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Abstract

The connection between organ mechanical properties and disease has been widely
recognized. Accurately measuring the mechanical properties of tissues contributes to
the diagnosis and research of diseases. Indentation nanotechnology is often used to
measure the stiffness of tough biomaterials. But it is still unknown about its reliability in
analyzing soft biomaterials. In addition, it is not clear whether some lipids are able to
become potential targets for regulating organ physiology and pathophysiology. In order
to investigate the reliability of nanoindentation technology in soft biomaterials, we used
a displacement-controlled nanoindenter to double measure the stiffness of several liver,
kidney, uterus and spleen samples reaped from C57BL/6N mice, and compared the
variations between test and retest via intraclass correlation coefficients (ICCs), within-
subject coefficients of variation (COVs) and Bland-Altman plots. According to the
analysis results, we found that among the three stiffness calculation models of Hertzian,
JKR, and Oliver & Pharr, the results calculated only in the Hertzian model can
consistently provide reliability (ICC>0.8, COV<15%). In addition, for the purpose to
explore the lipids that may cause fibrosis of human organs, the expression level of
certain lipids in both red blood cell (RBC) and plasma between some healthy people
and chronic kidney disease (CKD) patients was compared. Furthermore, we also
explored whether dialysis has an effect on the lipid levels in RBC and plasma of CKD
patients. After testing all lipids by LC-MS/MS spectrometry, we found that the
expression of some lipids in the blood of healthy people and CKD patients was different,
and dialysis treatment was also able to cause alterations in several blood lipid levels of
CKD patients. In conclusion, it revealed that the nanoindentation technique we used to
measure the hardness of the liver, kidney, uterus and spleen is feasible and the Hertzian
model provides the most reliable way to measure the stiffness of organs in vitro. Besides,
these lipid metabolites could be potential targets for organ fibrosis formation due to their
ability in impacting different hemodynamic and metabolic in various physiological or
morbid conditions. Our studies are able to provide theoretical foundation and technical

support for future research on organ fibrotic diseases.




Zusammenfassung

Der Zusammenhang zwischen den mechanischen Eigenschaften von Organen und
Krankheiten ist weithin bekannt. Die genaue Messung der mechanischen
Eigenschaften von Geweben tragt zur Diagnose und Erforschung von Krankheiten bei.
Indentation Nanotechnologie wird haufig verwendet, um die Steifigkeit von z&hen
Biomaterialien zu messen. Uber seine Zuverlassigkeit bei der Analyse weicher
Biomaterialien ist jedoch noch nichts bekannt. Darliber hinaus ist nicht klar, ob einige
Lipide potenzielle Ziele fur die Regulierung der Organphysiologie und Pathophysiologie
werden konnen. Um die Zuverlassigkeit der Nanoindentation-Technologie in weichen
Biomaterialien zu untersuchen, haben wir einen verdrangungskontrollierten
Nanoindenter verwendet, um die Steifigkeit mehrerer Leber-, Nieren-, Uterus- und
Milzproben, die von C57BL/6N-Mausen gewonnen wurden, doppelt zu messen und die
Variationen  zwischen Test und Retest verglichen Uber Intraklassen-
Korrelationskoeffizienten (ICCs), Innersubjekt-Variationskoeffizienten (COVs) und
Bland-Altman-Plots. Den Analyseergebnissen zufolge haben wir festgestellt, dass von
den drei Steifigkeitsberechnungsmodellen von Hertzian, JKR und Oliver & Pharr die nur
im Hertzschen Modell berechneten Ergebnisse konsistent eine Zuverlassigkeit bieten
(ICC>0,8, COV<15%). Um die Lipide zu erforschen, die eine Fibrose menschlicher
Organe verursachen konnen, wurde auf3erdem der Expressionsspiegel bestimmter
Lipide sowohl in den roten Blutkérperchen (RBC) als auch im Plasma zwischen einigen
gesunden Menschen und Patienten mit chronischer Nierenerkrankung (CKD)
verglichen. Darlber hinaus untersuchten wir auch, ob die Dialyse einen Einfluss auf die
Lipidspiegel in Erythrozyten und Plasma von CKD-Patienten hat. Nachdem wir alle
Lipide durch LC-MS/MS-Spektrometrie getestet hatten, stellten wir fest, dass die
Expression einiger Lipide im Blut von gesunden Menschen und von CNE-Patienten
unterschiedlich war und die Dialysebehandlung auch in der Lage war, verschiedene
Blutfettwerte von CNE-Patienten zu verandern. Zusammenfassend zeigte sich, dass
die von uns verwendete Nanoindentation-Technik zur Messung der Harte von Leber,
Niere, Gebarmutter und Milz machbar ist und das Hertzsche Modell die zuverlassigste
Methode zur Messung der Steifigkeit von Organen in vitro bietet. AuRerdem koénnten
diese Lipidmetaboliten potenzielle Ziele fir die Bildung von Organfibrose sein, da sie
verschiedene h@modynamische und metabolische Faktoren unter verschiedenen

physiologischen oder morbiden Bedingungen beeinflussen kénnen. Unsere Studien
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sind in der Lage, die zukinftige Forschung zu organfibrotischen Erkrankungen

theoretisch fundiert und technisch zu unterstitzen.




1. Introduction

Changes in the stiffness of tissues or cells influences the physiological function or
structure of certain organs in the body. Similarly, diseases are also able to alter organs
stiffness and thus affect the progression of the illness. For example, heart and arteries of
patients with cardiovascular diseases present varying degrees of hardening [1-2]. The
connection between aortic stiffness and cardiac dysfunction in patients with inflammatory
bowel disease has been confirmed [3]. The therapeutic strategy and effect to hepatitis
virus have a significant impact on the patients liver stiffness [4-5]. The arterial stiffness of
patients with different degrees of chronic kidney disease showed parallel changes [6].
The hardness of the central arteries are significantly affected by type 2 diabetes [7].

Multiple technologies have been applied in clinical diagnosis to detect changes in
patients organs stiffness, examples include ultrasound, instantaneous elastography,
magnetic resonance elastography, acoustic radiation force pulse elastography and point
shear wave elastography [8-15]. In addition to vivo measurements, varieties of
techniques have been utilized for characterizing the stiffness of some biomaterials ex vivo.
Mark R. Buckley et al. utilized a technique that combines force measurement, shear
testing and confocal imaging to study articular cartilage shear properties [16]. Damien
Cuvelier et al. studied some biomechanical characteristics of tethers via a combined
device of micropipette manipulation and optical tweezers [17]. AFM was applied by
Kozaburo Hayashi and Mayumi Iwata in measuring the stiffness of cancer cells [18].
Yuhui Li et al. presented a magnetic mechanical testing system in viscoelastic tensile
testing for micrometer-scale biological materials [19]. D.B. MacManus et al. developed a
custom-made micro-indentation device to study brain tissue local mechanical properties
[20]. Badar Rashid et al. used a high-rate tension device to obtain brain tissue dynamic
properties in extension at different strain rates [21].

