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Blood-brain barrier and gut barrier
dysfunction in chronic kidney
disease with a focus on circulating
biomarkers and tight junction
proteins
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Kidney failure and associated uraemia have implications for the cardiovascular system, brain, and
blood-brain barrier (BBB). We aim to examine BBB disruption, by assessing brain-derived neurotropic
factor (BDNF), neuron-specific enolase (NSE) levels, and gut-blood barrier (GBB) disruption by
trimethylamine N-oxide (TMAO), in chronic kidney disease (CKD) patients. Additionally, endothelial
tight-junction protein expressions and modulation via TMAO were assessed. Serum from chronic
kidney disease (CKD) female and male haemodialysis (HD) patients, and controls, were used to
measure BDNF and NSE by enzyme-linked immunosorbent assays, and TMAO by mass spectrometry.
Immunofluorescent staining of subcutaneous fat biopsies from kidney transplant recipients, and
controls, were used to measure microvascular expression of tight-junction proteins (claudin-5,
occludin, JAM-1), and control microvasculature for TMAO effects. HD patients versus controls, had
significantly lower and higher serum levels of BDNF and NSE, respectively. In CKD biopsies versus
controls, reduced expression of claudin-5, occludin, and JAM-1 were observed. Incubation with TMAO
significantly decreased expression of all tight-junction proteins in the microvasculature. Uraemia
affects BBB and GBB resulting in altered levels of circulating NSE, BDNF and TMAO, respectively, and
it also reduces expression of tight-junction proteins that confer BBB maintenance. TMAO serves as a
potential candidate to alter BBB integrity in CKD.

Chronic kidney disease (CKD) is a progressive irreversible systemic disease that affects around 10-15% of popu-
lation worldwide'. As CKD progresses to kidney failure, suitable patients are prepared for renal replacement
therapy (RRT), either kidney transplantation or dialysis. Uraemia has repercussions for other organs?, and is an
established risk factor for premature cardiovascular diseases (CVD)>*. CKD also serves as a model of accelerated
ageing, leading to reduced physical functioning, increased frailty, vascular dysfunction, vascular calcification,
arterial stiffness, increased systemic inflammation, and oxidative stress®”’. Additionally, CKD patients have a
high prevalence of small vessel disease®, with microvascular damage contributing to cognitive changes related
to dementia’. Indeed, the increasing prevalence of kidney dysfunction and neurological disorders are associated
with higher morbidity and mortality, resulting in lower quality of life and higher cost of healthcare!®!". There is
currently no treatment to ameliorate the CKD-related cognitive impairment, which is only partially reversible
after kidney transplantation'?. Thus, further investigations are required to elucidate the reason why the uraemic
milieu promotes central nervous system manifestations, such as cognitive impairment and depression.

The central nervous system (CNS) is protected by the blood-brain barrier (BBB). The BBB is comprised of
endothelial cells, pericytes, astrocyte foot processes, and basement membrane that protects and regulates the CNS
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environment by restricting permeability and ensuring the selective exchange of molecules between blood and the
CNS™. The impairment in BBB function may further lead to increased vascular permeability allowing entry of
toxic substances into the CNS, resulting in damage that may manifest as depression and cognitive impairments
that are similarly observed in the cognitive dysfunction in patients with Alzheimer’s disease'®. There is limited
available data on the prevalence of Alzheimer’s disease in CKD patients, but it has been reported that vascular
dementia is more likely the cause of cognitive dysfunction rather than Alzheimer’s disease in kidney disease'.

Several studies suggested that impaired BBB function could be assessed by peripheral circulation analyses
of neuron-specific proteins that may differ between the diseased and healthy conditions'®, although little is
known regarding sex specific differences. A number of candidate biomarkers for increased BBB permeability
have been introduced, such as: brain-derived neurotrophic factor (BDNF) and neuron-specific enolase (NSE).
BDNF regulates survival, growth, and maintenance of neurons'”'®. Detected in systemic circulation, patients
with reduced plasma BDNF concentrations had increased risk for developing CKD', and lower BDNF levels
were likewise correlated with higher depression scores'®. NSE has been introduced as a promising biomarker of
future brain-related vascular events and subclinical brain damage among asymptomatic hypertensive patients®.

Due to the difficulties in the acquisition of human brain tissues and subsequent isolation of brain microvessels,
there has been limited research access to human brain endothelial cells. Thus, studies have aimed at modelling
the BBB, although the inherent complexity of the BBB has limited the development?'. Small-vessel disease in the
brain is mirrored by small-vessel pathologies in other organs?>?*. Thus, surrogate vessels may be useful in eluci-
dating certain features of the BBB, such as tight junctions that are ubiquitously expressed between endothelial
cells. Various tight-junction proteins have been identified, including, but not limited, to: claudin-5, occludin and
junction adhesion molecule-1 (JAM-1). Claudin-5 is the dominant claudin present in BBB endothelial cells?*. The
first transmembrane tight-junction protein identified, occludin, has been shown to be increased in the peripheral
circulation of animal models of cerebral ischaemia?, while JAM-1, located at the epithelial and endothelial tight
junctions, has been shown to be involved in regulation of endothelial cell migration®.

