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Abstract

Background: Cardiovascular disease (CVD) is the most common lethal complications

in patients with end-stage renal disease (ESRD) undergoing hemodialysis (HD). The

role of long-chain fatty acids (LCFAs) and their oxylipin derivatives is poorly understood

in human cardiac and renal diseases. Based on previous scientific findings, there is

evidence that many substance profiles of blood LCFAs and their oxylipin derivatives are

altered in dialysis patients and influenced by extracorporeal circulation. In order to

provide novel insights into biotransformation and/or bioaccumulation of these

metabolites in peripheral tissue, we conducted a targeted lipidomic study and tested the

hypothesis that arterio–venous (A–V) differences in blood LCFAs and oxylipins are

present in vivo and sensitive to single HD treatment. Methods: We took arterial and

venous blood samples specimens from ESRD patients (n=12) before and after HD and

determined LCFAs and its derived epoxy and hydroxy metabolites in plasma and

erythrocytes by high-performance liquid chromatography with mass spectrometry

coupling (HPLC-MS). Results: Firstly, we found that the total amount of numerous

saturated fatty acids (SFAs), monounsaturated fatty acids (MUFAs), and

polyunsaturated fatty acids (PUFAs) in erythrocytes showed negative arteriovenous (AV)

differences before HD, which disappeared after HD. The omega-3 index in erythrocytes

did not show arteriovenous differences before and after HD. No significant findings were

observed in LCFAs in plasma. Beyond that, all CYP epoxy metabolites in the plasma

showed negative arteriovenous differences, mainly due to their significantly elevated

levels in venous blood after dialysis. No changes were observed in LOX and LOX/CYP

ω/(ω-1)-hydroxylase metabolites in the plasma before and after dialysis. This variation in

epoxide metabolites may be attributed to a decrease in soluble epoxide hydrolase (sEH)

activity. Conclusions: Our findings indicate that AV differences in LCFAs are present

and active in mature red blood cells (RBCs) and that their bioaccumulation is

susceptible to a single HD therapy [1]. HD treatment changes CYP epoxy metabolites

from PUFAs in the plasma (accumulation), which may have deleterious effects on the

circulation [2].
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Zusammenfassung

Hintergrund: Herz-Kreislauf-Erkrankungen (CVD) sind eine der häufigsten tödlichen

Komplikationen bei Patienten mit terminaler Niereninsuffizienz (ESRD), die sich einer

Hämodialyse (HD) unterziehen. Die Rolle der langkettigen Fettsäuren (LCFAs) und ihrer

Oxylipinderivate bei Herz- und Nierenerkrankungen des Menschen ist nur unzureichend

geklärt. Ausgehend von früheren wissenschaftlichen Erkenntnissen gibt es Hinweise

darauf, dass viele Substanzprofile der langkettigen Fettsäuren und ihrer

Oxylipinderivate im Blut von Dialysepatienten Veränderungen aufweisen und durch den

extrakorporalen Kreislauf beeinflusst werden. Um neue Erkenntnisse über die

Biotransformation und/oder Bioakkumulation dieser Metaboliten im peripheren Gewebe

zu gewinnen, haben wir eine gezielte Lipidomstudie durchgeführt und die Hypothese

getestet, ob arterio-venöse (A-V) Unterschiede in den LCFAs und Oxylipinen im Blut in

vivo vorherrschen, und ob sie auf eine einzelne HD-Behandlung reagieren. Methoden:
Wir haben arterielle und venöse Blutproben von Patienten mit terminaler

Niereninsuffizienz (n=12) vor und nach der Hämodialyse entnommen und LCFAs und

davon abgeleitete Epoxy- und Hydroxy-Metaboliten im Plasma und in den Erythrozyten

durch Hochleistungsflüssigkeitschromatographie mit Massenspektrometrie-Kopplung

(HPLC-MS) bestimmt. Ergebnisse: Erstens stellten wir fest, dass die Gesamtmenge

zahlreicher gesättigter Fettsäuren (SFAs), einfach ungesättigter Fettsäuren (MUFAs)

und mehrfach ungesättigter Fettsäuren (PUFAs) in den Erythrozyten vor der HD

negative arteriovenöse Unterschiede aufwiesen, die nach der HD verschwanden. Der

Omega-3-Index in den Erythrozyten wies vor und nach der HD keine arteriovenösen

Unterschiede auf. Bei den LCFAs im Plasma wurden keine signifikanten Ergebnisse

beobachtet. Darüber hinaus wiesen alle CYP-Epoxid-Metaboliten im Plasma negative

arteriovenöse Unterschiede auf, was hauptsächlich auf ihre signifikant erhöhten Werte

im venösen Blut nach der Dialyse zurückzuführen ist. Bei den LOX- und LOX/CYP

ω/(ω-1)-Hydroxylase-Metaboliten im Plasma wurden vor und nach der Dialyse keine

Veränderungen beobachtet. Diese Veränderung der Epoxidmetaboliten kann auf eine

Abnahme der Aktivität der löslichen Epoxidhydrolase (sEH) zurückgeführt werden.