Piuma nanoindenter is an advanced technology to be used in testing the elastic
properties of biomaterials. This facility has been applied to measure the mechanical
properties of hard organs like bones and cartilage [22-25]. However, since only very few
studies [26-30] reported the utilization of nanoindentation technology in the elasticity
measurement of soft biomaterials, the strategy for analyzing the stiffness of organs ex
vivo by this technology is still unclear. In our study, we took mouse kidney, liver, spleen

and uterus to analyze the feasibility of nanoindentation technology in soft biomaterials.




Prostaglandins (PGS) and other eicosanes, such as leukotrienes (LTs),
thromboalkanes (TXs), hydro(peroxy) fatty acids (or oxylipins) and epoxides, are lipid
peroxidation products of 20-carbon (eicosa-) polyunsaturated fatty acids (PUFA). They
are produced by three independent enzyme families, cytochrome P450 (CYP)
expoygenases, cyclooxygenase (COX) and lipoxygenase (LOX), which catalyse lipid
peroxidation in regio-specific products and a highly regulated manner generating stereo
(Figure 1). Their expression is highly localized to tissues and varies in response to
inflammatory activation that affects the fibrosis of the target organs. According to the cell
type, the main products of COX, LOX and CYP are metabolized into secondary
eicosanoids and their metabolites, some of which have strong biological activity (Figure
1). The main metabolic pathways of PUFA epoxides are the incorporation of their
phospholipids and hydrolysis to the corresponding PUFA diols by soluble epoxide
hydrolase (sEH) [31].

Oxipides play an important role in our bodies, but sometimes they can have harmful
effects [32-34]. Therefore, it has clinical significance in practical practice because of the
biological activity of these products. For example, dihydroxy eicosatrienoic acid (DHETS)
and epoxyeicosatrienoic acids (EETs) are considered candidates for vascular dilatation
endothelial-derived hyperpolarization factors (EDHFS) [35], whose release is activated by
shear stress and Ca?*- via the CYP pathway [36-37]. While epoxyoctadecenoic acids
(EpOMES) and their diols decrease the functional recovery of cardiac post-ischemic [38],
5-HETE stimulates neutrophil chemotaxis and degranulation [39-41] and inhibits
endothelial prostaglandin 12 (PGI2) production with consecutive effects on platelet
aggregation and vasotonus [42]. PGs is believed to be an essential ingredient in healing
wounds, tissues and fibrosis [43-44]. Researches on the relationship between other lipids
and organ fibrosis are limited. In our study, we tested all epoxides derived from
cytochromes P450 monooxygenase and lipoxygenase (LOX)/CYP w/(w-1)-hydroxylase
pathways in chronic kidney disease and hemodialysis treatment patients to see whether
they could be taken as potential drug targets to regulate organ physiology and
pathophysiology, in particular organ fibrosis.
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Figure 1: 12- and 15-lipoxygenase (LOX) / CYP (omega-1)-hydroxylase and
cytochrome P450 epoxygenase (CYP) pathways. Arachidonic (AA), linoleic (LA),
docosahexaenoic acids (DHA) and eicosapentaenoic (EPA) are converted by CYP
epoxygenase to epoxyeicosatrienoic acid (EETs), epoxyoctadecenoic acids (EpOMEs,
e.g. 12,13-EpOME), epoxydocosapentaenoic acids (EDPs) and epoxyeicosatetraenoic
acids (EEQs). EETs, EEQs, EDPs and EpOMEs can be converted to
dihydroxyeicosatrienoic acids (DHETs, e.g. 5,6-DHET), dihydroxyctadecenoic acids
(DIHOMES), dihydroxydocosapentaenoic acids (DIHDPAS) and
dihydroxyeicosatetraenoic acids (DIHETEsS, e.g. 5,6-DIHETE, 17,18-DIHETE) by soluble
epoxide hydrolase (seH). EPA, LA, DHA, and AA are converted to
hydroxyoctadecadienoic acids (HODES), hydroperoxylinoleic acids (HpODES), lipoxin A
(LXA), leukotriene B  (LTB), hydroxydocosahexaenoic acids (HDHAS),
hydroxyeicosatetraenoic acids (HETEs) and hydroperoxyeicosatetraenoic acids
(HPETES) by LOX, CYP omega/(omega-1)- peroxidase and hydroxylase pathways. The
changes of EPA, LA, DHA, and AA are tracked by the metabolites measured in these
pathways. (This figure was cited from [45]).
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2. Methodology

2.1 Animals and Matrigen hydrogels:

The strain of mice included in this study is C57BL/6N. For kidney and spleen, 2 mice
of each sex and age (5 week-, 10 week-, 20 week- and 30 week-old) were used. For liver,
five 5 week-old (3 males, 2 females), five 5 week-old (2 males, 3 females), six 20 week-
old (2 males, 4 females) and four 30 week-old (2 males, 2 females) mice were used. In
terms of the uterus, eight mice were used in the experiment, all of which were about 100
days old. The experiment was authorized by the animal welfare officers at the Max
Delbrick Center for Molecular Medicine (MDC) (No. X 9011/19) and the local animal care
committee (LAGeSo, Berlin, Germany).

Ten hydrogels (Softwell, Matrigen, Matrigen Life Technologies, Brea, CA) in different
stiffness (1x1 kPa, 1x2 kPa, 2x4 kPa, 1x8 kPa, 3x12 kPa and 2x25 kPa) were taken as

quality control.

2.2 Tissues preparation:

Front and back profiles of both left and right kidneys were dissected and measured.
Left lobe of liver, intact spleen and opened left uterine horn were harvested for indentation.
It is critical to clean all the impurities around tissues without damaging their essence.
Shellac (Sigma) was used for immobilization of all biomaterials. PBS (NaCl 0.137 M, KCI
0.0027 M, NazHPO4 0.01 M, KH2PO4 0.0018 M; pH 7.4) was the medium for all samples

in the experiment.

2.3 Nanoindentation and stiffness determination:

For the measurement of stiffness, we used the nanoindenter instrument (Piuma;
Optics11, Amsterdam, The Netherlands) contained a ferrule-top cantilever probe [46-47]
(Figure 2A) with 50 um radius and 0.5 N/m cantilever stiffness. The probe should focus
on a flat and wide area on tissue surface (Figure 2B) after calibration. Each gel was
indented 25 times (5x5 matrix) in an 800x800 pm grid scan with 200 um distance between
measurements. Kidney, liver and spleen samples were indented with 9 indentations (3x3
matrix) in a 200x200 ym grid scan. In uterus, three indentation matrixes with 4 single
indentations in 100x100 um grid were tested in proximal, middle and distal parts of uterus,
respectively. The applied indentation scheme consists of a 4-second loading phase at an
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indentation depth of 8000 nm, holding for 1 second, and then a 4-second unloading phase.
All scans were performed twice for reliability analysis.