Recently, the importance of gut-blood barrier (GBB) has been introduced to play an important role in respect
to uraemia induced CVD outcomes. GBB has a physical barrier comprised of a monolayer of enterocytes con-
nected via tight-junctions, physically similar to the BBB with its endothelial cells and tight-junctions. Trimeth-
ylamine N-oxide (TMAO) is a gut-microbiota metabolite derived from precursors choline, betaine, and carni-
tine, which can permeate the GBB?. However, less is known how TMAO could affect the maintenance of BBB
integrity. Most recently, TMAO and its precursor TMA have been shown to affect the integrity of human brain
microvascular endothelial cell monolayers, an in vitro model of the BBB, altering the paracellular permeability?.
Elevated levels of TMAO are associated with poor survival in CKD****. TMAO has been positively correlated
with atherosclerosis and that higher levels of TMAO increases cardiovascular events and all cause mortality’!.
In addition, the relationship between brain ageing and TMAO has been shown to induce age-related cognitive
dysfunction in senescent prone mouse strain®?.

We hypothesised that CKD is associated with BBB dysfunction and lessened tight-junction integrity. We
aimed therefore to investigate potential BBB dysfunction under uraemic conditions. BBB permeability was
assessed by measurements of CNS biomarkers in serum. In addition, gut-derived marker TMAO representing
the GBB was also assessed. We also aim to examine if there are sex-specific associations and effects of the urae-
mic environment by evaluating mortality, as well as decline in cognitive function through self-reported depres-
sion. In addition, tight-junction integrity was examined by analysing the expression of claudin-5, occludin and
JAM-1 using microvessels of subcutaneous fat biopsies from kidney failure (KF) patients and non-CKD patients
as surrogate model of BBB. Furthermore, we also assessed if TMAO exposure of microvessels could affect the
expression of the tight junction proteins.

Results

Clinical characteristics of the HD patients and controls are summarised in Table 1. The age of the participants was
comparable in all groups, median age of HD patients was 66 while control group median age was 64. As controls
were randomly selected from the same geographical recruitment area as the patients they were not devoid of
comorbidities, such as CVD and diabetes mellitus (DM). However, HD patients had significantly higher frequen-
cies of both CVD and DM comorbidities than the control group. HD patients showed lower cholesterol, albumin
and haemoglobin levels, and greater creatinine, CRP and IL-6 compared to controls (Table 1). Significantly
higher number of HD patients were on medication with angiotensin-converting enzyme inhibitors/angiotensin
receptors blockers, beta-blockers, and statins compared to controls (Table 1).

Peripheral biomarkers. Results for the peripheral biomarkers showed BDNF levels were lower in HD
patients (14.0 ng/mL, IQR 8.7-19.2) than controls (20.2 ng/mL, IQR 16.7-25.7) p<0.0001 (Fig. 1A). Circulat-
ing NSE was higher levels in HD patients (5.3 ng/mL, IQR 4.4-6.6) than in controls (3.5 ng/mL, IQR 2.9-4.3)
p<0.0001 (Fig. 1B). TMAO analysis showed higher levels in HD group (6.4 ng/uL, IQR 4.0-11.2) vs. controls
(0.4 ng/uL, IQR 0.3-0.6) p <0.0001. (Fig. 1C). Correlation analyses between TMAO and the BBB markers BDNF
and NSE showed a significant negative (rs=- 0.26, p<0.001; Fig. 1D) and positive (rs=0.46, p <0.0001; Fig. 1E)
correlation, respectively. S100B assay, although not statistically significant showed a pattern with lower circu-
lating levels in HD (31.6 pg/mL, IQR 9.4-186) compared to controls (87.2 pg/mL, IQR 13.3-749). S100B was
detected in measurable concentrations in only 21% (n=44) of HD patients, and 26% (n=21) of non-CKD con-
trol group (Supplement Fig. S1).

To confirm GBB permeability soluble CD14 (sCD14) levels were assessed in serum samples from HD and
non-CKD controls. For the current cohort of HD patients, sCD14 has been reported previously™, whereas for
non-CKD controls sCD14 was measured herein. sCD14 results showed significantly greater levels in HD patients
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HD (n=219) Controls (n=_80) p value

Age, years 66 (51-74), n=207 64 (55-70) 0.4130
Males, 1 (%) 115 (56), n =206 56 (70) 0.0282
Body mass index, kg/m?* 23.9 (21.1-27.2), n=206 25.4 (23.3-29) 0.0036
Cardiovascular disease, 7 (%) 130 (63), n=207 7(9) <0.0001
Diabetes mellitus, # (%) 51(25), n=207 4(5) 0.0002
Biochemistry

Cholesterol, mmol/L 4.4 (3.7-5.1),n=201 5(4.3-5.7),n=79 <0.0001
Triglycerides, mmol/L 1.6 (1.1-2.3),n=203 (0.8-1.7),n=79 <0.0001
HDL, mmol/L 1.3 (1.1-1.7), n=210 1.4(1.2-1.7) 0.0019
Albumin, g/L 35(33-37), n=207 39 (37-41) <0.0001
Creatinine, pmol/L 771 (628-914), n=207 79 (69-92) <0.0001
Haemoglobin, g/L 119 (111 - 127), n=207 144 (136-149) <0.0001
hsCRP, mg/L 5.6 (2.4-17.0), n=202 1.3(0.7-3.4), n=70 <0.0001
IL-6, pg/mL 7.8 (4.9-14.9), n=207 2.0 (1.0-4.0), n=28 <0.0001
Ferritin, ng/mL 418 (233-635), n=213 137 (87-204),n=75 <0.0001
Medications

ACEi/ARB, n (%) 69 (33), n=207 11 (14) 0.0009
Beta-blockers, n (%) 103 (50), n=207 14 (18),n=79 <0.0001
Statins, 1 (%) 68 (33), n=207 10 (13),n=77 0.0009

Table 1. Clinical characteristics of patient groups at baseline in non-chronic kidney disease (CKD) controls,
haemodialysis (HD) used for peripheral biomarker assay. Data are presented as median and quartile range
(Q1-Q3). Categorial data are presented as frequency (%). Continuous data analysed by non-parametric
Mann-Whitney U test, and categorical data analysed by . p value <0.05. ACEi/ARB angiotensin converting
enzyme inhibitors/angiotensin-receptor blockers, CKD chronic kidney disease, HD haemodialysis, HDL high-
density lipoprotein, hsCRP high-sensitivity C-reactive protein, IL interleukin.