Schlussfolgerungen: Unsere Ergebnisse deuten darauf hin, dass A-V Unterschiede in

LCFAs in reifen roten Blutkörperchen vorhanden und aktiv sind und dass ihre

Bioakkumulation für eine einmalige HD Therapie anfällig ist [1]. Die HD Behandlung
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verändert die CYP-Epoxy-Metaboliten von PUFAs im Plasma (Akkumulation), was sich

nachteilig auf den Kreislauf auswirken kann [2].
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1 Introduction

1.1 Current status of chronic kidney disease

1.1.1Epidemiological survey of chronic kidney disease

The Global Burden of Disease (GBD) analysis demonstrated that 1.2 million people

died of chronic kidney disease (CKD) worldwide in 2017 [3]. Between 1990 and 2017,

the CKD mortality rate increased by 41.5%, while the prevalence rate increased by

29.3% [3]. Numerous factors contribute to the accelerated progression of CKD,

including hyperglycemia, uncontrolled hypertension, and increased albuminuria [4].

Beyond that, CKD and cardiovascular disease (CVD) are risk factors for each other [5].

CKD is an important risk factor for CVD and all-cause mortality [6]. Correspondingly,

when the disease progresses to end-stage renal disease (ESRD), hemodialysis (HD) is

the primary option for most patients with CKD to prolong their lives. Conversely, most

patients who undergo HD die from cardiovascular disease (CVD), which accounts for

nearly 48% of total mortality [7].

1.1.2 Hemodialysis treatment

Many researchers worldwide have worked for decades to reduce CVD incidence

during HD. Numerous studies have implicated that HD plays a role in hemodynamic

instability, endothelial dysfunction, renin-angiotensin system (RAS) abnormalities,

vascular calcification, and protein-energy metabolism irregularities, all of which may

contribute to the development and progression of CVD [8]. For decades, clinicians have

made tremendous efforts to optimize dialysis prescription, manage medications and diet,

and work to decrease dialysis-associated adverse events in HD patients.

Disappointingly, this has had little effect in mitigating dialysis-associated CVD events [9]

[10]. In recent years, the role of lipids and their oxidative metabolites in dialysis has

been proposed to uncover further the leading causes of CVD development and

progression to improve the survival of dialysis patients [11] [12]. So far, numerous

researches have shown that dialysis treatment affects lipid metabolites in blood and

individual tissues and organs, especially epoxide metabolites derived from cytochrome

P450 (CYP 450) [13] [14].
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1.2 The role of long-chain fatty acids and their metabolites in the ESRD

Long-chain fatty acids (LCFAs) are recognized as one of the major organic

compounds in biological organisms. They form the skeletal structure of cell membranes

and are key substances for energy storage and the reception and transmission of signal

molecules in the organism [15]. As far as current studies can concern, the most

important LCFAs in the human body that maintain basic life activities and take part in

disease onset, development, and regression are monounsaturated FAs (MUFAs),

saturated FAs (SFAs), and polyunsaturated fatty acids (PUFAs), notably in the

cardiovascular, neurological, and kidney diseases [16] [17].

Recent studies [18] have revealed that exogenous supplementation of MUFAs

can inhibit non-programmed cell death caused by membrane lipid oxidation by

promoting an ferroptosis-resistant cell state. It appears that the level and source of

MUFAs are critical for maintaining homeostasis in the organism. Reducing dietary SFAs

intake is thought to be associated with a reduced risk of atherosclerosis and CVD,

perhaps by activating multiple pattern recognition receptors (PRRs) to induce

inflammatory cytokine expression [19]. Abnormal levels and distribution of SFAs in

serum have also been presented in ESRD patients, but the exact action mode remains

controversial [20]. Historically, numerous researchers have noted that dietary PUFAs,

primarily n-3 PUFAs, maybe the best alternative to SFAs since they are commonly

believed to control cardiovascular risk events with a dietary supplement of n-3 PUFAs

[21]. Whereas, several large-scale randomized clinical trials (RCT) recently revealed

that combined supplementation with DHA-EPA in humans with high cardiovascular risk

did not capture a substantial CVD benefit, while supplementation with purified EPA only

was related to a lower CVD risk [22] [23] [24] [25].

