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Abstract
Background: Chronic kidney disease (CKD) patients exhibit a heightened 
cardiovascular (CV) risk which may be partially explained by increased medial 
vascular calcification. Although gut-derived uremic toxin trimethylamine N-oxide 
(TMAO) is associated with calcium-phosphate deposition, studies investigating 
phenylacetylglutamine's (PAG) pro-calcifying potential are missing.
Methods: The effect of TMAO and PAG in vascular calcification was 
investigated using 120 kidney failure patients undergoing living-donor kidney 
transplantation (LD-KTx), in an observational, cross-sectional manner. Uremic 
toxin concentrations were related to coronary artery calcification (CAC) score, 
epigastric artery calcification score, and markers of established non-traditional 
risk factors that constitute to the ‘perfect storm’ that drives early vascular aging 
in this patient population. Vascular smooth muscle cells were incubated with 
TMAO or PAG to determine their calcifying effects in vitro and analyse associated 
pathways by which these toxins may promote vascular calcification.
Results: TMAO, but not PAG, was independently associated with CAC score 
after adjustment for CKD-related risk factors in kidney failure patients. Neither 
toxin was associated with epigastric artery calcification score; however, PAG was 
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1   |   INTRODUCTION

Chronic kidney disease (CKD) is a progressive, debilitat-
ing disease, affecting up to 13% of the world's population,1 
and is predicted to become the fifth highest cause of years 
of life lost globally by 2040.2 Currently, 7.6% of cardiovas-
cular disease (CVD)-related deaths are associated with 
presence of CKD,3 while 40%–50% of deaths in advanced 
CKD patients are a result of CVD. As traditional risk fac-
tors are not sufficient in explaining this elevated risk, 
non-traditional risk factors have been attributed4—these 
include inflammation, oxidative stress,5 retention of ure-
mic toxins6, and vascular calcification.7 Medial calcifica-
tion is the dominant form of calcification in CKD patients; 
a sequelae associated with poor clinical outcomes such as 
left ventricular hypertrophy and heart failure.8 This is best 
exemplified by coronary artery calcification, a hallmark of 
early vascular aging (EVA) in CKD, which improved CV 
risk prediction in CKD.9

Once thought to be passive process, ectopic calcium-
phosphate deposition in the medial layer is now known 
to be a highly active and complex process that differs 
from intimal calcification.10 Osteo/chondrogenic dif-
ferentiation of vascular smooth muscle cells (VSMCs) 
is primarily driven by hyperphosphatemia.8 Uremic 
toxins may also promote calcium-phosphate deposi-
tion; protein-bound solutes indoxyl sulphate (IS) and 
p-cresyl sulphate (pCS) have both been studied exten-
sively and have been shown to drive calcification in 
CKD rats,11 while clinical studies suggest both toxins are 
independently associated with mortality in CKD popu-
lations.12,13 Gut-derived toxins trimethylamine N-oxide 
(TMAO) and phenylacetylglutamine (PAG), however, 
are less well studied.

Trimethylamine N-oxide (TMAO) is formed from its 
precursor, trimethylamine, generated from choline, phos-
phatidylcholine (lecithin), or L-carnitine by gut microbial 
metabolism. The plasma level of TMAO is determined by 

multiple factors, such as diet and gut microbial flora.14 In 
CKD patients, TMAO is independently associated with 
all-cause mortality and calcification,15,16 while TMAO 
promotes calcium-phosphate deposition in vitro.16,17

Phenylacetylglutamine (PAG) is also generated in the 
liver via phenylacetic acid metabolism, derived from phe-
nylalanine.18 Similar to IS and pCS, PAG relies on tubu-
lar secretion to be excreted from the circulation, which 
becomes compromised as renal function declines. As 
a result, pre-dialysis serum levels of PAG can be more 
than 100 times higher than in healthy subjects.19 While 
PAG is independently associated with CVD in non-CKD 
cohorts,20,21 evidence of a link between PAG and all-
cause mortality is less convincing.22,23 Findings from the 
HEMO study found no association between uremic sol-
utes (which included IS, pCS and PAG) and CV outcomes 
(sudden cardiac death, cardiac death, first CV event) in 
prevalent haemodialysis patients.22 The inconclusiveness 
indicates that further research is needed to better under-
stand the pathological effects of uremic solutes. To the 
best of our knowledge, a study investigating the relation-
ship between PAG and calcification, clinically or in vitro, 
has not yet been performed. Furthermore, the relation-
ship between TMAO and CAC score, or epigastric calci-
fication, has not been fully elucidated in kidney failure 
patients.