The mean value of the scan results from four renal sections of each mouse was
presented as the elasticity of kidney. The average value of all results in each scan was
taken as the stiffness for gel, liver and spleen. Uterine hardness was expressed by the
mean results from three scans. All indentation values were processed and exported by

Piuma Dataviewer version 2.2 (Piuma; Optics11, Amsterdam, The Netherlands).

2.4 Volunteers and patients:

The dialysis study had 15 healthy volunteers (6 men and 9 women) and 15 patients
with CKD (7 men and 8 women) receiving routine hemodialysis signed an informed
consent form outlining the treatment to be taken and the possible risks involved. None of
the healthy control subjects received medication. The healthy subjects were 50+18 years
old and the hemodialysis (HD) patients were 47+12 years old. BMI was 24.8+3.4 kg/m?
and 24.7+4.6 kg/m?, respectively. The use of humans in this study was approved by the

Charité University Medicine institutional review board.

2.5 Human blood samples treatment:

For healthy subjects and patients with CKD in the dialysis treatment study, venous
blood from each healthy subject was collected by subcutaneous arm venipuncture in
sitting status. Blood samples from the fistula arm were collected from dialysis patients
before the beginning of dialysis (pre-HD) and at the end of dialysis (5-15min before the
end of dialysis, post-HD). Patients received dialysis 3 times a week, lasting 3 hours 45
minutes to 5 hours, based on a high-throughput AK200 dialyzer (Gambro GmbH,
Hechingen, Germany). All samples were analyzed for plasma oxylipins and RBC lipids.

All lipidomics was performed using liquid chromatography tandem mass (LC—MS/MS)

spectrometry.

2.6 Statistical analysis:

The reliability analysis of the test-retest depends on the results of Bland-Altman plot
[48-49], Within-subject coefficient of variations (COVs) and Intraclass correlation
coefficients (ICCs). In general, the difference value of test-retest results in Bland-Altman
plot is between 95% limits of agreement, and/or ICC is greater than 0.8, and/or COV is
less than 15%, which indicates that there is good reliability between test and retest.
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The values of CKDs were compared with those of the control group by the Mann-
Whitney test or the t-test. The paired t-test or paired Wilcoxon test was used to compare
pre-HD and post-HD values. To determine the statistical differences between the four
epoxide metabolites present in the cycle after hydrolysis, the Friedman’s test was used,
followed by the Dunn’s multiple comparison test. 0.05 was selected as level significance
(P). All data were expressed as Mean + SD.

All analyses were performed using MedCalc 19.3 software (Belgium), SPSS 19.0
(Chicago, USA) or GraphPad Prism 7.0 (San Diego, USA).

For a complete description of the methods see:
G. Wu, M. Gotthardt, and M. Gollasch, Assessment of nanoindentation in stiffness
measurement of soft biomaterials: kidney, liver, spleen and uterus. Sci Rep, 2020. 10(1):
p. 18784.

B. Gollasch, G. Wu, I. Dogan, M. Rothe, M. Gollasch, and F. C. Luft, Effects of
hemodialysis on plasma oxylipins. Physiol Rep, 2020. 8(12): p. e14447.

B. Gollasch, G. Wu, T. Liu, I. Dogan, M. Rothe, M. Gollasch, and F. C. Luft, Hemodialysis
and erythrocyte epoxy fatty acids. Physiol Rep, 2020. 8(20): p. e14601.
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3. Results

3.1 Stiffness determination in different models:

All results were calculated in three different models, which are Oliver & Pharr, JKR
and Hertzian models.

The effective Young’s modulus (Eff) calculation in Hertzian model [50-51] (Figure
2C, D, F) follows equation:

__ Px3/4
ff—\/ﬁ-hﬁ/z
In JKR model [52] (Figure 2C, D, G), equations used for the calculation of Eff are:
4 1
P \3 P \?3
1+ /1 — 1+ /1 —~
ho_h :a_(z) Paan | _24a§ Paan
t 0T R 2 3R 2
Padh = —ET[ATR
Eff = 9mR?Ar
- 2ad3

When no sticky is displayed in the unload section, there would be no result from this
model as no fit is applicable (Figure 2E).

Eff in Oliver & Pharr model [53-54] (Figure 2C, D, H) was processed by using the
following formula:

dP 1
S TEN o)
t T

The JKR model, the Hertzian model, and the Oliver & Pharr model were fitted at
100%, 100%, and 65-85%, respectively.

In addition to Eff, Young’s modulus (E) also enable present stiffness. Poisson’s ratio

[55] v relates Eff and E by the following equation:

E
Eff =———

‘UZ
Due to the unknown of tissues’ material property and the Poisson’s ratios, we
determined both Eff and E for each biomaterial. We took the default value (0.5) in Piuma

software for Poisson’s ratio.
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Figure 2: Effective Young’s modulus calculational principle. (A) Components of probe
and localization between the probe and tissue. (B) Focuse of the nanoindenter probe. (C)
Schematic diagram from loading to unloading indentation. (D) Schematic diagram of load-
indentation. (E) Non-adhesion indentation. (F) Indentation in Hertzian model (100% fit).
(G) Indentation in JKR model (100% fit). (H) Indentation in Oliver & Pharr model (65-85%
fit). (This figure was cited from [56]).

3.2 Stiffness reliability of Matrigen hydrogels and organs:

As shown in the Bland-Altman diagram of the hydrogel (Figure 3), it revealed that
almost all of the retest differences were within the 95% concordant range (-1.96 SD to
1.96 SD).In addition, ICC values of all models were greater than 0.8 and COV values
were less than 15% (Table 1), indicating that the three models all provided reliable results

for gel samples.
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Figure 3. Bland-Altman plot of Matrigen hydogels. (A) Bland-Altman plot of Eff in Hertzian
model. (B) Bland-Altman plot of Eff in JKR model. (C) Bland-Altman plot of Eff in Oliver &
Pharr model. (D) Bland-Altman plot of E in Hertzian model. (E) Bland-Altman plot of E in
JKR model. (F) Bland-Altman plot of E in Oliver & Pharr model. (This figure was cited

from [56]).