Besides, the role of epoxy and hydroxy metabolites of PUFA have been described

in many animal and human experiments. Although there is some controversy, their

critical functions at the physiological and pathological levels are noteworthy. Linolenic

acid (LA), arachidonic acid (AA), docosahexaenoic acid (DHA), and eicosapentaenoic

acid (EPA) are the predominant n-6 and n-3 PUFAs in the body, which are metabolized

by CYP450 to epoxy metabolites (epoxyoctadecenoic acids (EpOMEs),

epoxyeicosatrienoic acids (EETs), epoxydocosapentaenoic acids (EDPs) and

epoxyeicosatetraenoic acids (EEQs)), by LOX/ CYP ω/(ω-1)-hydroxylase to hydroxy
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metabolites (hydroxyoctadecadienoic acid (HODEs), hydroxyeicosatetraenoic acids

(HETEs), hydroxydocosahexaenoic acids (HDHA) and hydroxyeicosapentaenoic acids

(HEPEs)), and by COX to prostaglandins and thromboxanes, etc. Among them, AA-

derived oxylipins, mainly EETs, are engaged in crucial cellular processes such as

apoptosis, metabolism, inflammatory processes, and regulation of endothelial cell

function [26] [27]. EDPs are physiologically active metabolites of DHA that protect

cardiac cells by improving and maintaining mitochondrial quality against

lipopolysaccharide (LPS)-induced cell damage, as shown in a recent research [28].

17,18-EEQ reduces endothelial cell activity and prevents the development of

atherosclerosis in mice [29]. Additionally, most oxylipins biology is still unidentified,

particularly those generated from the LOX/CYP ω/(ω-1) pathway. In general, soluble

epoxide hydrolases (sEH) hydrolyze epoxide metabolites to less biologically active diols

[30]. Alternatively, oxylipins can be esterified and incorporated into cell membrane

phospholipids for temporary storage, and when the body is stimulated, these esterified

oxylipins would be hydrolyzed to free oxylipins to participate in stress reaction [31].

Lipoprotein-bound oxylipins are another primary source of circulating esterified oxylipins,

such as very low density lipoproteins (VLDL), which can bind to lipoprotein lipases on

the cell membrane surface and drive cellular uptake on oxylipins, thereby affecting

angiogenesis, mitosis, apoptosis, and peroxisome proliferator-activated receptor

(PPAR)-activated gene expression [32]. In any case, esterification is essential for

eliminating free oxylipins signaling and establishing the direct function of esterified

oxylipins, but its exact mechanism of action is still in the exploratory stage, making it

necessary to study these novel biomarkers. There is data that oxylipin profiles

discriminate ESRD patients from normal controls and are influenced by renal

replacement therapies [13]. In particular, all four subclasses of CYP epoxy metabolites

are increased after the dialysis treatment in circulating arterial blood. Rather than

resulting from altered sEH activity, the oxylipins were released and accumulated in the

circulation. However, hemodialysis did not change the majority of LOX/CYP ω/(ω-1)-

hydroxylase metabolites [13]. We also found that various CYP 450 epoxides and

LOX/CYP ω/(ω-1)-hydroxylase products are increased in red blood cells of ESRD

patients, compared to control subjects [33]. These products included metabolites of the

following subclasses: EEQs, dihydroxyeicosatrienoic acids (DHETs),

dihydroxydocosapentaenoic acids (DiHDPAs) and HETEs [33]. Furthermore,

hemodialysis treatment did not affect most of the metabolites. However, interpretation of
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data was difficult because there is no data on biotransformation of these lipid mediators

in vivo, especially in terms of production, storage, or metabolism in upper limb muscle

tissues.

1.3 Arteriovenous differences

It is well documented that arterial blood carries enormous amounts of nutrients and

oxygen to peripheral tissues and organs, followed by substance exchange via

capillaries, and ultimately by delivering metabolic wastes from peripheral tissues and

organs to the venous system. Clinicians can determine the regional oxygenation status

of specific tissues and organs by monitoring the arteriovenous oxygen difference [34].

Arteriovenous carbon dioxide differences can provide insight into the metabolism of the

relevant tissues or organs [35]. There was a significant positive arteriovenous difference

in plasma ammonia levels before HD in uremic patients, which disappeared after HD

[36]. Similarly, based on the pathological or physiological state of the patient, non-

esterified LCFAs may display positive (consumption) or negative (accumulation) A-V

differences [37]. Besides that, the current study revealed arteriovenous differences in

other laboratory indicators such as blood glucose, amino acids, nitric oxide, lactate, and

catecholamines [38] [39] [40]. Our previous studies demonstrated the alterations of HD

treatment on the LCFAs status and their oxidative metabolites in the arterial blood of

ESRD patients [33] [41]. Nevertheless, it is unclear how HD treatment affects the

bioaccumulation and/or biotransformation of LCFAs and oxylipins in vivo in peripheral

tissues, particularly in upper limb muscles. Whether LCFAs and oxylipins in the blood

are produced, degraded or stored during this period as they pass through the arteries

into peripheral tissues and organs and then back into the venous circulatory system

from the venous end of the capillaries [1] [2]. Hence, to better understand the

biotransformation of these lipid mediators in ESRD patients treated with HD, we utilized

large-scale lipidomics for the first time to measure the AV differences of LCFAs and

their oxidative metabolites [1] [2].