(3.18 pg/mL, IQR 2.68-3.90) than non-CKD controls (0.13 pg/mL, IQR 0.11-0.15) p <0.0001 (Fig. 2A). Correla-
tion analysis between TMAO and sCD14 showed a strong significant positive correlation (rs =0.66, p <0.0001;
Fig. 2B).

Sex differences in peripheral biomarkers. Analysis of the sex-specific abundances of peripheral bio-
markers in each group revealed significant difference in TMAO levels only in controls (males 0.33 ng/uL, IQR
0.26-0.51; females 0.48 ng/uL, IQR 0.35-0.64; p=0.036) (Supplementary Table S1). Biomarker levels for BDNF,
NSE and S100B showed no difference between males and females (Supplementary Table S1). Sex disaggregated
analysis for the tight junction protein expression was not possible due to the small sample numbers for biopsy
donation.

Correlation analyses. Correlation of the biomarkers NSE, BDNF, and TMAO with biochemical parameters
for HD showed that serum levels of BDNF was negatively correlated with age (rs=—- 0.17; p=0.018) and serum
ferritin (rs=— 0.27; p<0.001), while NSE was positively correlated with inflammatory markers TNF (rs=0.18;
p=0.044) and BNP (rs=0.17; p=0.020). TMAO was negatively correlated with age (rs=- 0.16; p=0.022), and
inflammatory marker IL-6 (rs=—- 0.24; p=0.003).

Self-reported depression. There was no significant difference in the frequency of self-reported depression
between females (n=23) and males (n=21, p=0.247). However, for those taking anti-depressant medication
there was a significant difference between females (n=9/23, 39%) and males (n=1/21, 5%, p=0.003). No sig-
nificant differences found in the levels of the biomarkers among those with or without self-reported depression
in the HD group (Supplementary Fig. S2). In patients with self-reported depression, sex-related differences in
biomarker levels among HD patients were observed showed significant results for TMAO only (Fig. 3A-C). In
the HD group, lower TMAO levels were observed in females with self-reported depression vs. males (p 0.030)
(Fig. 3C).

In HD patients with self-reported depression (n=51), the biochemical parameters showed BDNF was nega-
tively correlated with inflammatory marker ferritin (rs=— 0.44; p=0.008). TMAO was positively correlated with
BMI (rs=0.35; p=0.032).

Mortality. Atthe conclusion of the five year follow-up period for HD patients, there were 139 patients (60.7%)
alive and 85 (37.1%) patients that had died. Biomarker levels were compared between survivors vs non-survivors
(Fig. 4A-C), where significantly higher levels of NSE in HD non-survivors (5.7 ng/ml) were observed compared
to those who survived (5.2 ng/ml) (Fig. 4B). No sex-related differences were observed in the biomarker levels of
BDNE NSE and TMAO for survivors vs non-survivor among dialysis patients (Supplementary Fig. S3).
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Figure 1. Analysis of serum biomarkers in haemodialysis (HD) and non-CKD controls (control). (A)
Brain-derived neurotrophic factor (BDNF), (B) Neuron-specific enolase (NSE) were measured by enzyme-
linked immunosorbent assay (ELISA). (C) Trimethylamine N-oxide (TMAOQO) was measured by liquid
chromatography-mass spectrometry (LC-MS). The number of samples (n) that each analyte was detected in
is noted for each group. Data presented at median and interquartile range. Statistical significance, ***p <0.001,
*p <0.0001. (D) Spearman’s correlation between BDNF and TMAO levels. (E) Spearman’s correlation
between NSE and TMAO levels.
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Figure 2. Analysis of soluble CD14 (sCD14) levels in haemodialysis (HD) and non-CKD controls (control).
(A) Soluble CD14 levels. The number of samples (n) that each analyte was detected in is noted for each group.
Data presented at median and interquartile range. Statistical significance, ***p <0.001, ****p <0.0001. (B)
Spearman’s correlation between sCD14 and trimethylamine N-oxide (TMAO) levels.

Survival analyses, using Cox regression models, for HD patients showed no independent association between
mortality and NSE levels (HR 1.09; 95% CI 0.99-1.19; p=0.069), BDNF levels (HR 1.00; 95% CI 0.97-1.04;
p=0.663), nor TMAO levels (HR 0.99; 95% CI 0.94 1.04; p=0.712), with adjustments for sex, age, DM, and CVD.