Average Young’s medulus (kPa)

Table 1. Reliability of test-retest in Matrigen gels

ICC, 95% ClI COV (%)
Eff in Hertzian 0.9986 (0.9948,0.9997) 5.0666
Eff in JKR 0.9978 (0.9900,0.9996) 5.8171
Eff in Oliver & Pharr 0.9964 (0.9865, 0.9991) 8.3703
E in Hertzian 0.9986 (0.9948,0.9997) 5.0665
E in JKR 0.9978 (0.9900,0.9996) 5.8171
E in Oliver & Pharr 0.9964 (0.9865,0.9991) 8.3787

Note: Values in bold indicate that they are in the good reliability range.
(This table was cited from [56]).
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In the kidney, only Hertzian model has ICC value greater than 0.8 and COV less than

15%, while other models do not show the character (Table 2).

Table 2. Reliability of test-retest in kidney

ICC, 95% ClI COV (%)
Eff in Hertzian 0.9686 (0.9124,0.9889) 5.0723
Eff in JKR 0.5951 (-0.1287,0.8572) 18.2387
Eff in Oliver & Pharr 0.5929 (-0.1347,0.8565) 16.6833
E in Hertzian 0.9693 (0.9143,0.9892) 5.0194
E in JKR 0.6699 (0.07971,0.8836) 16.0643
E in Oliver & Pharr 0.6422 (0.002628,0.8738) 16.2013

Note: Values in bold indicate that they are in the good reliability range.
(This table was cited from [56]).

In the liver, only the Hertzian model has ICCs of E and Eff that consistently exceeds
0.8, while the Oliver & Pharr and JKR models do not. The COVs of Hertzian and Oliver &

Pharr models were less than 15%, while the COVs of JKR model were not (Table 3).

Table 3. Reliability of test-retest in liver

ICC, 95% ClI COV (%)
Eff in Hertzian 0.9303 (0.8269,0.9722) 5.0091
Eff in JKR 0.6240 (0.06673,0.8501) 19.1874
Eff in Oliver & Pharr 0.7507 (0.3811,0.9006) 12.0356
E in Hertzian 0.9251 (0.8142,0.9702) 5.1724
E in JKR 0.6078 (0.02648,0.8437) 20.5038
E in Oliver & Pharr 0.8048 (0.5155,0.9222) 10.0323

Note: Values in bold indicate that they are in the good reliability range.
(This table was cited from [56]).
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In the spleen, ICCs of Eff and E were consistently greater than 0.8 in Hertzian and
JKR models, but not in Olivier & Pharr model. The COVs of E and Eff in Hertzian model

were less than 15%, but not in other models(Table 4).

Table 4. Reliability of test-retest in spleen

ICC, 95% ClI COV (%)
Eff in Hertzian 0.9924 (0.9787,0.9973) 3.1172
Eff in JKR 0.8675 (0.6307,0.9533) 15.0115
Eff in Oliver & Pharr 0.3334 (-0.8583,0.7649) 20.3557
E in Hertzian 0.9931 (0.9807,0.9976) 2.9890
E in JKR 0.5113 (-0.3622,0.8277) 27.1063
E in Oliver & Pharr -0.3404 (-2.7364,0.5274) 42.3569

Note: Values in bold indicate that they are in the good reliability range.

(This table was cited from [56]).

In the uterus, the Oliver & Pharr and Hertzian models had ICC values greater than
0.8, while the JKR model had ICC values less than 0.8. In contrast, only the Hertzian
model had COVs less than 15%, while the other models did not(Table 5).

Table 5. Reliability of test-retest in uterus

ICC, 95% ClI COV (%)
Eff in Hertzian 0.9861 (0.9371,0.9972) 11.6893
Eff in JKR 0.7926 (0.0607,0.9577) 64.4623
Eff in Oliver & Pharr 0.8295 (0.2278,0.9652) 34.7149
E in Hertzian 0.9780 (0.9002,0.9955) 14.1841
E in JKR 0.7512 (-0.1267,0.9492) 71.0078
E in Oliver & Pharr 0.8778 (0.4465,0.9751) 31.8501

Note: Values in bold indicate that they are in the good reliability range.
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(This table was cited from [56]).

Similar to the Matrigen hydrogels, Bland-Altman diagrams of the kidney, liver, spleen,
and uterus showed only a few difference for Eff and E out of the 95% concordant limit in

all models.

3.3 Lipids in CKD:

In plasma, we detected increased 9,10-EpOME, 12,13-EpOME, 8,9-EET, 5,6-EET,
14,15-EET, 11,12-EET, 11,12-EEQ, 5,6-EEQ, 17,18-EEQ, 14,15-EEQ, 14,15-DIHETE,
10,11-EDP, 7,8-EDP, 19,20-EDP, 16,17-EDP, 5,6-DHET, 19-HEPE, 5-HEPE and 12-
HEPE total levels and 13,14-EDP, 9-HEPE, 8-HEPE, 18-HEPE, 12-HEPE, 16-HDHA, 10-
HDHA, 20-HDHA and 17-HDHA free levels in our end-stage renal disease (ESRD)
patients, compared to the healthy subjects. Moreover, 9,10-DiIHOME, 13-HODE, 11,12-
DHET, 8,9-DHET, 8-HETE, 14,15-DHET, 11-HETE, 9-HETE, 15-HETE, 12-HETE, 19-
HETE, 16-HETE, 8-HEPE, 20-HETE, 15-HEPE, 9-HEPE, 4-HDHA, 18-HEPE, 8-HDHA,
7-HDHA, 11-HDHA, 10-HDHA, 14-HDHA, 13-HDHA, 20-HDHA, 16-HDHA and 17-HDHA
total levels and 9,10-DIHOME, 5,6-EET, 11,12-EET, 11,12-DiHETE, 17,18-DiHETE,
14,15-DIHETE, 11-HETE, 9-HETE, 15-HETE, 12-HETE, 15-HEPE, 14-HDHA and 13-
HDHA free levels were decreased in our ESRD patients, compared to healthy volunteers.
In addition, all total level individual metabolite diol/epoxide ratios in CKD patients were
lower than controls. And total level EpOMEs and EDPs are better metabolized into their
diols than EETs and EEQs in CKD patients (DIHOMEsS/EpOMEs = DiIHDPA/EDPs >
DHETS/EETs = DIHETES/EEQS).