1.4 Aims and Hypotheses

This study aimed to analyze the differences in arterial and venous levels of lipid

mediators in ESRD patients before and after HD to see if and how the biotransformation

of these lipid mediators is altered, especially in terms of production, storage, or
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metabolism in upper limb muscle tissues. This will help us further understand whether

changes in metabolites are responsible for the high incidence of CVD in ESRD patients

undergoing HD and thus guide clinical treatment in the future.

Hypothesis #1:
We tested the hypothesis that hemodialysis would influence the arteriovenous

differences LCFA metabolites of plasma and erythrocytes [1].

Hypothesis #2:
We examined the hypothesis that hemodialysis would influence the arteriovenous

differences in plasma oxylipins [2].

2 Methods

2.1 Participants of the project

A total of nine men and three non-pregnant women were recruited, all of whom

were diagnosed with ESRD and were receiving regular hemodialysis treatment three

times a week. The main inclusion criteria were: i) stable hemodialysis treatment

prescription; ii) dialysis is performed through a native fistula or gore-tex graft; iii) age

over 18 years old. Exclusion criteria included: i) hemoglobin (Hb) levels below 8.0 g/dL;

ii) active infection; iii) high hemodynamic fluctuations; iv) lack of strict compliance with

hemodialysis prescriptions. The Ethics Institutional Review Board of the Charité

University Medicine endorsed the study, and all participants signed an informed consent

form prior to enrollment. The study was duly registered: (ClinicalTrials. gov, Identifier:

NCT03857984) [1] [2].

2.2 Project Design

All subjects were treated with a Polyflux 170H dialyzer (PAES membrane, Gambro),

and the ultrafiltration rate was maintained during the hemodialysis process. The

treatment parameters were consistent for all patients during dialysis, i.e., the blood flow

of 250 ml/min, dialysate flow of 500 ml/min, double-needle puncture technique, dialysis

time of 4 h 15 min, and temperature. Arterial blood samples are captured on the fistula

arm before the start of dialysis (pre-HD) and 5-15 minutes before the end of dialysis

(post-HD). Peripheral venous blood samples were drawn by subcutaneous venipuncture
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in the ipsilateral upper limb at the same time points [1] [2]. Results were compared with

our previous findings [33].

2.3 Sample assessment

Clinically standardized parameters (body mass index, comorbidities) were recorded

in a standardized manner during the research visit. Glucose, lipoproteins, and

triglycerides were assessed in a standardized clinical laboratory using established

procedures. All collected blood samples were immediately centrifuged at high speed,

and whole blood samples were separated into plasma and red blood cells and stored

separately in a freezer at -80°C for subsequent fatty acids and eicosanoids analysis [1]

[2].

2.4 Sample pre-processing

To measure LCFAs, we first take 30µL of plasma or 30µg of erythrocytes and mix it

with 100µL of distilled water. Total lipids were extracted from plasma or erythrocytes

with 500 μL methanol containing 0.01% butylated hydroxytoluene (BHT). 300 μL of 10M

sodium hydroxide (NaOH) was added to the lipid extract, and the mixture was alkaline

hydrolyzed at 80°C for 2 h. Subsequently, 400 μL of 58% acetic acid was added to the

hydrolyzed solution to neutralize the pH. 50 μL of the above mixture was taken into a

new vial and mixed with 450 μL of methanol and 10 μL of internal standard (ISTD) for

further high-performance liquid chromatography-mass spectrometry (HPLC-MS/MS)

analysis, as described previously [1].

To measure total plasma and erythrocytes eicosanoids, we mixed 200 μL of

plasma or 200µg of erythrocytes with 300 μL of distilled water, 5 μL of BHT, 10 μL of

ISTD consisting of 15(S)-HETE-d8 (5 ng) and ± 8,9-EET-d11 (5 ng) and 1.5 mL of

acetonitrile. The above mixture was then performed alkaline hydrolysis with NaOH.

Subsequently, the pH of the hydrolyzed sample was regulated to 6 for solid-phase

extraction (SPE), as previously described [2] [42] [43]. For measuring free plasma and

erythrocytes eicosanoids, alkaline hydrolysis of the plasma sample is not required, and

the supernatant of the centrifuged sample is used directly for SPE metabolite extraction

[2] [33].
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2.5 Extraction of eicosanoid profiles

The samples were extracted with a Varian Bond Elut Certify II column. The column

was first pretreated with 3 mL of methanol. The column was then pretreated twice with

0.1 mol/L of phosphate buffer (pH=6) containing 5% methanol, 3 mL each time.