Tight-junction staining. The clinical characteristics for kidney transplant and recipient patients who
provided subcutaneous fat biopsies are shown in Table 2. The fluorescent tissue staining of the tight junction
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Figure 3. Sex-related differences in haemodialysis patients with self-assessed depression and serum
concentrations of biomarkers; (A) brain-derived neurotrophic factor (BDNF), (B) neuron-specific enolase
(NSE), (C) trimethylamine N-oxide (TMAO). The number of samples (n) that each analyte was detected
in is noted for each group. Data presented at median and interquartile range when appropriate. Statistical
significance, *p <0.05.
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Figure 4. Mortality and serum concentration of biomarker in haemodialysis patients; (A) brain-derived
neurotrophic factor (BDNF), (B) neuron-specific enolase (NSE), and (C) trimethylamine N-oxide (TMAO). The
number of samples (n) that each analyte was detected in is noted for each group. Data presented at median and
interquartile range when appropriate. Statistical significance, *p <0.05, **p <0.01.

proteins in microvessels from the subcutaneous tissues of kidney transplant recipients vs donors are shown in
Fig. 5A. The expression of tight-junction protein claudin-5 showed lower median expression in kidney trans-
plant recipients compared to donors (5% vs. 7%; p=0.013) (Fig. 5B). For occludin, kidney transplant recipients
also had lower expression compared to donors (6% vs. 8%; p=0.013) (Fig. 5C). Similarly, JAM-1 kidney trans-
plant recipients also had lower expression compared to donors (5% vs 8%; p=0.001) (Fig. 5D).

Figure 6A shows the fluorescent tissue staining of tight junction proteins in microvessels from subcutane-
ous fat tissues from control incubated with TMAO vs control media. The expression of claudin-5 showed lower
median expression in TMAO incubated microvessel vs control media (10% vs 13%; p=0.007) (Fig. 6B). Cor-
respondingly, TMAO incubated microvessels also had lower occludin expression compared to controls (7%
vs. 12%; p=0.034) (Fig. 6C). TMAO incubated microvessel expression of JAM-1 was also lower compared to
controls (11% vs 13%; p=0.011) (Fig. 6D).

Discussion

Our study supports the suggestion that uraemia may induce disruption in the BBB maintenance as reflected in
the altered abundance of brain-specific proteins in the peripheral circulation. In addition, impaired BBB integ-
rity may also be inferred from the decreased expression of tight-junction proteins (claudin-5, occludin, and
JAM-1) in the adipose microcirculation—used as a model of the GBB—in KF patients. Decreased expression of
tight-junction proteins were also observed in non-CKD adipose microcirculation exposed to the uraemic toxin
TMADO, further suggesting that TMAO could act as an important mediator in the disruption of the GBB, and
by similarity the BBB. Indeed, TMAO acts not only as a GBB marker but has the potential to impair the BBB
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Recipient Donor

(n=10) (n=11) p value
Age, years 58 (43-67),n=10 53 (40-63),n=9 0.59
Sex, n (%)
Male 1(1%) 6 (55%)
Female 9 (90%) 4 (36%)
BMLI, kg/m? 25(23-29),n=9 23(22-28),n=8 0.49
SBP, mmHg 128 (118-164),n=9 131 (123-150), n=8 0.94
DBP, mmHg 77 (70-100), n=9 82(73-84),n=8 0.99
Creatinine, pumol/L 790 (683-1256), n=9 71 (68-77),n=7 <0.001
hsCRP, mg/L 1.8 (0.5-117.5),n=9 0.4 (0.3-3.9),n=7 0.30
Albumin, g/L 32(28-38),n=9 39 (37-40), n=8 0.02
Triglyceride, mmol/L 1.3 (1.0-2.1),n=9 0.8 (0.5-1.0),n=8 0.007
Cholesterol, mmol/L 5.1(3.7-5.6),n=9 4.9 (4.5-6.2),n=8 0.56
HDL, mmol/L 1.2 (1.0-1.9),n=9 1.9 (1.4-2.2),n=8 0.11
HbAlc, % 5.2 (5.0-6.0),n=9 5.4 (5.3-5.5),n=6 0.24
Medications
ACEi/ARB, n (%) 7 (70) Not available
Beta-blockers, n (%) 5(5) Not available
Statins, 7 (%) 4 (4) Not available

Table 2. Clinical characteristics of kidney transplant patients and donors used for immunohistochemistry
investigations. Data are presented as median and quartile range (Q1-Q3). Categorical data are presented as
frequency (%). Continuous data analysed by non-parametric Mann-Whitney U test. BMI body mass index,
SBP systolic blood pressure, DBP diastolic blood pressure, hsCRP high sensitivity C-reactive protein, HDL high
density lipoprotein, LDL low density lipoprotein, HBA I¢ glycated haemoglobin, IL interleukin, ACEi/ARB
angiotensin converting enzyme inhibitor/angiotensin receptor blocker.

maintenance via modulation of endothelial tight junction claudin-5, occludin and JAM-1 in microcirculation
that confer BBB integrity.

Our findings imply that BBB damage may occur in uraemic patients due to disruption of the endothelial
tight-junction proteins, and the altered levels of circulating protein biomarkers are reflective of the degree of
BBB injury’. The patients in our study reflect a phenotype that are exposed to a toxic internal environment for
years with renal function decline; i.e., increased allostatic load®. The exposure and retention of uraemic toxins,
alterations in metabolism, inflammation and vascular changes, can lead to the BBB dysfunction, which can
reflect persistent neuronal damage that can manifest clinically as depression and cognitive decline'. Inflamma-
tion being a key feature of the uraemic milieu was confirmed by the increased levels of hsCRP and IL-6 in our
prevalent HD patients.