In RBCs, CKD patients showed increased total levels of various epoxides, hamely
14,15-DHET, 8,9-DHET, 11,12-EEQ, 5,6-EEQ, 17,18-EEQ, 14,15-EEQ, 13,14-DiHDPA,
7,8-DIHDPA, 5-HETE, 16,17-DiHDPA, 9-HETE, 8-HETE, 12-HETE, 11-HETE, 19-HETE
and 15-HETE, and free levels of several lipids, namely 13-HODE, 8-HETE, 5-HETE, 11-
HETE, 9-HETE, 15-HETE, 12-HETE, 5-HEPE, 16-HETE, 9-HEPE, 8-HEPE, 15-HEPE,
12-HEPE, 4-HDHA, 18-HEPE, 8-HDHA, 7-HDHA, 11-HDHA, 10-HDHA, 14-HDHA, 13-
HDHA, 17-HDHA, 16-HDHA, 22-HDHA and 21-HDHA. We also found that various
oxylipins total levels (19,20-EDP, 10,11-DiHDPA) and free levels (such as 5,6-EEQ, 8,9-
EET and 14,15-EET) were decreased in the CKD patients. Regarding hydrolysis
efficiency of these lipids, ESRD patients showed increased ratios for DHETS/EETs and
DIHDPAS/EDPs in total level. In fact, compared to total level EETs and EEQs, EpOMEs
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and EDPs are preferentially metabolized into their diols in controls (DIHOMES/EpOMEs
= DIHDPA/EDPs > DHETS/EETs = DIHETES/EEQS).

3.4 Lipids in hemodialysis:

In plasma, hemodialysis treatment increases the majority of epoxy-metabolites in
total level, including 13-HODE, 12,13-EpOME, 9,10-EpOME, 12,13-DIHOME, 9,10-
DIHOME, 14,15-EET, 5,6-EET, 11,12-DHET, 8,9-DHET, 11,12-EEQ, 8,9-EEQ, 17,18-
EEQ, 14,15-EEQ, 17,18-DIHETE, 14,15-DiHETE, 10,11-EDP, 7,8-EDP, 16,17-EDP,
13,14-EDP, 7,8-DiIHDPA, 19,20-EDP, 13,14-DiHDPA, 10,11-DiHDPA, 19,20-DiHDPA,
16,17-DIHDPA, 20-HETE, 15-HEPE, 5-HEPE, 18-HEPE, 11-HDHA and 7-HDHA, and
several free level lipids including 9,10-DIHOME, 11,12-EET, 16,17-EDP and 19,20-
DIHDPA. Moreover, hemodialysis only decreased 19-HEPE in total level and 12-HpETE
in free level. Nevertheless, ratios of diols/epoxides were not influenced by hemodialysis.

In RBCs, hemodialysis treatment increased several CYP epoxides and LOX/CYP
w/(w-1)-hydroxylase metabolites in free state, such as 13-HODE, 11,12-DHET, 8-HETE,
5-HETE, 11-HETE, 9-HETE, 5-HEPE, 15-HETE, 10-HDHA, 8-HDHA, 17-HDHA, 13-

HDHA and 16-HDHA. However, the diols/epoxides ratios were not altered due to dialysis.

For a complete description of the results see:
G. Wu, M. Gotthardt, and M. Gollasch, Assessment of nanoindentation in stiffness
measurement of soft biomaterials: kidney, liver, spleen and uterus. Sci Rep, 2020. 10(1):
p. 18784.

B. Gollasch, G. Wu, I. Dogan, M. Rothe, M. Gollasch, and F. C. Luft, Effects of
hemodialysis on plasma oxylipins. Physiol Rep, 2020. 8(12): p. €14447.

B. Gollasch, G. Wu, T. Liu, I. Dogan, M. Rothe, M. Gollasch, and F. C. Luft, Hemodialysis
and erythrocyte epoxy fatty acids. Physiol Rep, 2020. 8(20): p. €14601.
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4. Discussion

4.1 Hard and soft biomaterials:

Piuma nanoindentation technology has been reported to measure the hardness of
tough organs in animals (such as ear [25], bone [24], septum [25], ala nasi [25], articular
cartilage [23] and knee joint [22]) and human tissues (like fibrotic intestinal tissue [29],
donor cornea [26], particularly calcified aneurysmal abdominal aortas [28], pancreatic
acellular scaffolds [30] and soft plates [27]). The feasibility and reliability of this technology
in measuring the hardness of soft biomaterials ex vivo has not been confirmed. Compared
with hard biomaterials, the viscoelasticity and structural complexity of soft biomaterials
are more likely to cause deviations in the results of nanoindentation. Our research is the
first to use this technique to test the stiffness of vitro soft biological organs in mice, which
are often used to simulate human and animal diseases.

Our Bland-Altman plots, ICCs and COVs proved that the stiffness test results of
hydrogels have perfect reliability, indicating that the gel can be used as a reference for
the quality control of the hardness measurement results. Therefore, through the reliability
analysis of other soft tissues, we concluded that nanoindentation technology can work
well on these soft biological materials. All in all, we have indeed overcome the possible
technical limitations of nanoindentation technology to measure the stiffness of soft organs
by selecting the appropriate measurement model and using appropriate methods to

prepare samples.

4.2 Reliability in different models and specimens:

Since the results in Bland-Altman plots are qualified, the reliability of the results from
kidney, liver, spleen and uterine stiffness in different models can only be verified by
comparing COVs and ICCs. Among these four organs, the data of Hertzian model are
consistent with the quantitative standards of ICCs and COVSs, indicating the results are
reliable. Results from JKR or Oliver & Pharr models do not always meet high quality
criteria. The reason for the observed differences may depend on the differences in
viscosity of the sample in the unloaded state. For example, in the JKR model, even on
the same sample, there are some points sticking, while some single indentations are not
adhered, as shown in Figure 2E, which could increase the difference between the test
and the retest. Therefore, our results uncover that the Hertzian model can best calculate

the stiffness of the four organs. Remarkably, other researchers chose this model in their

21



measurements [26-28], while other related studies did not report which model they used
[29-30].

Additionally, comparing the uterus results with the other three organs’, it reveals that
even in the Hertzian model, the COV values of the uterus are 11.6893% in Eff and
14.1844% in E. These values are very close to the threshold and much higher than the
COVs of the other three organs in the Hertzian model, indicating that the variability
between repeated measurements of the uterus is higher than that of the spleen, liver and
kidney. The most likely reason for these results is that the uterus is thinner and smaller
than the other three organs. During the experiment, we noticed that the edges of the
uterus were easily rolled up due to its small and size, which is expected to affect the
measurement results. Therefore, it is possible that this method is more reliable in
measuring the hardness of thick and large soft organs ex vivo.

4.3 Limitations of nanoindentation:

In addition to the system operation and measurement strategy, the successful
application of nanoindentation also highly depends on factors such as shape, preparation
and fixation of tissue. Since the device can only recognize flat and stable surface, it is
unable to test irregular tissues. For example, for tissue with marginal barriers, this
technology is impossible to test its sunk surface. The lumpy surface affects not only the
accuracy of the measurement results, but also damages the cantilever of the probe due
to jamming. Furthermore, the calculation of hardness is also affected by the condition of
the sample. For instance, if the surface to be measured is inclined, the contact area would
not be fully pressed by the tip of the probe, which means that the lost depth and force
may cause stiffness measurement errors. Globose organs are also unable to be tested
because they cannot be stabilized during the measurement. In short, it is critical that the
tested tissue needs to be prepared into an appropriate shape and size.