Subsequently, the supernatant from the above treatment was loaded into the pretreated

column for extraction. The column was washed with 3 ml of methanol/water (1:1, v/v)

after spiking. Following this, the organic extracts were allowed to evaporate to dryness

under negative pressure. The eicosanoids were further eluted with 2 ml of hexane/ethyl

acetate (75:25, v/v) with 1% acetic acid. The eluate was vaporized to dryness on a

heater at 40°C under a nitrogen flow, and then 100 μL of acetonitrile/water (60:40) was

applied to dissolve the residue for detection by HPLC-MS/MS, as described previously

[43] [2].

2.6 Parameter characteristics of LCFAs and eicosanoids

In total, we measured 21 LCFAs in plasma and erythrocytes, primarily consisting of

SFAs, MUFAs, and PUFAs. To better understand the experimental results, we utilized

γ-linoleic acid (C18:3 n-6) / linoleic acid (LA) (C18:2 n-6), AA (C20:4 n-6) / dihomo-γ-

linoleic acid (DGLA) (C20:3 n-6), palmitoleic acid (POA) (C16:1 n-7) / palmitic acid (PA)

(C16:0), oleic acid (OA) (C18:1 n-9) / stearic acid (C18:0), and DHA / DPA, to represent

delta-6 desaturase (∆6D), delta-5 desaturase (∆5D), delta-9 desaturase (∆9D) and

peroxisome functions, respectively [44] [11] [45] [46]. The n-3/n-6 and omega-3

quotients were calculated to reflect the relative proportions of n-3 and n-6 PUFAs [14]

[47]. We also calculated the diols/epoxy metabolites ratios representing sEH activity,

e.g., DiHOMEs/EpOMEs, DHETs/EETs, DiHDPA/EDPs, and DiHETEs/EEQs, as

described previously [1] [2]. This approach has been developed in our previous study

[33] for usage in the present study.

2.7 Statistical Analysis

Descriptive statistics were acquired, and the variables were checked for normality

and chi-square to clarify whether the data conformed to a normal distribution. Paired t-

tests were performed to compare pre-HD and post-HD values if the data fulfilled the

conditions of both normality and chi-squareness. Otherwise, paired Wilcoxon tests were
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run. A p-value less than 0.05 was regarded as statistically significant. Data that

conformed to normal distribution were presented as mean ± standard deviation (SD).

Otherwise, median and interquartile range (IQR) were presented. SPSS Statistics

software was used to execute the statistical analysis (IBM Corporation, Armonk, NY,

USA) [1] [2].

3. Results

3.1 Biotransformation of blood LCFAs in HD patients

3.1.1 Changes in plasma LCFAs during a single HD session

In the study on LCFAs, we first examined the AV differences in individual LCFAs in

plasma before and after dialysis. Only docosanoic acid (C22:0) and lignocerine acid

(C24:0) had statistically significant negative AV differences before HD, which

disappeared after HD. Likewise, we observed no AV differences in total SFAs, MUFAs,

and PUFAs in plasma before and after HD. Consistently, there were no AV differences

in response to overall and individual n-3 and n-6 PUFA proportions, i.e., n-3/n-6,

omega-3 quotient, EPA/AA, DHA/AA, and DHA/EPA, either before or after HD. ∆6D,

∆5D, ∆9D, and peroxisome functions are vital enzymes in FA metabolism [48], and

parameters representing these desaturase activities did not display statistically

significant differences before and after HD, i.e., C18:3 n-6 / C18:2 n-6, C20:4 n-6 /

C20:3 n-6, C16:1 n-7 / C16:0, C18:1 n-9 / C18:0, and DHA/DPA ratios [1].

3.1.2 Changes in erythrocyte LCFAs during a single HD session

Secondly, we explored the role of HD on LCFAs biotransformation in erythrocytes.

Surprisingly, C16:0, C18:2 n-6, C18:3 n-3 alpha, C20:1 n-9, C20:3 n-6, C20:4 n-6,

C22:0, C22:1 n-9, C22:5 n-6 and C24:0 in erythrocytes all displayed negative AV

differences before HD. Correspondingly, total SFAs, MUFAs, and n-6 PUFAs showed

negative AV differences before HD. This was due to C16:0, C22:0, and C24:0

responding to total SFA change, C20:1 n-9, and C22:1 n-9 participating in total MUFA

change, and C18:2 n-6, C20:3 n-6, C20:4 n-6, and C22:5 n-6 contributing to total n-6

PUFA change. However, HD made all the differences disappear. In keeping with the

findings in plasma, the individual parameters in erythrocytes, n-3/n-6 ratio, omega-3

quotient, EPA/AA, DHA/AA, DHA/EPA ratios, C18:3 n-6/C18:2 n-6, C20:4 n-6 /C20:3 n-
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6, C16:1 n-7/C16: 0, C18:1 n-9/C18:0, and DHA/DPA ratios, all remained unchanged

before and after HD, i.e., no AV differences [1].