Measurable circulating brain and gut-specific biomarkers that reflect pathological changes in CKD are par-
ticularly useful as they could provide a feasible and robust tool to gain insight into the underlying mechanism
or pathological processes occurring in uraemia. Our observation of lower BDNF in KF compared to controls
is supported by previous work involving KF patients who underwent dialysis'*?. In contrast, another study
observed increased BDNF levels in HD patients compared to controls, as well as higher BDNF in those diabetic
HD patients compared to non-diabetic, postulating that higher BDNF in diabetic HD patients could compensate
for insulin resistance and hyperinsulinaemia®’. The conflicting results of circulating BDNF being lower in our
HD cohort compared to controls could be due to the variation in the biological sample used. As serum contain
platelets, it may reflect the BDNF levels stored in the platelets®” released during the clotting process. In addition,
variation of laboratory protocols, handling of samples, fasting state of patient or duration of HD treatment and
corresponding time frame of sample collection are also factors to consider. Although no difference in circulating
BDNF levels in females and males were observed in our current report, there was a study that noted that female
sex was associated with lower plasma BDNF concentration in CKD stage 3-4 patients®®. Patients in the current
study represent latter stages of CKD and have KE, therefore it may be possible that with worsening renal dysfunc-
tion the sex difference in levels of BDNF is lost. Hence, a longitudinal study may be necessary to determine the
temporal change in BDNF among CKD patients.

Whilst an inverse relationship between BDNF levels with higher depression scores has been reported'?, pos-
sibly reflecting changes in the CNS, our results could not support this. This may be related to the fact that in
the present study participants only answered an arbitrary question to report depression, as compared to other
studies that have utilised validated clinical scoring system for depression, evaluating of the association between
depression and BDNF"?¥. The implementation of validated depression scoring systems, as well as systems for
assessing cognitive function, are advised for future studies assessing BBB integrity in KF patients, unfortunately
these cannot be applied retrospectively in our cohort cohorts.

Our result of increased levels of NSE in KF concurs with a previous study where higher serum concentrations
of NSE in HD patients were observed*’, while our results for S100B did not. This suggests that NSE could be
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Figure 5. Tight junction protein expression in subcutaneous adipose tissue. (A) Immunofluorescence staining
of tight junction proteins (red) claudin-5, occludin, and JAM-1, nuclear staining with DAPI (blue), endothelial
marker CD31 (green) in subcutaneous tissue of kidney transplant recipients and donors. Bar =100 um.
Expression of tight junction proteins (B) claudin-5, (C) occludin and (D) JAM-1 in subcutaneous tissue of
kidney transplant recipients and donors. Results expressed in medians and interquartile range. Statistical
significance *p <0.05, **p <0.01.

valuable in determining possible risks for cerebrovascular events in the uraemic milieu. CKD increases the risk
for stroke, and patients with eGFR <60 ml/min have a greater degree of neurological damage as evidenced by
a greater clinical neurological deficit outcome, as analysed with the National Institute of Health Stroke Scale*!.
Stroke risk is particularly high in dialysis patients and people with KF experience a greater stroke mortality*>*.
When CNS tissue is damaged, thereby disrupting the BBB, there is a pronounced increase in the concentrations
of NSE not only in peripheral circulation but also in the cerebrospinal fluid*. The support for NSE to be indica-
tive of BBB disruption, also comes from studies including other disease conditions like hypertensive pregnancy
complications, as NSE has been studied as a biomarker of CNS injury in pre-eclampsia®®. Likewise, significant
increased levels of NSE seems to be associated with BBB damage and increased the risk of developing cognitive
dysfunction®. Our finding, that higher levels of NSE in HD patients with poor outcome further strengthens the
suggestion that NSE could be a potential marker for assessing the neurologic outcome, though it is important to
stress that in acute events (e.g., stroke)*” NSE levels could differ from chronic situations like CKD.
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Figure 6. TMAO incubation and tight junction protein expression in subcutaneous adipose tissue. (A)
Immunofluorescence staining of tight junction proteins (red) claudin-5, occludin, and JAM-1, nuclear staining
with DAPI (blue), endothelial marker CD31 (green) in subcutaneous tissue incubated with (A) TMAO and (B)
control media. Bar=100 pm. Expression of tight junction proteins (B) claudin-5, (C) occludin and (D) JAM-1
in subcutaneous tissue after incubation with TMAO and control media. Results expressed in medians and
interquartile range. Statistical significance *p <0.05, **p <0.01.

Our observation of a 16-fold increase of TMAO levels in KF is supported by previous reports of higher
TMAO levels, ranging from 13- to 30-fold, in CKD patients*****%. This increase is likely related to reduced renal
clearance®® and/or dietary habits®. Whereas we did not observe sex differences in TMAO levels in KF, TMAO
levels were higher in non-CKD males vs females, a result reported previously®. It is likely that eating habits
contribute to the observed differences*-! as sex hormones play a role in appetite regulation®, food preferences,
and dietary behaviour that may explain sex differences in circulating TMAO. In animal models, the effect of
sex on TMAO levels have been related to oestrogen-induced hepatic flavin-containing monooxygenase (FMO)
expression being higher in female mice, while testosterone in male mice has been reported to downregulate
FMO hepatic activity>®. However, this may not be a universal suggestion, as in humans no significant difference
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in FMO activity were found between males and females>*. Nevertheless, as our women are of menopausal age, it
is possible to speculate that the expected reduced oestrogen levels®>—>” may result in decreased FMO expression,
which may be one of factors behind to the lower levels of TMAO in our female controls.. Aside from the role
of sex hormones, suggested theories relating to the faster reduction in renal function in males include differ-
ence in lifestyle patterns, sex-specific difference in oxidative stress**-*’, and/or nitric oxide metabolism that are
characteristic of endothelial dysfunction in ageing®'.