When the tissue is manually transformed into a testable material, it is unknown
whether its elasticity maintains the same characteristics as the original organ, and
whether a part of the organ's elasticity can represent its overall elasticity. Therefore, in
some cases, in vivo testing may be better or even the only option to discover the
mechanical properties of organs. However, in vivo testing may be interfered and affected
by other factors during the measurement process, so it may be an advantage that

nanoindenter could directly contact with the target material in measurement.
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4.4 Lipids in regulating organ physiology and pathophysiology:

The release of EETs and their diols (DHETS) may affect blood pressure and vascular
tone, reduce inflammation and produce pro-fibrinolysis [57-59]. Several recent studies
reported EETSs activate smooth muscle BKca channels [60] and produce vasodilation [61].
It has been speculated that elevated levels of EETs in the body's blood and tissues may
also have harmful cardiovascular side effects, such as an increased risk of ischemic
stroke [62] and in humans, the recurrence rate of atrial fibrillation after catheter ablation
was higher [63], and survival was reduced in mice after cardiac arrest and
cardiopulmonary resuscitation [64]. Experimental evidence suggests that inhibition of
sEH alters EETs levels, which can prevent the development of atherosclerosis,
hypertension, fatty liver, heart failure and organ fibrosis [65].

Both EEQs and EDPs are potent vasodilators [66-69]. EDPs have antiangiogenic
[70], anti-fibrotic [71] and protective effect on functional recovery after ischemia, at least
by maintaining mitochondrial function and reducing inflammation [72-73].Their diols
(DIHDPASs) may also be bioactive and may play a beneficial role in arrhythmias [74].
DIHDPAs dilate coronary microvessels with similar potency to EEQ isomers in canine and
porcine models [75] and their inhibition on human platelet aggregation has a low efficacy
on EDPs and EEQs [76]. HETEs are involved in many chronic diseases such as
cardiovascular disease, inflammation, obesity, cancer and kidney disease [32]. There
was a demonstration that a novel omega-3 fatty acid metabolite 19,20-EDP contributes
to prevent unilateral ureteral obstruction induced renal fibrosis in mice [71].

Recent findings suggest that EpOMEs exhibit cardio-depressant [77-79] and
vasoactive properties [80]. New data also suggest that their diols (DIHOMES) cause
detrimental effects on post-ischemic cardiac function [81-82]. Besides, it has been proved

that several DIHOMES could be potential biomarkers for liver cirrhosis prediction [83].

4.5 Future perspectives:

At present, there is no standardized procedure for nanoindentation of biomaterials.
Thus, we are not sure whether it will become an indispensable tool in the biomechanical
research of soft organs and tissues. However, with the deepening of research and
development of this technology, we hope that it will have a great opportunity to be applied
in multiple research fields, such as physiology and pathophysiology of soft organs.

Based on our research and other studies, we can clarify that numerous lipids have

significant effects on the physiology and pathophysiology of certain organs. More of their
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mechanism of action will be uncovered so that we can use these lipids as regulatory
targets for certain diseases to make corresponding animal disease models. And with the
support of nanoindenter, the changes in the mechanical properties of specific organs in

these disease models would also be well explored.
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Assessment of nanoindentation
in stiffness measurement of soft
biomaterials: kidney, liver, spleen
and uterus

Guanlin Wu%?*, Michael Gotthardt®**® & Maik Gollasch?**&**

Nanoindentation technology with high spatial resolution and force sensitivity is widely used to
measure the mechanical properties of hard biomaterials and tissues. However, its reliability to analyze
soft biomaterials and organs has not been tested. Here, we evaluated the utility of nanoindentation
to measure the passive mechanical properties of soft biological specimen. Kidney, liver, spleen

and uterus samples were harvested from C57BL/6 N mice. We assessed test-retest repeatability

in biological specimen and hydrogel controls using Bland-Altman diagrams, intraclass correlation
coefficients (ICCs) and the within-subject coefficients of variation (COVs). The results were calculated
using Hertzian, JKR and Oliver & Pharr models. Similar to hydrogels, Bland-Altman plots of all
biological specimen showed good reliability in stiffness test and retest examinations. In gels, ICCs
were larger than 0.8 and COVs were smaller than 15% in all three models. In kidney, liver, spleen and
uterus, ICCs were consistently larger than 0.8 only in the Hertzian model but not in the JKR and Oliver
& Pharr models. Similarly, COVs were consistently smaller than 15% in kidney, liver, spleen and uterus
only in the Hertzian model but not in the other models. We conclude that nanoindentation technology
is feasible in detecting the stiffness of kidney, liver, spleen and uterus. The Hertzian model is the
preferred method to provide reliable results on ex vivo organ stiffness of the biological specimen under
study.

Abbreviations

Eff Effective Young’s modulus

E Young’s modulus

ICC  Intraclass Correlation Coefficient
ClI Confidence Interval

COV  Within-subject coefficient of variation

Several diseases lead to changes in stiffness in certain organs, which could give rise to illnesses. Potentially, there
is also a possibility that a variation of stiffness in tissue or cells influences the function or structure in other organs
in the body. For example, patients with heart failure and a preserved ejection fraction can exhibit increases in
passive myocardial stiffness'. Cyanotic patients with congenital heart diseases are often characterized by increased
arterial stiffness in comparison with healthy population?. There is a direct relationship between aortic stiffness
and left ventricular systolic and diastolic dysfunction in patients with inflammatory bowel disease’. Eradication
of hepatitis C virus infection causes a significant decline in liver stiffness -particularly in patients with high base-
line level of inflammation or patients who received direct-acting antiviral agents*”. Increased arterial stiffness
can occur in parallel with the decline of glomerular filtration rate in patients with mild-to-moderate chronic
kidney disease®. Type 2 diabetes had greater impact on pulse wave velocity of the central arteries than peripheral

*Max Delbriick Center for Molecular Medicine (MDC) in the Helmholtz Association, Robert-Réssle-StralRe
10, 13125 Berlin, Germany. “Experimental and Clinical Research Center (ECRC), Charité—Universititsmedizin
Berlin, Berlin, Germany. *German Center for Cardiovascular Research (DZHK), Partner Site Berlin, Berlin,
Germany. “Department of Internal and Geriatric Medicine, University of Greifswald, University District
Hospital Wolgast, Greifswald, Germany. *Medical Clinic of Nephrology and Internal Intensive Care, Charité
Universitidtsmedizin Berlin, Berlin, Germany. ¥These authors jointly supervised this work: Michael Gotthardt and
Maik Gollasch. “‘email: wuguanlin105109@gmail.com; maik.gollasch@charite.de