3.2 Biotransformation of epoxy and hydroxy metabolites derived from PUFAs
during HD

In the study on plasma oxylipins, we first investigated the impact of HD on

individual CYP epoxy and hydroxy metabolites derived from PUFAs. We observed only

positive AV differences in 11-HETE and 13-HODE before HD. Excitingly, HD prompted

an increase in all epoxy metabolites in the veins, showing significant negative AV

differences, i.e., 9, 10/12, 13-EpOME, 5, 6/8, 9/11, 12/14, 15-EET, 5, 6/8, 9/11, 12/14,

15/17, 18-EEQ, and 7, 8/10, 11/13, 14/16, 17/19, 20-EDP after HD. In contrast, the

LOX/CYP ω /( ω -1)-hydroxylase metabolites derived from PUFAs stayed unchanged

before and after HD. As ESRD may lead to the rapid degradation of CYP epoxide

metabolites to their diols, we next analyzed the sum of individual CYP epoxide

metabolites and their corresponding diols, namely EETs+DHETs, EpOMEs+DiHOMEs,

EEQs+DiHETEs, and EDPs+DiHDPAs, separately. We discovered that the sums were

not different in arteries and veins in ESRD patients before HD, but presented a

significant negative AV difference after HD, i.e., HD accumulated the epoxy metabolites

and their diols in veins. Taken together, these findings demonstrate that hemodialysis

treatment contributes to the onset of negative arteriovenous differences in CYP

metabolites in plasma after HD by increasing all four CYP eicosanoids in the venous

blood [2].

3.3 Hydrolysis of epoxy metabolites by circulating sEH during HD

CYP epoxy metabolites, such as EpOMEs, EETs, EEQs, and EDPs, are among the

major substrates of sEH that can metabolize these epoxides into less biologically active

or even toxic acting vicinal diols, such as dihydroxyctadecenoic acids (DiHOMEs),

DHETs, dihydroxyeicosatetraenoic acids (DiHETEs), and DiHDPAs [49]. To elucidate

the possible mechanisms of negative AV differences in epoxy metabolites in plasma

after HD, we calculated the diols/epoxide metabolites ratios of all four class CYP

eicosanoids. We found no arteriovenous differences in either individual or total

DiHOMEs/EpOMEs, DHETs/EETs, DiHETEs/EEQs, and EDPs/DiHDPAs ratios before

HD. Notably, these ratios showed a significant positive AV difference after HD, implying
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that HD reduced the all diol/epoxide metabolite ratios, which was more obvious in the

venous blood. Overall, reduced sEH activity may be responsible for the accumulation of

plasma CYP epoxy metabolites in peripheral tissues during HD, especially in upper limb

muscle [2].

3.4 Biotransformation of free plasma oxylipins during HD

Finally, the major free plasma CYP epoxy and LOX/CYP ω /( ω -1)-hydroxy

metabolites did not present AV differences after HD. This finding implies that HD

therapy has a more substantial effect on total plasma oxylipins, particularly total CYP

epoxy metabolites, than on free plasma metabolites. In other words, the effect of HD on

total plasma oxylipins is less likely to be caused by free plasma oxylipins, and it is more

appropriate to consider the contribution of esterified oxylipins to this effect [2].

For detailed presentation of the results, please, see:

Liu T, Dogan I, Rothe M, Reichardt J, Knauf F, Gollasch M, Luft FC, Gollasch B.

Bioaccumulation of Blood Long-Chain Fatty Acids during Hemodialysis. Metabolites.

2022;12(3):269.

Liu T, Dogan I, Rothe M, Kunz JV, Knauf F, Gollasch M, Luft FC, Gollasch B.

Hemodialysis and Plasma Oxylipin Biotransformation in Peripheral Tissue. Metabolites.

2022; 12(1):34.

Gollasch B, Wu G, Liu T, Dogan I, Rothe M, Gollasch M, Luft FC. Hemodialysis and

erythrocyte epoxy fatty acids. Physiol Rep. 2020 Oct;8(20):e14601.
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4. Discussion

In the present study, we conducted a targeted lipidomic study using LCFAs and

oxylipins differences in arteries and veins for the first time to assess the impact of HD

treatment on lipid mediators comprehensively, whether accumulated, consumed, or

generated in ESRD patients during the blood circulation. Specifically, our study focuses

on four major findings, as described in the following: (i) we detected negative AV

differences mainly in SFAs, MUFAs, and n-6 PUFAs in erythrocytes before HD, which

disappeared after HD. In plasma LCFAs, we only noticed that C22:0 and C24:0 in SFAs

showed such alteration before HD. (ii) we identified negative AV differences after HD for

the majority of CYP epoxy metabolites derived from PUFAs in plasma. This was mainly

due to the increase of these epoxy metabolites in the venous blood after HD. However,

HD had no obvious effect on the plasma hydroxy metabolites. (iii) these detected AV

differences seem to be attributed to the renal replacement therapy itself, as we did not

find AV differences in plasma CYP epoxy metabolites before HD. (iv) the accumulation

of plasma CYP epoxide metabolites in peripheral tissues after HD probably correlated

with the decrease in sEH activity. In brief, we conclude that AV differences in SFA,

MUFA, and PUFA n-6 are present and active in mature erythrocytes and that this fatty

acid status is sensitive to a single HD treatment [1]. In the meanwhile, alterations in

plasma epoxy metabolites were consistent with the view that blood perfusion of

peripheral tissues would induce an accumulation of epoxy metabolites. Hence, we

speculate that plasma CYP epoxy metabolites probably have a facilitative effect on the

blood flow response in the peripheral circulation during extracorporeal circulation

therapy (hemodialysis) [2] .