Contradictory to other studies showing a positive correlation between TMAO levels and depressive
symptoms™, our results in KF patients were inconsistent. Our data in KF patients indicate that there might be
sex-specific differences between TMAO levels in depressed KF patients, with depressed males having higher
TMAO levels compared to females®>®*. The accumulation of uraemic toxins is believed to weaken the GBB per-
mitting bacterial components and uraemic toxins to enter the systemic circulation through the leaky gut. Since
it has been reported that TMAO cross the BBB it can be speculated that the retention of TMAO in the uraemic
milieu may contribute to depression and cognitive dysfunction; common problems in dialysis patients®>*’. In
addition, this gut-derived inflammation will further add to the already existing CKD-associated systemic inflam-
mation, tipping the balance in favour of inflammatory processes, which leads to neuroinflammation whereby
proinflammatory cytokines affect the brain signal patterns that cause or maintain the pathology of depression®*.
Paradoxically, our results show a negative correlation between TMAO and inflammation, highlighting the need
for further research, however we cannot exclude the significance of the information or the action of uraemic
environment on BBB markers.

Human brain tissues and isolation of human brain microvessles are not easily acquired and readily available,
therefore limiting research access to human brain endothelial cells. However, studies have shown structural and
functional alterations in subcutaneous resistance arteries are predictors of hypertension, ischemic heart disease,
heart failure, and cerebral ischemic attacks and renal failure®>®. Microvessel remodelling leads to further altera-
tions in renal function and progression of kidney dysfunction and subsequent end-organ damage®>. Therefore,
we used resistance size arteries (less than 150 um internal diameter) in adipose tissue as a surrogate model for
the brain microcirculation. Tight-junction proteins, claudin-5, occludin and JAM-1, were expressed at lower
levels in uraemic vs control arteries. Our findings supported observations of disruption of tight-junction proteins
during conditions like sepsis, where it was reported that intestinal permeability resulted from disruption of the
tight-junction structure (claudin 1,3,4,5 and 8) in mice models®. A reduced expression of tight-junction proteins
claudin-1, occludin and ZO-1 was reported in the colonic mucosa of rat CKD models®®. Additionally, our result
of increased sCD14 levels correlating with TMAO provides further evidence of gut barrier permeability among
KF patients. That progression to KF further disturbs the gut flora and further impairs the intestinal barrier
allowing for translocation of uraemic toxins into the systemic circulation thus worsening inflammation leading
to negative effects and dysfunction in other organs®’°. Degradation of occludin in cerebral microvessels in a rat
model of ischaemic stroke contributed to BBB disruption and resulted in decreased occludin immunostaining
in microvessels, which was reflected by the increased occludin levels in the blood®. Similarly, immunostaining
and immunoblotting studies of JAM-1 reported a significant decrease in JAM-1 expression in a rat model for
cortical cold injury®. Furthermore, in human studies of preeclampsia, which is characterised by dysfunctional
endothelial cell layer, noted a reduction in claudin 1, 3 and 5 signifying a disrupted endothelial barrier®. To fur-
ther support our theory, we conducted a pilot experiment, using an isolated small artery bioassay to examine the
tight-junction protein expression in non-CKD control subcutaneous fat microvessels incubated with TMAO to
simulate the exposure of microvasculature to the uraemic environment. In this pilot experiment, we find that in
fat microvessels from non CKD controls incubated with TMAO resulted in reduced expression of tight-junction
proteins claudin-5, occludin and JAM-1. This reduction in tight junction protein expressions may imply that
TMAO can increase endothelial cell layer permeability. This has been recently observed in an in vitro model
of the BBB, using human cerebromicrovasular endothelial cell line (hCMEC/D3) monolayers, where TMAO,
and its precursor TMA, can alter the permeability of endothelial cell monolayers, with high TMAO concentra-
tions increasing permeability*®. As CKD—a clinical model of early vascular ageing—is manifested by systemic
inflammation”", this may pave the way for passing of inflammatory mediators and depression and/or cognitive
decline. The observation that TMAO link with cognitive aging in healthy humans support the observation that
TMAO cross the BBB***7,

Depression and cognitive decline are closely associated’?, and CKD patients are prone to developing cognitive
decline. Factors contributing to the CKD-associated cognitive decline include uremic toxin accumulation, BP
elevation, RAS overactivation, lack of erythropoietin, disturbance in 1,25-dihydroxyvitamin D (1,25(OH),D) as
well as microvasculature damage”®. Cortical areas of the brain in Alzheimer’s disease patients have been linked
to dysfunctional tight-junction proteins’. The reduced tight-junction proteins leading to loss in the integrity of
the BBB allows uraemic toxins to cross the BBB may be a contributing factor in the development of depression
and cognitive impairment in CKD.