(2020) 10:18784 | https:/jdoi.org/10.1038/541598-020-75738-7 nature portfolio
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Figure 1. Principle of effective Young’s modulus calculation. (A) Details of probe and relationship between the
probe and tissue. (B) The probe of nanoindenter was focused on an appropriate area of tissue. (C) Schematic
diagram of indentation from loading to unloading. (D) Load-indentation schematic diagram. (E) Schematic
diagram of non-adhesion indentation. (F) Schematic diagram of indentation in Hertzian model with 100% fit.
(G) Schematic diagram of indentation in JKR model with 100% fit. (H) Schematic diagram of indentation in
Oliver & Pharr model with 65-85% fit.

arteries’. In clinical settings, a number of various techniques have been introduced to detect changes in stiffness
of human organs, such as transient elastography, ultrasonography, acoustic radiation force impulse elastography,
point shear wave elastography and magnetic resonance elastography® ', which are helpful and meaningful in
diagnosis of organ fibrosis. Presently, a variety of testing techniques have been developed and utilized widespread
from bulk scale to the micro/nano-scale for characterizing some biomaterials ex vivo'®*!. Piuma nanoindenter
is one of these technologies to be used to study elastic property of biomaterials. This technique has been widely
used to test passive mechanical properties of hard biosamples, such as bone and cartilage? . However, so far
there are only very few studies” ! which used the Nanoindentation technology to study organ stiffness of soft
biomaterials, such as the kidney, liver, spleen and uterus samples. There is uncertainty on suitable ways in analyz-
ing ex vivo organ stiffness by this technique.

Results

Hertzian, JKR and Oliver & Pharr models. We applied Hertzian, JKR and Oliver & Pharr models based
on the following considerations. The calculation of the effective Young’s modulus (Eff) by considering the Hertz-
ian contact model**, follows the fit of the loading curve (Fig. 1F) to the following equation:

Px3/4
Eff = ———
4 VR

where P is the load in the peak of fit, R means the tip radius and h, represents the indentation depth (Fig. 1C,D).

The JKR model* is often used for analysis of elastic adhesive materials and could allow a better estimation
of Eff in the presence of adhesion forces which changes the contact area (Fig. 1G). However, if the unloading
part shows no sticky character, it is expected that there would be no reliable result from this model (Fig. 1E).
The equation used for the fitting is:
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where h, is indentation depth, h, means the contact point, a, represents the contact radius at zero load, R is the
tip radius of the indenter, P is the load and P,y is the pull-off force (minimum load), Ar means work of adhesion.
h, and g, are fitting parameters (Fig. 1D).

For elastoplastic materials, the unloading part of the curve is often fitted by the so-called Oliver & Pharr
modelP**, which may exclude plasticity bias. This method derives the Eff from the slope of the unloading part
of the stress-strain curve, indenter tip radius and final indentation depth using the following formula:

dp 1
Bf=o—
= 2/R(h; + )

where % is the slope at maximum indentation, R is the radius of the spherical indenter tip, i, and &, represent
maximum indentation depth and final contact depth (Fig. 1C,D,H). In this study, the fits were set as 100%, 100%
and 65-85% in Hertzian model, JKR model and Oliver & Pharr model, respectively. Poisson’s ratio" v relates
effective Young’s modulus (Eff) and Young’s modulus (E) by the following equation:

E
1—2

Eff =

Except Eff, in all models the Piuma software also enabled to directly calculate E, for which a Poisson’s ratio of
0.5 was pre-defined (for perfect incompressible materials). We determined both Eff and E for each biomaterial
because the material property of tissues and the Poisson's ratios are unknown.

Stiffness of matrigen hydrogels and organs.  Bland-Altman plots of Matrigen hydrogels showed mean
stiffness differences in all measurements (Fig. 2). There was only one difference (spot) out of the 95% limits of
agreement (—1.96 SD to 1.96 SD) in the Hertzian model for both Eff and E (Fig. 2A,D). Differences in the other
models were within the SD range (Fig. 2B,C,E,F). ICC values were larger than 0.8 and COVs were smaller than
15% in all models (Table 1), which demonstrates that all three models provide reliable results on gel specimen.

In the kidney, the Bland-Altman plots show that there was only one difference out of the 95% limits of agree-
ment for E in JKR model, for Effin the Oliver & Pharr model and for E in the Oliver & Pharr model (Fig. 3E,G,H).
The differences in the other models were all within the SD range (Fig. 3C,D,F). Of note, the ICC value was larger
than 0.8 and the COV was smaller than 15% only in the Hertzian model but not in the other models (Table 2).

In the liver, the Bland-Altman plots uncovered mean stiffness differences between test and retest data. Except
for Eﬁin the Hertzian model and E in the JKR model, there were no differences out of the 95% limits of agree-
ment (Fig. 4C-H). The ICC values of E and Eff exceeded 0.8 consistently only in the Hertzian model but not
Oliver & Pharr and JKR models. The COV values were smaller than 15% in the Hertzian and Oliver & Pharr
models but not in the JKR model (Table 3).

In the spleen, the Bland - Altman plots showed that the average stiffness differences of test-retest data were
within the SD range in the JKR model. There was only one difference result out of the scope in the Hertzian and
Oliver & Pharr models (Fig. 5C-H). The ICC values of E and Eff were consistently larger than 0.8 in the Hertzian
and JKR models but not in the Oliver & Pharr model. The COVs of the E and Eff values were smaller than 15%
in Hertzian but not in the other models (Table 4).

In uterus, Bland-Altman plots revealed only one difference out of the 95% limits of agreement between
indentations in both the Hertzian and JKR models (Fig. 6D,E,G,H) but not in Oliver & Pharr model (Fig. 6EI).
ICC values were larger than 0.8 in Hertzian and Oliver & Pharr models but not JKR model. In contrast, COVs
were smaller than 15% only in Hertzian model but not other models (Table 5).