Thus, in the present study, we hypothesised that TMAO 
and PAG are promoters of vascular calcification in kidney 
failure patients. We studied the relationship between tox-
ins and measures of vascular calcification (CAC score and 
epigastric artery calcification score) and investigated links 
to known drivers of vascular calcification in CKD, such 
as oxidative stress and advanced glycation end products 
(AGEs). Lastly, to implement a translational approach, we 
used in vitro assays to incubate VSMCs with TMAO and 
PAG to investigate their potential pro-calcifying effects 
and analyse pathways by which these toxins may induce 
vascular calcification.

independently, positively associated with 8-hydroxydeoxyguanosine. Similarly, 
TMAO, but not PAG, promoted calcium-phosphate deposition in vitro, while 
both uremic solutes induced oxidative stress.
Conclusions: In conclusion, our translational data confirm TMAO's pro-
calcifying effects, but both toxins induced free radical production detrimental to 
vascular maintenance. Our findings suggest these gut-derived uremic toxins have 
different actions on the vessel wall and therapeutically targeting TMAO may help 
reduce CV-related mortality in CKD.
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2   |   METHODS

2.1  |  Patient cohort

This cohort is based on an ongoing study, with all adult 
patients undergoing living-donor kidney transplantation 
(LD-KTx) at the Department of Transplantation Surgery, 
Karolinska University Hospital between 2009 and 2022. 
Exclusion criteria: <18 years of age, acute kidney injury, 
signs of overt infection, and unwillingness to participate. 
Informed consent was obtained from each patient and 
the study protocols were approved by the Swedish Ethical 
Review Authority in Stockholm; all subsequent experi-
ments were performed in accordance with the Declaration 
of Helsinki. Data were collected immediately before LD-
KTx, thus the present work is an observational, cross-
sectional study.

2.2  |  CAC score and epigastric artery 
calcification score assessment

All kidney failure patients underwent a non-contrast 
multi-detector cardiac CT scan (LightSpeed VCT or 
Revolution CT; GE Healthcare, Milwaukee, WI, USA) 
to determine their coronary artery calcium score. CAC-
scoring details were previously described.24 CAC score 
was assessed as a lesion with an area >1 mm2 and peak in-
tensity >130 Hounsfield units (HU) based on the Agatston 
method and expressed in Agatston units.25 For statistical 
analysis, strata were formed based on presence of CAC 
versus no CAC, that is, CAC >0 and CAC = 0. In addition, 
epigastric arteries and blood were obtained at LD-KTx 

and stored for future analysis. In short, epigastric arter-
ies were scored for calcification by a trained pathologist 
on tissue sections 1–2 μm thick. Vessels were stained with 
von Kossa (silver nitrate plus nuclear fast red) before the 
extent of medial calcification was graded from 0 (no calci-
fication) to 3 (severely calcified). The final study size was 
based on the number of patients in the Kärl-tx cohort that 
had both CAC and epigastric artery calcification scores 
available, as summarised in Figure 1.

2.3  |  Uremic toxin quantification

Serum concentrations of TMAO and PAG were centrally 
quantified by a previously described method.26 In brief, 
serum samples were deproteinised with acetonitrile after 
addition of an internal standard (stable isotope labelled 
analogues) and then filtered over a 96-well Ostro plate 
(Waters, Zellik, Belgium). After drying with nitrogen and 
redissolving in MilliQ water, samples were analysed using 
ultra-performance liquid chromatography–tandem mass 
spectrometry with alternating positive and negative elec-
trospray ionisation, for TMAO and PAG, respectively.

