiovascular disease, Charlson comorbidity index, diastolic
blood pressure, systolic blood pressure, and malnutrition (SGA <5). Model
3: model 2 4 albumin, phosphate, and hemoglobin. ACR, albumin creatinine
ratio; CMPF, 3-carboxy-4-methyl-5-propyl-2-furanpropionate; eGFR,
estimated glomerular filtration rate; KRT, kidney replacement therapy; SGA,
subjective global assessment; TMAO, trimethylamine N-oxide.

future investigations are warranted to fill the knowledge gap of
such conflicting observations.

We hypothesized that overall high fish CMPF (4) and low red
meat TMAO (-) consumption can predispose to health benefits in
CKD. Our results support this hypothesis in finding that patients
with low TMAO and high CMPF had a lower risk of all-cause
mortality, whereas high concomitant CMPF and TMAO did not
show increased risk of death. Hence, we posit that high CMPF,
representing high fish intake, is associated with overall better
clinical outcomes regardless of TMAO concentrations. Such
postulation of CMPF-related health benefits corroborates with
analysis when CMPF was treated as a continuous variable, where
high CMPF was significantly associated with a lower risk of all-
cause mortality and KRT independently of TMAOQO. Indeed, the
paradox of TMAO as a friend or foe can be partially justified by
a background diet pattern as it was recently found that a “healthy
diet” rich in fish or in whole-grain cereals, but not meat, processed
meat, or dairy products, significantly increased plasma TMAO
(46).

We acknowledge the strengths and limitations of this study.
A major strength is the well-phenotyped inception cohort of
CKD stage 4-5 patients across Europe with long-term follow-
up. Our study is, however, limited by its observational study
design and, as such, we cannot conclude the causal effect
of TMAO and CMPF on clinical outcomes. Also, as TMAO
and CMPF are metabolites derived from dietary sources with
possible involvement of host gut microbial activities, the lack of
information on dietary pattern and gut microbiome profile is a
vital limitation. It is worth noting, however, that patients recruited
in Sweden had significantly higher CMPF concentrations.
Despite the lack of actual diet evaluation, this probably mirrors
the food culture of an overall high fish and seafood consumption
in the Scandinavian region. In addition, although we have
corrected eGFR, this does not account for tubular function, which
can be highly variable at any given eGFR (34). Hence, the
independent associations between TMAO, CMPF, and outcomes
need to be interpreted with caution.

In summary, in our investigation of the association between
TMAO and CMPF and their combinations with clinical outcomes
in older CKD 4-5 patients, we observed a strong beneficial profile
of high circulating CMPF and its association with reduced risk of
all-cause mortality and KRT initiation independently of TMAO

Dai et al.

concentrations. While the dietary source and the metabolic profile
of TMAO remain to be elucidated, our results suggest that
high CMPF confers a beneficial role in CKD, possibly due to
a healthy eating habit of fish consumption. Moreover, it may
possibly counteract the unfavorable association between TMAO
and adverse outcomes. As such, whether CMPF is a marker or
protective factor, it offers the potential to be a modifiable and
important target to improve outcomes in CKD in future studies.
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FIGURE 2 Kaplan—-Meier estimates for risk of KRT initiation and cause-specific Cox regression models according to TMAO and CMPF median groups.
Model 1: adjusted for age, sex, eGFR, ACR. Model 2: adjusted as for model 1 plus country, diabetes, preexisting cardiovascular disease, Charlson comorbidity
index, diastolic blood pressure, systolic blood pressure, malnutrition (SGA <5). Model 3: adjusted as for model 2 plus albumin, phosphate, hemoglobin.
ACR, albumin creatinine ratio; CMPF, 3-carboxy-4-methyl-5-propyl-2-furanpropionate; eGFR, estimated glomerular filtration rate; KRT, kidney replacement

therapy; SGA, subjective global assessment; TMAO, trimethylamine N-oxide.
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