4.1 LCFAs in the circulation

In our research, SFAs (C16:0, C22:0, and C24:0), MUFAs (eicosenoic acid C20:1

n-9 and erucic acid C22:1 n-9), n-3 PUFA [α-linoleic acid (ALA C18:3 n-3 alpha)] and n-

6 PUFAs [C18:2 n-6, C20:3 n-6, C20:4 n-6, and docosapentaenoic acid ω-6 (DPA

C22:5 n-6)] showed negative AV differences in erythrocytes passing through the upper

limb before HD, which was affected by HD therapy. This demonstrates that LCFAs are

presented and activated in erythrocytes and that their bioaccumulation effect in
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peripheral tissues, i.e. upper limb muscle tissue, is influenced by renal replacement

therapy [1].

Numerous studies have identified SFA as a pro-inflammatory and cellular damage

factor and an independent risk factor for CVD development [50] [51]. Nevertheless,

there are few clear reports on the effects of HD treatment on SFAs. We considered that

bioaccumulation of Total-SFA in erythrocytes in ESRD patients was triggered and was

influenced by HD treatment, which will provide new perspectives for following studies of

dialysis-associated CVD. The anti-inflammatory action of MUFAs has been

demonstrated in numerous studies [52]. In particular, OA can protect cells from SFA-

induced damage by promoting β-oxidation of fatty acids [53]. However, high levels of

MUFAs do not always have a favorable effect on the inflammatory state. A study in CKD

showed that an increase in the circulating MUFA/SFA ratio was positively correlated

with an increase in C-reactive protein (CRP) levels, indicating that the organism was in

an inflammatory state [54]. A study by An WS et al. [55] identified elevated levels of

MUFA in erythrocyte membranes in HD patients compared to healthy people and higher

in patients on peritoneal dialysis (PD) than in HD patients. A systematic review from 53

literatures [56] revealed that there is still no standardized change pattern of LCFAs in

plasma or erythrocytes of dialysis patients, with most of the studies reporting lower POA,

LA, ALA, DHA, and total PUFA in erythrocytes in HD patients. Our results indicated that

ALA, LA, DGLA, AA, and DPA were the primary n-3 and n-6 PUFA contributing to

negative AV differences in Total-PUFA in ESRD patients. We summarized the altered

erythrocyte n-3/ n-6 fatty acid profile in ESRD patients, whose status was implicated by

HD therapy. Considering that HD has no effect on most LCFAs in plasma and the

metabolism of these fatty acids, we suspect that direct endothelial-erythrocyte

interactions play an essential role in the bioaccumulation of fatty acids in the erythrocyte

membrane instead of taking up from the plasma [1].

To further understand the causes of the AV differences in LCFAs, we analyzed

desaturase and peroxisome functions. The ∆5D enzyme converts DGLA to AA [11]. As

a result, numerous studies applied the serum AA/DGLA ratio as an indirect signal for

∆5D activity. The AA/DGLA ratio is commonly elevated in ESRD patients undergoing

HD and is a strong predictor of deleterious clinical outcomes [57]. The ∆6D, the rate-

limiting enzyme for LA to AA conversion, has been involved in diabetes, breast cancer,

metabolic syndrome, etc [58] [59] [60]. Higher ∆6D activity is associated with a higher

risk of developing these diseases [58]. By catalyzing the synthesis of MUFAs, ∆9D may
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be a potential therapeutic target for controlling the progression of diseases such as

obesity, type 2 diabetes, and hepatic steatosis [61]. β-oxidation of the peroxisome is a

key step in DHA synthesis and its dysfunction will lead to DHA deficiency in vivo [46] .

Our findings serve as an inspiration and ideas for new research into desaturase and

peroxisome roles in ESRD cardiovascular complications [1].