2.4  |  Biochemical analysis/
clinical parameters

Blood specimens were routinely drawn at LD-KTx. 
Subjects were fasted before blood collection. Routine 
clinical parameters quantified include measurements of 
high sensitivity C-reactive protein (hsCRP), albumin, total 
cholesterol, high-density lipoprotein (HDL) cholesterol, 

F I G U R E  1   Flowchart 
depicting study design. 8-OHdG, 
8-hydroxydeoxyguanosine; SAF, skin 
autofluorescence.
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and triglycerides. Skin autofluorescence (SAF), a 
validated marker of AGE accumulation in the skin, was 
also obtained using the AGE reader device (Diagnoptics, 
Groningen, Netherlands), as per the manufacturer's 
instructions. Serum 8-hydroxydeoxyguanosine (8-
OHdG) was determined by competitive enzyme-linked 
immunosorbent assay (ELISA) using the High Sensitivity 
8-OHdG ELISA Assay Kit (JaICA, Shizuoka, Japan). 
Relevant demographics, comorbidities, and routine 
biochemistry data were extracted from medical electronic 
records.

2.5  |  Cell culture

Human aortic VSMCs (ATCC) from a healthy male donor 
were incubated between passages 4–7 with one of the 
following conditions: control (DMEM), high phosphate 
(2.5 mmol/L sodium phosphate), TMAO (2.5 mmol/L 
sodium phosphate + 100/300 μM TMAO), or PAG 
(2.5 mmol/L sodium phosphate + 100/300 μM PAG). Cells 
were incubated for 7 days (37°C, 5% CO2). On Day 7, cells 
were harvested for subsequent analysis: calcium content 
assay (IRDye® 800CW BoneTag™, Odyssey® CLx Infrared 
Imaging System, LI-COR Biosciences, NE, USA), qPCR 
analysis, or Alizarin Red S staining (Sigma-Aldrich, St 
Louis, USA).

2.6  |  Calcification assay

Twenty-four hours before cells were harvested (Day 6), 
cells were incubated with IRDye® 800 CW BoneTag™ for 
24 h in a Blackwell 96-well plate. On Day 7, cells were 
washed three times and fluorescent signals were de-
tected using the Odyssey CLx Infrared imaging system 
(LI-COR Biosciences, NE, USA). Readouts were normal-
ised for protein content using BCA protein assay (Abcam, 
Amsterdam, Netherlands).

2.7  |  Gene expression analysis

Cultured cells were incubated in 6-well plates to ensure 
sufficient RNA was extracted. Total RNA extraction was 
performed using RNeasy kit (Qiagen, Hilden, Germany) 
and analysed using NP80 Nanophotometer (Implen, 
Munich, Germany). Maxima First Strand cDNA Synthesis 
Kit (ThermoFisher Scientific, Walham, MA, USA) was 
used before qPCR was performed using PerfeCTa SYBR® 
Green SuperMix Low ROX (Quantabio, Beverly, MA, 
USA). Data were analysed using QuantStudio 7 Flex Real-
Time PCR System (Applied Biosystems, Waltham, MA, 

USA) and relative expression was calculated according 
to the 2ΔΔCt method using GAPDH as a reference gene. 
Gene expression for osteogenic marker Runt-related tran-
scription factor 2 (Runx2) was analysed.

2.8  |  Alizarin red

Cultured cells, incubated in 12-well plates, were fixed 
with 4% formaldehyde in phosphate-buffered saline (PBS) 
for 45 min at 4°C. Samples were then washed in distilled 
water and exposed to Alizarin Red S (2% aqueous, Sigma-
Aldrich, St Louis, USA) for 5 min. Finally, the cells were 
washed with distilled water and observed using Axio-
observer Z1 microscope (Zeiss, Jena, Germany).

2.9  |  Reactive oxygen species 
generation assay

Reactive oxygen species (ROS) production was deter-
mined using H2DCFDA assay (Abcam, Amsterdam, 
Netherlands) as per the manufacturer's instructions. In 
short, VSMCs were seeded in quadruplets in a Blackwell 
96-well plate at a density of 30,000 cells/well. After 24 h, 
media was removed and 100 μL/well of diluted DCFDA 
Solution was added for 45 mins in the dark. Compounds 
of interest, TMAO or PAG, were then added for 4 h before 
intracellular ROS was quantified by measuring the fluo-
rescence intensity using a microplate reader (Infinite F200 
PRO, Tecan Group Ltd., Männedorf, Switzerland).