The results of this study should be interpreted in the light of limitations. Serum samples were taken from HD
patients after 1 month of dialysis treatment, this poses a strength in being a unique population, and a weakness
in that these patients were on active treatment. In an ideal situation serum samples from baseline prior treatment
would have been tested to assess longitudinal alterations, however due to limitations in sample availability this
was not possible, In addition, the timing of blood sample collection and patient’s fasting or non-fasting state must
be taken into consideration since certain biomarkers like BDNF in particular has been found to be upregulated in
fasting state’® and has also been observed to have a diurnal variation in men’®. In the detection of the peripheral
biomarker S100B, the assay plate with out-of-range quality control values were included in the results analysis,
as excluding it would greatly reduce the number of our sample population. Nevertheless, the observed S100B
levels were within similar ranges of previous studies’”’~”®. Like many CKD studies, the population is skewed
towards males, and although sex disaggregated analyses were performed at all stages, the overall results still may
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not be generalisable for females. Furthermore, in our outcome for depression, our data is limited by the fact that
patients only self-reported presence or absence of depression. Hence a more structured and robust method of
depression screening is recommended in future studies. Due to limited sampling, it was not possible to assess
for sex differences in the tight-junction protein expression as majority of the biopsies used were dependent on
availability of patient specimens from surgical procedures. Further investigations are on-going using a larger
cohort to validate our current results in sex specific manner. In addition, the limitation of meeting the ideal
criteria for an in-vitro BBB model, due to some morphological or functional differences from other endothelial
cells such as having tighter cell junctions and being highly polarised?!, we cannot assume that the changes in the
periphery and BBB are identical, however, the current study provides a platform on which to further investigate
tight junctions in CKD. Additional biomarkers in CKD and BBB damage are in also in consideration for future
studies. In addition, further investigations are warranted to comprehensively assess the contribution of TMAO
to decrease tight junction protein expressions. Such investigations should aim to investigate downstream effec-
tors such PERK, TGFB/SMAD, and/or NLRP3 inflammasome signalling pathways, which have previously been
shown to be affected by TMAO®-#2, A future prospect also is to conduct a comparative and prospective studies
in the assessment of the BBB using similar biomarkers in conjunction with possible brain imaging techniques
for assessment of structural abnormalities in relation to cognitive decline among kidney transplant patients. In
addition, it would also be interesting to investigate the effects of immunosuppression on the levels of peripheral
biomarkers and tight junction proteins in transplant patients as it has been reported in animal studies that gluco-
corticoids may help to preserve tight junction integrity®*. Further investigation with regard to BBB damage may
also be explored for kidney donor population frequently underappreciated in the studies for long-term outcome.

Conclusions

This study suggests that the uraemic milieu affects the BBB as reflected by the altered levels of brain specific
biomarkers such as NSE and BDNF in the circulation of male and female patients, which may result from the
increased leakage of the BBB because of disrupted tight-junction proteins. The GBB is affected by the circulat-
ing TMAO which has been shown to induce alteration of proteins claudin-5, occludin, and JAM-1 conferring
BBB maintenance. The gut axis is also impaired as reflected by increased TMAO concentrations and is a strong
candidate to affect the tight junction protein expression. Further studies are needed to correlate the markers with
neurological status as the self-assessed depression was only correlated with high TMAO in males. Since depres-
sion screening among KF patients are not routinely performed until symptoms manifest, therefore biomarkers
may be a promising tool for possible early screening, however further studies are warranted.

Materials and methods

Ethical approval and consent to participate. Informed consent to participate in the study was obtained
from all participants. The Regional Ethic Committee of Karolinska Institutet (EPN) approved study protocols,
and all studies were carried out in accordance with the Declaration of Helsinki.

Study population for circulating biomarkers. Circulating biomarker analyses were performed using
serum samples from prevalent patients receiving haemodialysis (HD; n=216), recruited from the Mapping of
Inflammatory Markers In Chronic Kidney disease (MIMICK-1) cohort?, recruited between October 2003 and
September 2004, and non-CKD controls (n=80) from the PRIMA-control cohort®, recruited between February
2003 and May 2013. The control group consisted of an age- and sex-matched population randomly selected from
the Stockholm Region, Sweden, by the Statistics Bureau of Sweden—a government agency. No other exclusion
criteria other than unwillingness to participate in the study were applied to the selection of control participants.
Clinical data were collected from patient medical records at Karolinska University Hospital. Demographic data
included, age, BMI, presence of cardiovascular disease and diabetes mellitus and intake of medications such
as ACEi/ARB, betablockers and statins. CVD was determined by physician diagnosis from clinical signs of
ischemic cardiac diseases, presence of peripheral vascular disease or cerebrovascular disease®. CVD and diabe-
tes mellitus status were obtained from patient clinical records.

Study population forimmunohistochemistry. For assessment of tight junctions in microvessels, sub-
cutaneous fat biopsies were obtained from a prospective cohort of living-donor kidney transplant recipients
(LD-RTx) (n=10), and healthy subjects (kidney donors, n=11) who underwent renal transplantation surgery
from May 2019 to June 2020. Additionally, fat biopsies obtained from non-CKD patients (n=7), who underwent
either kidney donation, bariatric surgery or cholecystectomy from November 2020 to December 2020, were
used for a TMAO incubation study. All subcutaneous tissue samples were collected on the same day of surgery
at Karolinska University Hospital.

Self-reported depression and mortality outcomes. Assessment of depression among haemodialysis
patients was done through a simple patient self-report by responding “yes” or “no” when asked by the nurse
coordinator if they were depressed. The medical records were controlled in those reporting depression and if
they were taking antidepressant medications. Mortality was recorded during a follow-up period of five years
after the conclusion of the three-month study period for HD patients.