4.2 Epoxy-metabolites in plasma

We measured negative AV differences in the plasma level of 9, 10/12, 13-EpOME,

5, 6/8, 9/11, 12/14, 15-EET, 5, 6/8, 9/11, 12/14, 15/17, 18-EEQ, and 7, 8/10, 11/13,

14/16, 17/19, 20-EDP after HD, mainly attributing to their significantly elevated contents

in venous blood after dialysis [2]. Although previous studies have proposed that reduced

sEH activity in CKD/ESRD patients may lead to the accumulation of CYP epoxide

metabolites[13] [62], the changes we observed may be associated with reduced sEH

activity caused by HD therapy [2]. sEH is an enzyme that hydrolyzes specific epoxide

metabolites to their counterpart diols with less biological activity [30]. We detected that

all diols/epoxides ratios were markedly reduced in veins after HD. Nonetheless,

researchers established that sEH is not the only enzyme capable of metabolizing

epoxide and that COX can further metabolize epoxide [63]. Consequently, whether

dialysis treatment can indeed inhibit the hydrolysis of epoxide metabolites by inhibiting

sEH activity remains proven experimentally [2]. The results have provided mechanistic

insights to better understand our earlier data [33].

Endothelial cells and erythrocytes are storage pools for EETs in vivo and can

release EETs into the plasma in specific conditions [64] [65] [66]. However, the

mechanisms of how EETs and other epoxide metabolites are released from tissues are

largely unknown, making it difficult to interpret our findings. EETs can protect

cardiorenal function from inflammation, fibrosis and apoptosis by activating TRPV4,

calcium-dependent potassium channels (BKca) and signaling pathways when they are

released [67]. Four regioisomers of EETs present their specific effects [68]. For instance,

only exogenous supplementation of 8,9-EET produces a dose-dependent protective

effect on glomerular function [69]. Although 11,12-EET and 14,15-EET are the most

prevalent regional isomers in humans, only 14,15-EET is an optimal target for sEH, and

only 11,12-EET suppresses the K+ channel in the renal cortical collecting duct [70] [71].

Our results support the view [72] that EETs are crucial vasodilator signaling molecules



16

with cardiovascular effects in ESRD/CKD that mitigate the vasoconstrictive reaction

during dialysis [2]. sEH inhibitors are considered a new therapeutic approach that may

enhance the beneficial biological effects of EETs and other epoxy metabolites [73].

However, it is postulated that higher concentrations of EETs in vivo may also have

deleterious cardiovascular effects [74] [75] [2]. The extent to which the levels of EETs

observed in our study have deleterious or beneficial biological effects is difficult to

define [2].

Few studies described the exact role of EDPs and EEQs in HD patients. Most

current studies regard EDPs as critical mediators that inhibit inflammation, angiogenesis,

renal fibrosis, tumor growth, and metastasis and are involved in various chronic

diseases, including hypertension, pain, and kidney disease, particularly 16, 17-EDP and

19, 20-EDP [76] [77] [78]. However, in a recent study in a mouse model of acute kidney

injury (AKI), Deng et al. [76] demonstrated that 14,15-EET dose-dependently reversed

apoptosis in mouse renal tubular epithelial cells caused by ischemia-reperfusion injury

(I/R). Conversely, 19, 20-EDP dose-dependently induced apoptosis caused by I/R [76].

Meanwhile, the vasodilatory properties of 17,18-EEQ that hyperpolarize vascular

smooth muscle cells mainly through activation of BKca have been demonstrated in

mouse aorta, brain, and human pulmonary arteries [79] [80] [81]. Nevertheless, its

specific function in ESRD patients is largely unknown. We conclude that EDPs and

EEQs might be new vasoactive substances released by HD treatment stimulation to

impact the hemodynamics in ESRD patients [2].

Previous studies [82] concluded that the leukotoxic effects of 9, 10-EpOME, and

12,13-DiHOME are dose-dependent. High doses of EpOMEs exert cardiovascular toxic

effects mainly by reducing aortic flow and blood pressure and decreasing cardiac

contractility [82]. In our study, plasma 9, 10/12, 13-EpOME was dramatically elevated in

venous blood after HD in ESRD patients. HD promoted 9, 10/12, 13-EpOME

bioaccumulation in peripheral tissues, but this influence cannot be exactly defined

considering the dose-dependent status.



17

5. Conclusions

Our study demonstrates that blood flow perfusion in peripheral tissues, especially

upper limb muscle tissue, affects erythrocyte fatty acid status by consuming numerous

LCFAs in the erythrocyte membrane during HD [1]. Additionally, we observed that HD

influences plasma oxylipins status by promoting the bioaccumulation of CYP epoxide

metabolites, which is consistent with the view that dialysis blood perfusion peripheral

tissue, especially the muscle, stimulates the accumulation and release of CYP epoxide

metabolites [2]. Further, the decrease in the diol/epoxide metabolite ratio after HD may

indirectly indicate a reduction in sEH activity, which is probably related to the

accumulation of CYP epoxide metabolites in the circulation, at least in the upper limb

circulation [2]. Owing to the limitations of clinical trials and the influence of multiple

variables such as disease state and metabolite interactions, the specific biological

effects that may result from the alterations in oxylipins and LCFAs detected in our study

need to be proved rigorously designed through basic experiments.
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