2.10  |  Statistical analysis

Data are expressed as median (IQR) or N [percentage], 
as appropriate. Differences between two groups were 
assessed by non-parametric Mann–Whitney U test. 
Comparisons between three groups were assessed with 
one-way ANOVA followed by group-wise comparisons 
using Tukey's post hoc test. Chi-squared test was used for 
categorical variables. Spearman rank correlation analysis 
was used to determine correlations between TMAO, PAG, 
8-OHdG, and SAF. To identify independent associations 
for significant correlations, multivariate linear or 
logistic regression analyses were performed. Covariates 
included in the multivariate models were age at study 
entry, sex, and presence of diabetes mellitus (DM). In all 
multivariate models, non-normally distributed variables 
were log10 transformed and missing values were handled 
using a pairwise exclusion process. A p-value <.05 was 
deemed statistically significant. Statistical analyses were 
performed using Stata 17 (Stata Corp, College Station, TX, 
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USA), SAS 9.4 M7 (SAS Institute, Cary, NC, USA), and 
SPSS (v.27.0, IBM, USA); data visualisation was performed 
using GraphPad Prism 8 (Dotmatics, Boston, MA, USA).

3   |   RESULTS

3.1  |  Baseline characteristics

Baseline patient characteristics at before LD-KTx are pre-
sented in Table 1, stratified by presence of CAC score. Age, 
presence of DM, weight, BMI, hsCRP, and SAF, that is, 
presence of AGEs, were all significantly increased in pa-
tients with CAC. The study design is depicted in Figure 1.

3.2  |  TMAO/PAG versus calcification

Firstly, TMAO and PAG were investigated in relation to 
CAC score in the LD-KTx patient cohort (n = 120) after 
stratifying patients into two groups based on CAC score: 
no CAC (n = 55) versus presence of CAC (n = 65), that is, 
CAC = 0 versus CAC >0. TMAO was significantly higher 

in patients with CAC (p < .001; Figure 2A). No significant 
difference was observed for PAG between patients with 
and without CAC (p > .05; Figure 2B), although there was 
a small tendency for increased PAG concentrations in 
the presence of CAC. Uremic toxin concentrations were 
then studied in relation to epigastric artery calcification 
score to assess whether trends obtained with CAC score 
were comparable. Representative images of epigastric ar-
tery calcification scores are shown in Figure 3. Contrary 
to CAC score, neither TMAO or PAG concentrations sig-
nificantly differed between patients with non-calcified/
mildly calcified vessels (n = 78) versus patients with mod-
erately/severely calcified vessels (n = 42) (Figure  2C,D; 
both p > .05). However, a higher epigastric artery calcifi-
cation score was related to increased CAC score (p < .001; 
Figure  4), suggesting that patients with calcification in 
one region are prone to calcification in another, i.e., a sys-
temic sequelae.

To identify independent associations between TMAO 
and CAC score, multivariate logistic regression analysis 
was performed with adjustment for age, sex, and presence 
of DM. This revealed that TMAO was independently asso-
ciated with CAC score (odds ratio: 3.18; p < .05; Table 2).

Total CAC = 0 CAC >0

p-valueN = 120 N = 55 N = 65

Age (years) 47 (32–58) 32 (24–45) 54 (48–61) <.001

Sex (% males) 78 [65%] 34 [62%] 44 [68%] .501

Presence of DM 11 [9%] 1 [2%] 10 [15%] .010

Dialysis 79 [66%] 35 [64%] 44 [68%] .641

Weight (kg) 74 (63–83) 71 (61–81) 77 (68–85) .010

BMI (kg/m2) 24.2 (22.3–26.4) 23.1 (21.0–25.1) 25.2 (23.5–27.8) <.001

hsCRP (mg/L) 1.0 (0.5–2.2) 0.6 (0.3–1.3) 1.2 (0.6–3.1) <.001

Albumin (g/L) 35 (33–38) 35 (33–39) 35 (32–38) .608

Triglycerides 
(mmol/L)

1.3 (1.0–1.8) 1.2 (1.0–1.8) 1.4 (0.9–1.8) .752

Total cholesterol 
(mmol/L)

4.3 (3.7–5.0) 4.3 (3.8–4.9) 4.3 (3.6–5.1) .660

HDL-cholesterol 
(mmol/L)