Serum biomarker and biochemical analyses. Serum samples were collected four weeks after the ini-
tiation of HD treatment and stored at — 80 °C prior the assessment of circulating biomarkers. Commercially
available enzyme-linked immunosorbent assays (ELISA) kits were used to measure the circulating levels of bio-
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markers in serum samples, including: BDNF (DBD00, R&D Systems, UK), NSE (DENL20, R&D Systems, UK),
and S100B (RD1920910O0R, Biovendor, Czech Republic). The BDNF and NSE ELISA kits were performed in
accordance with manufacturer guidelines. The S100B ELISA kit was performed in accordance with manufac-
turer guidelines, with the alteration that samples were undiluted. sCD14 levels in HD patients was previously
recorded and reported”, for measurements in non-CKD controls the same CD14 ELISA kit (DC140, R&D
Systems, UK) was used, and run in accordance with manufacturer guidelines. For all kits, patient serum samples
were run as singlets to accommodate the sample size. Mass spectrometry was used for the analysis of TMAO in
serum samples, and methods were performed as previously described®.

Blood samples for biochemical measurements were collected at baseline prior to start of HD. The samples were
frozen at - 70 °C if not analysed immediately. Measurements for serum creatinine, high-sensitivity C-reactive
protein (hsCRP), interleukin-6 (IL-6), ferritin, albumin, triglyceride, cholesterol, high-density lipoprotein (HDL),
and low-density lipoprotein (LDL) were done through routine procedure by the Department of Laboratory
Medicine at Karolinska University Hospital as described in previous studies®+8>888,

Assessment of tight-junction proteins. Small-vessel disease in the brain is mirrored by small-vessel
pathologies in other organs®, and resistance arteries are closely associated with blood pressure control, and
abnormalities associate with hypertension®. Therefore, we used resistance size arteries (less than 150 pum
internal diameter) in adipose tissue as a surrogate model for the brain microcirculation?>>%. To examine the
explanation(s) behind increased BBB permeability in the uraemic milieu we analysed the expression patterns
of tight-junction proteins in microvessels from subcutaneous adipose tissue biopsies from KF patients (kidney
transplant recipients) and living controls (kidney donors) using immunohistochemistry. Herein, subcutaneous
fat biopsies, measuring approximately 0.5 cm, from LD-RTx recipients (n=10) and donors (n=11), were frozen
in OCT medium and stored at — 80 °C until sectioning.

In addition, subcutaneous fat biopsies from seven non-CKD patients (kidney transplant donors, bariatric
surgery, and cholecystectomy patients; one male and six females, median age 49 (IQR 34-52) years and median
BMI 31 (IQR 29-42) kg/m?) were used for a TMAO incubational study to assess the effect of TMAO on tight
junction proteins. Herein, subcutaneous fat biopsies were incubated with TMAO (100 mmol, 317594-1G, Sigma
Aldrich) (DMEM 5% + 100 uM TMAO) or control media (DMEM 5%) for 36 h and frozen in OCT medium and
stored at — 80 °C until sectioning. Tissue samples were sectioned at 20 pm thickness and mounted on glass slides
that were stored at -20 °C prior to staining.

For fluorescent staining, tissues were fixed with 4% paraformaldehyde for 5 min, followed by washing twice
with phosphate-buffered solution (PBS). Antibody blocking for unspecific binding was performed using glycin
(100 mM; G58898, Sigma-Aldrich) for 10 min followed by 10% goat serum for one hour at room temperature.
Primary antibodies used were claudin-5 (1:200, CSB-PA005507LA01HU, Cusabio Technology, USA), occludin
(1:200, CSB-PA016263LA01HU, Cusabio Technology), and JAM-1 (1:400, CSB-PA897579LA01HU, Cusabio
Technology), and incubated overnight at 4 °C in 3% Triton and 5% goat serum in 1X PBS. Secondary fluoro-
chrome-conjugated antibody anti-rabbit IgG (1:600, SAB4600407, Sigma-Aldrich) directed against primary
antibodies was incubated at room temperature for 45 min. Endothelial marker CD31/PECAM-1 (1:100 553370,
BD Biosciences Pharmigen, USA) was double-stained for confirmation of microvascular structures. CD31 anti-
body was incubated for 1 h followed by secondary fluorochrome-conjugated antibody Alexa Fluor 488 rabbit
anti-mouse IgG (1:600, A-11059, Fisher Scientific, Sweden) for 45 min. Washed twice with 3% triton in 1X PBS,
counterstaining with DAPI for 5 min, and washed trice with 1X PBS before air-drying. Separate staining for
haematoxylin and eosin (H&E) (Mayers HTX 01820, Histolab, Sweden) was done.

Low power (10 x objective) magnification was used to visualise the tissue slides. Microvessels measur-
ing<150 pm diameter were included for analysis. The images and fluorescent patterns of the antibodies were
captured using Carl Zeiss Axio Imager fluorescent microscope. Quantification of the fluorescence and expression
of tight junction protein antibodies were analysed with Image] software v1.53c.

Statistical analyses. Statistical analyses were performed using Prism (v8.4, GraphPad, CA, USA), SPSS
(v27.0, IBM, NY, USA) and R (v3.6.2) in the RStudio environment (RStudio, MA, USA). The Shapiro-Wilk
normality test was performed to assess data distribution, and all subsequent analyses were performed in coher-
ence with data distribution. Non-parametric analysis Mann-Whitney test was used to compare two groups.
To test the correlation, Spearman rank correlation test was used. Survival analyses were performed using Cox
proportional-hazards regression. Statistical significance was established at p <0.05.

Data availability
The datasets generated and/or analysed during the current study are available from the corresponding author
on reasonable request.
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