1.4 (1.1–1.6) 1.4 (1.1–1.6) 1.4 (1.0–1.6) .763

SAF (AU) 3.1 (2.6–3.5) 2.9 (2.4–3.1) 4.3 (2.9–3.8) <.001

8-OHdG (mg/mL) 0.17 (0.12–0.27) 0.16 (0.12–0.24) 0.18 (0.12–0.31) .435

CAC score (HU) 3 (0–184) – 152 (14–970) –

Note: Data are presented as median (interquartile range) for continuous measures, N [percentage] for 
categorical measures. Differences between strata were assessed using non-parametric Mann–Whitney U 
test for continuous parameters or chi-squared test for categorical variables. Significant p-values (p < .05) 
are depicted in bold. Missing values: Weight = 2; BMI = 2; hsCRP = 2; albumin = 2; SAF = 16; 8-OHdG = 68.
Abbreviations: 8-OHdG, 8-hydroxyguanosine; BMI, body mass index; CAC, coronary artery calcium; 
HDL, high-density lipoprotein; hsCRP, high-sensitivity C-reactive protein; PAG, phenylacetylglutamine; 
SAF, skin autofluorescence; TMAO, trimethylamine N-oxide.

T A B L E  1   Baseline characteristics of 
the study cohort, stratified by presence of 
CAC.
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3.3  |  TMAO/PAG versus oxidative stress

Calcification in CKD patients has previously been asso-
ciated with non-traditional risk factors such as increased 
oxidative stress and accumulation of AGEs. Thus, it 
was hypothesised that these mechanisms may promote 
TMAO-induced calcification in our cohort. TMAO 
was not correlated with 8-OHdG (rho: 0.071; p > .05; 
Figure 5A), a marker of oxidative stress (n = 52), or AGE 

accumulation (rho: 0.150; p > .05; Figure 5B), measured 
through SAF (n = 104). On the contrary, PAG posi-
tively correlated with both 8-OHdG (rho: 0.377; p < .01; 
Figure  5C) and SAF (rho: 0.329; p < .01; Figure  5D). 
After adjustment for age, sex, and presence of DM, PAG 
was independently, positively associated with 8-OHdG 
(standardised beta: 0.294; p < .05; Table  3), but not in-
dependently associated with SAF (standardised beta: 
0.165; p > .05; Table 3).

F I G U R E  2   Comparisons between TMAO and PAG versus coronary artery calcification or epigastric artery calcification in a living-
donor kidney transplantation patient cohort (n = 120). (A) Serum TMAO concentration in study population stratified by presence of CAC. 
(B) Serum PAG concentration in study population stratified by presence of CAC. For (A and B), CAC score was quantified in Agatston 
units using non-contrast multi-detector cardiac CT scan. n = 55 and n = 65 for CAC = 0 and CAC >0 groups, respectively. (C) Serum 
TMAO concentration in relation with epigastric artery calcification score. (D) Serum PAG concentration in relation with epigastric artery 
calcification score. For (C and D), epigastric arteries were obtained at living-donor kidney transplantation and scored for calcification by a 
trained pathologist on tissue sections 1–2 μm thick. Vessels were stained with von Kossa (silver nitrate plus nuclear fast red) and the extent 
of medial calcification was graded from 0 (no calcification) to 3 (severely calcified). Groups were formed based on the degree of calcification, 
that is, 0/1 corresponds to non-calcified and mildly calcified vessels (n = 78), and 2/3 corresponds to moderately and severely calcified vessels 
(n = 42). Data are presented as mean ± standard error of mean. Differences between groups were assessed by non-parametric Mann–Whitney 
U test. ***p < .001. CAC, coronary artery calcium; PAG, phenylacetylglutamine; TMAO, trimethylamine N-oxide.



      |  7 of 13HOBSON et al.

3.4  |  TMAO, but not PAG, promotes 
vascular smooth muscle cell calcification 
in vitro

Next, to implement a translational study design, healthy 
VSMCs were incubated with TMAO or PAG for 7 days, 
in the background of high phosphate media. TMAO pro-
moted calcium-phosphate deposition at 100 and 300 μM 
(Figure 6A, p < .01 for TMAO 100/300 μM vs. osteogenic 
control). This finding was further supported by sig-
nificantly increased Runx2 gene expression (Figure  6C, 
p < .05 vs. osteogenic control) and elevated alizarin red 
staining (Figure 5D), both at 300 μM.

Similar to in vivo findings, PAG failed to promote cal-
cification in VSMCs in the background of high phosphate, 
assessed with the calcification assay (Figure  6B, p > .05 
for PAG 100/300 μM vs. osteogenic control), Runx2 gene 
expression (Figure 6C, p > .05 vs. osteogenic control) and 
alizarin red staining (Figure 6D).

3.5  |  TMAO and PAG induce oxidative 
stress in vitro

Finally, since PAG was independently associated with oxi-
dative stress in vivo, TMAO/PAG's pro-oxidative potential 

was studied in vitro. Using the H2DCFDA assay, both 
TMAO and PAG, at 100 and 300 μM, induced oxidative 
stress in VSMCs after 4 h incubation (Figure 5E, p < .05 for 
TMAO 100 μM vs. osteogenic control; p < .001 for TMAO 
100 μM/PAG 100 μM/PAG 300 μM vs. osteogenic control).

4   |   DISCUSSION

In the present study, we found distinct effects of two ure-
mic toxins, TMAO and PAG, on vascular dysfunction, 
both of which accumulate with reduced eGFR and are in-
dependent risk factors for mortality and CVD.23,27 While 
TMAO was directly linked to the development of calcifi-
cation (a confirmatory finding) and generation of reactive 
oxygen species in vitro, PAG had detrimental effects on 
vascular maintenance through free radical production 
leading to increased presentation of oxidative stress. We 
are the first to report PAG-induced oxidative stress, both 
in vivo and in vitro. Our findings illustrate the complexity 
of triggering factors related to uremia-induced EVA.

Altered biomolecules from uremic toxin-induced car-
bamylation, oxidative stress, or covalent adduct formation 
are linked to CVD and mortality in CKD.28,29 Clinical stud-
ies have reported a link between TMAO and mortality,15,29 
and CVD.30 Zhang et al. found that TMAO promotes 

F I G U R E  3   Representative epigastric artery calcification score images. Arteries were isolated at living-donor kidney transplantation 
from kidney failure patients and scored by a trained pathologist. Photos taken by Magnus Söderberg.
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vascular calcification by activation of the NLRP3 inflam-
masome and NF-κB signalling pathway,16 while higher 
TMAO is an independent risk factor for abdominal aortic 
calcification in haemodialysis patients.31 In addition to 
validating previously reported findings, our study sheds 
additional light on mechanisms involved, and suggests 
that calcification is mediated through free radical pro-
duction. Our in vitro findings are supportive of TMAO-
induced ROS driving an osteochondrogenic phenotype 
switch of VSMCs and subsequent calcification.32 Five 
other uremic toxins—tumour necrosis factor alpha, inter-
leukin (IL)-1 beta, IL-8, 100 calcium-binding protein A12 
and salusin-beta—have been implicated as promoters of 
oxidative stress-induced vascular calcification.33 Uremic 
toxin-induced oxidative stress has been well documented 
in multiple cell types especially in relation to IS and pCS. 

Hippuric acid, indole-3-acetic acid, and phenyl acetic acid 
promote free radical production in endothelial cells.34–36 
Indeed, excessive ROS generation contributes to the acti-
vation of certain osteochondrogenic signal transduction 
pathways, thereby accelerating osteochondrogenic trans-
differentiation of VSMCs.37,38

Contrary to our in vitro data, however, we did not ob-
serve a correlation between TMAO and 8-OHdG, a surro-
gate marker of DNA oxidation.39 This suggests that TMAO 
may act locally on VSMCs, which cannot be captured 
with systemic oxidative stress readouts. Our data also in-
dicates that TMAO has differential pro-calcifying effects 
on muscular arteries in different regions. As the in vivo 
study design is largely observational and our experimen-
tal work only uses aortic VSMCs, it is difficult to ascertain 
specific reasons for the observed discrepancy. A logical 
explanation is that TMAO promotes atherosclerotic cal-
cification, that is, intimal vascular calcification, as CAC 
score is a compound of atherosclerotic and uremic calci-
fication.40 Additionally, as calcification is a highly com-
plex and multifactorial process,7 we cannot rule out the 
possibility that some vessels are more tolerant to TMAO 
toxicity than others.

Phenylacetylglutamine is independently associated 
with CVD in CKD stages 1–524 and different non-CKD 
populations,20,21,41 while also associated with increased 
arterial stiffness in middle-aged women.42 Poesen et al. 
found that PAG is associated with CVD and mortality in 
CKD stages 1–5.23 On the contrary, we did not find an as-
sociation between PAG and CAC score or epigastric artery 
calcification score. Uremia, age, and sex differences may 
account for these contrasting data, while arterial stiffness 
is influenced by a variety of factors in addition to medial 
vascular calcification.43 A meta-analysis found that 16 tox-
ins have calcification-inducing effects, 13 have no effect, 
and 3 solutes have an inhibitory effect in vitro33—PAG 

F I G U R E  4   Comparisons between CAC score and epigastric 
artery calcification in the living-donor kidney transplantation 
patient cohort (n = 120). CAC score was quantified in Agatston 
units using non-contrast multi-detector cardiac CT scan. Epigastric 
arteries were obtained at living-donor kidney transplantation and 
scored for calcification by a trained pathologist on tissue sections 
1–2 μm thick. Vessels were stained with von Kossa (silver nitrate 
plus nuclear fast red) before the extent of medial calcification was 
graded from 0 (no calcification) to 3 (severely calcified). Groups 
were formed based on degree of calcification, that is, 0/1 (n = 78) 
corresponds to non-calcified and mildly calcified vessels, and 2/3 
(n = 42) corresponds to moderately and severely calcified vessels. 
Data are presented as mean ± standard error of mean. Differences 
between groups were assessed by non-parametric Mann–Whitney 
U test. ***p < .001.

T A B L E  2   Multivariate logistic regression analysis between 
TMAO groups (low + middle vs. high) and coronary artery 
calcification score in the living-donor kidney transplantation cohort 
(n = 120) adjusted for age, sex, and presence of DM.

Odds 
ratio p-value

[95% 
confidence 
interval]

Age 17.37 <.001 6.35 47.49

Sex 2.69 .070 0.92 7.85

Presence of DM 5.26 .242 0.33 84.92

TMAO 3.18 .030 1.12 9.05

Note: Significant associations (p < .05) are depicted in bold. Reference 
groups: Age – ref <47 years of age versus >47 years of age; sex – ref females 
versus males; presence of DM – ref no versus yes; TMAO – low/middle 
tertiles versus high tertile.
Abbreviations: DM, diabetes mellitus; TMAO, trimethylamine N-oxide.
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has not been previously investigated. Although Nemet 
et al. elegantly demonstrated that PAG may promote CVD 
through adrenergic receptors and increased thrombosis,44 
experimental data concerning the link between PAG and 
CVD is scarce.

While we found that PAG was independently, pos-
itively associated with 8-OHdG in vivo, and promoted 
reactive oxygen species production in vitro, neither were 
linked with vascular calcification. Our findings present 
a novel pathogenetic mechanism by which PAG links 
the prooxidative environment with CV dysfunction. 
Numerous studies have shown elevated oxidative stress 
leads to CV complications in kidney failure.45 AGEs, the 
result of irreversible glycation modification of amino 
acids or proteins by reducing sugars, are elevated in the 
uremic milieu and often exacerbated in the presence of 

DM.46 In fact, some AGEs, such as pentosidine, glyoxal 
and glucosepane, constitute as protein-bound uremic 
toxins.28 Indeed, pentosidine is associated with ex-
tensive coronary artery calcification in HD patients.46 
Despite losing statistical significance after adjustment, 
the positive correlation observed between PAG and 
AGE accumulation is not surprising considering the 
bidirectional relationship between AGEs and oxidative 
stress—AGEs interact with the receptor for advanced 
glycation end products (RAGE) to activate oxidative 
stress, while reactive oxygen species (ROS) also promote 
AGE formation.47

Our findings suggest that modulation of pathways re-
lated to free radical production may ameliorate medial 
calcification. Interventional therapies have yet to be de-
veloped; however, the fact that free radical generation 

F I G U R E  5   Correlations between 
TMAO and PAG versus 8-OHdG and SAF 
in the living-donor kidney transplantation 
cohort (n = 120). (A) TMAO correlated 
with 8-OHdG. (B) TMAO correlated with 
SAF. (C) PAG correlated with 8-OHdG. 
(D) PAG correlated with SAF. Univariate 
correlations were assessed using 
Spearman's rank correlation. Significant 
associations (p < .05) are depicted in bold. 
8-OHdG, 8-hydroxydeoxyguanosine; 
PAG, phenylacetylglutamine; SAF, skin 
autofluorescence; TMAO, trimethylamine 
N-oxide.

8-OHdG SAF

Standardised 
beta p-value

Standardised 
beta p-value

Age 0.385 .005 0.403 <.001

Sex 0.009 .947 −0.132 .117

Presence of DM −0.125 .398 0.161 .071

PAG 0.294 .047 0.165 .062

Note: A multivariate model was calculated only for correlations for which a significant univariate 
correlation was found (Figure 5). Non-normally distributed variables were log10 transformed prior to 
analysis. Standardised β coefficients and p-values are given for each model. Significant associations 
(p < .05) are depicted in bold.
Abbreviations: 8-OHdG, 8-hydroxydeoxyguanosine; DM, diabetes mellitus; PAG, phenylacetylglutamine; 
SAF, skin autofluorescence.

T A B L E  3   Multivariate linear 
regression analyses between PAG and 8-
OHdG, and skin autofluorescence (SAF), 
adjusted for age, sex and presence of DM.
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persists after generation of both toxins is of clinical impor-
tance. Using a novel animal model of 5/6 nephrectomised 
rats, we reported dysregulated NRF2 is linked to ectopic 
vascular calcification.48 Hence therapeutically targeting 

the NRF2 pathway using NRF2 agonists may have posi-
tive clinical implications. However, further experimental 
studies are needed to determine the optimal window of 
intervention.49 Furthermore, dietary intervention could 

F I G U R E  6   In vitro experiments investigating the effect of TMAO and PAG in VSMC calcification and oxidative stress. (A) TMAO-
induced calcification assay using BoneTag Optical Dye (n = 6 per group). (B) PAG-induced calcification assay using BoneTag Optical 
Dye. Aortic VSMCs were incubated with uremic toxins for 7 days in the background of high phosphate (2.5 mM phosphate). For both 
experiments, readouts were normalised for protein content using BCA assay (n = 4 per group). (C) mRNA expression analysis of osteogenic 
marker Runx2. Relative gene expression was normalised to DMEM control group (n = 4 per group). (D) Representative images of alizarin 
red staining for specified conditions. (E) Reactive oxygen species assay for specified conditions using DCFDA/H2DCFDA assay (n = 4 per 
group). Readout taken 4 h after addition of toxins. Statistics: data presented as mean ± SEM. Groups were compared using one-way ANOVA 
followed by group-wise comparisons using Tukey's post hoc test. p-values <.05 were deemed statistically significant. *p < .05, **p < .01, 
***p < .001, ****p < .0001. PAG, phenylacetylglutamine; ROS, reactive oxygen species; TMAO, trimethylamine N-oxide.
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lead to reduced levels of TMAO in CKD, as recently com-
prehensively reviewed by Zixin et al.50

Strengths of the current study include a reasonably 
large kidney failure cohort that was carefully pheno-
typed. We also implemented a translational approach to 
test our hypothesis in a clinical cohort and an in vitro 
calcification model, as recapitulating uremic compo-
nents in vitro has been difficult.48 In addition, we as-
sessed the magnitude of calcification in two separate 
locations of the vascular tree—coronary and epigastric 
arteries. While the Agatston score is a standardised 
computed tomography calcium scoring method in clin-
ical practice for quantification of coronary calcium, it 
is an indirect measurement of calcium deposition, does 
not reflect a pathophysiologic variable and cannot dif-
ferentiate between intima and media calcification.51–53 
On the other hand, in epigastric artery biopsies, media 
and intima calcification are separated.53 We also ac-
knowledge limitations in our study, such as the cross-
sectional study design and the absence of intervention 
to ameliorate TMAO-associated vascular calcification. 
Our findings may also only be relevant to our patient 
cohort—a selected group of kidney failure patients that 
are younger, healthier, and with lower prevalence of DM 
than the typical kidney failure cohort.

In summary, we show that both TMAO and PAG may 
affect CVD complications related to calcification and in-
creased oxidative stress in uremic patients. Their actions 
differ, since TMAO is more prone to affect calcification 
and free radical production, while PAG is solely associ-
ated with oxidative stress. Further studies are warranted 
to assess the potential additive effects of these two toxins 
currently emerging as leading retention solutes related to 
the EVA phenotype in uremic patients.
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