Discussion

Piuma nanoindentation technology has been widely used in research on biomaterial stiffness of hard animal
organs, for example in bone®, in ear, ala nasi, and septum on both the cellular and the extracellular matrix
(ECM) levels®**, in the knee joint™, in articular cartilage®. Other examples are human donor cornea®, fibrotic
intestinal tissue™, pancreatic acellular scaffolds®, soft plates®® and particularly calcified aneurysmal abdominal
aortas®. The feasibility and reliability of this technology in measuring the stiffness of soft biological materials,
particularly organs ex vivo, is unknown. Compared with hard biomaterials, certain properties of soft biomaterials,
such as viscoelasticity and adhesion, are more prone to deviations in nanoindentation. Our study is the first to
use this technology to test the stiffness of soft biological organs ex vivo, particularly from mice, which are widely
used for modeling human and animal diseases. We applied the Piuma nanoindentation technology, which is
easy to use and utilizes a specific probe to measure Young’s Moduli to match with the specific sample properties
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Figure 2. Bland-Altman plot of Matrigen hydogels. (A) Bland-Altman plot of Eff in Hertzian model. (B)
Bland-Altman plot of Eff in JKR model. (C) Bland-Altman plot of Eff in Oliver & Pharr model. (D) Bland—
Altman plot of E in Hertzian model. (E) Bland-Altman plot of E in JKR model. (F) Bland-Altman plot of E in
Oliver & Pharr model.

| Bland-Altman, 95% limits of agreement (kPa) | ICC, 95% CI cov (%) |
Eff in Hertzian 0.127 (- 1.332,1.586) 0.9986 (0.9948,0.9997) 5.0666
Fffin JKR | 0,594 (~2.509,1.320) | 0.9978 (0.9900,0.9996) | 5.8171
Eff in Oliver & Pharr | —0.245 (— 2.468.1.978) | 0.9964 (0.9865,0.9991) | 8.3703
E in Hertzian [ 0.095 (-0.999,1.189) [ 0.9986 (0.9948,0.9997) 5.0665
EinJKR =0.446 (- 1.882,0.990) | 0.9978 (0.9900,0.9996) 5.8171
E in Oliver & Pharr =0.181 (- 1.851,1.489) 0.9964 (0.9865,0.9991) 8.3787

Table 1. Reliability of test-retest in Matrigen gels. Values that are in the range of good reliability are in bold.

of the tissue*”*, Different tissue contains different mechanical properties, therefore, different protocols should
be applied in tissues with some special characterizations®. Since there is no way to judge the feature of tested
samples before an experiment, we analyzed both the loading and unloading parts for their elastic behavior detec-
tion. In addition to the operation of the system and the development of measurement strategies, the preparation
and fixation of tissue is expected to be important. An irregular tissue is impossible to be tested as the device only
recognizes flat and stable surfaces, and the calculation of stiffness would be affected by the condition of sample.
For example, if the tested surface is a slope (Supplement 1, Fig 1A), the contacted area would not be fully indented
by the tip of probe, which means the losing depth and force could led to a mistake in stiffness measurement.
A globose organ (Supplement 1 Fig 1B) is also untestable because it cannot be stabilized during the process of
measurement. Furthermore, it is impossible for this technology to test a sunk surface (Supplement 1 Fig 1C)
due to the obstacle at the edge of the tissue. A lumpy surface (Supplement 1 Fig 1D) would not only affect the
accuracy of the measurement results but also cause the probe cantilever to be damaged due to jamming. Together,
the tested tissue needs to be prepared testable in an appropriate shape and size. We did overcome these possible
limitations for the feasibility and reliability of the nanoindentation technology to measure soft organ stiffness by
using isolated kidneys, liver, spleen and uterus dissected in an appropriate manner. We confirmed the feasibility
and reliability of the results by a comparative study of this technology to Matrigen hydrogels. Matrigen hydrogels
at a given stiffness, stable shape, appropriate thickness and flat surface were taken as a quality control, although
their given stiffness is not considered golden-standard. Nevertheless, our Bland-Altman plots, ICCs and COVs
demonstrated a good reliability of the gels used. Therefore, we conclude that nanoindentation technology works
well and is reliable in our laboratory settings and on this material.
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Figure 3. Renal indentation strategy and Bland-Altman plot. (A) Half of kidney was chopped from the middle
line of side. White frame was the scan area on the tissue. (B) Sample was indented 9 times (3 x 3 matrix) in a
200 %200 pm grid scan with 100 pm distance between measurements. (C) Bland-Altman of Eff in Hertzian
model. (D) Bland-Altman plot of Eff in JKR model. (E) Bland-Altman plot of Eff in Oliver & Pharr model. (F)
Bland-Altman plot of E in Hertzian model. (G) Bland-Altman plot of E in JKR model. (H) Bland-Altman plot
of E in Oliver & Pharr model.

Bland-Altman, 95% limits of agreement (kPa) | ICC, 95% CI | cov %)
Effin Hertzian ~0.155 (~0.611,0.302) 0.9686 (0.9124,0.9889) 50723
Effin JKR | Z0.597 (-3.378,2.184) [0.5951 (~0.1287,0.8572) | 182387
Effin Oliver & Pharr | —0.311 (- 2.789,2.167) 10,5929 (-0.1347,0.8565) | 16,6833
F in Hertzian 0.115 (—0.454,0.224) | 0.9693 (0.9143,0.9892) 5.0194
EinJKR | 20,197 (~2.075.1.680) [0.6699 (0.0797,0.8836) | 16,0643
Ein Oliver & Pharr | —0.103 (- 1.923,1.717) | 06422 (0.0026,08738) | 16.2013

(2020) 10:18784 |

Table 2. Reliability of test-retest in kidney. Values that are in the range of good reliability are in bold.

We next tested the technology in measuring the stiffness of four organs ex vivo, namely the kidney, liver,
spleen and uterus. Although the Bland-Altman plots did not give us numerous out-of-qualification results, the
reliability of the results from the four organs hardness in different models can only be validated by comparing
the ICCs and COVs. In the four organs, all Hertzian model’s results followed the quantified criteria of ICCs and
COVs showed reliable results. The results in JKR or Oliver & Pharr models did not always meet the high quality
criteria. The reason for the observed differences may rely on differences between specimens in stickiness under
unloading state.

For example, in the JKR model, even on the same sample, some spots are sticky, while some single indenta-
tions show no adhesion, as shown in Fig. 1E, which would increase the variation between test and retest. Thus, our
results show that the hardness of the four organs under study is best calculated using the Hertzian model under
forced indentation. Of note, this model has been used by others researchers who utilized the nanoindentation
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Figure 4. Hepatic indentation strategy and Bland-Altman plot. (A) A piece of liver was harvested from the
left lobe. White frame was the scan area on the tissue. (B) Sample was indented 9 times (3 x 3 matrix) in a

200 200 pm grid scan with 100 pm distance between measurements. (C) Bland-Altman plot of Eff in Hertzian
model. (D) Bland-Altman pot of Eff in JKR model. (E) Bland-Altman plot of Effin Oliver & Pharr model. (F)
Bland-Altman plot of E in Hertzian model. (G) Bland-Altman plot of E in JKR model. (H) Bland-Altman plot
of E in Oliver & Pharr model.

| Bland-Altman, 95% limits of agreement (kPa) | 1CC, 95% CI | cov (%)
Eff in Hertzian 0.679 (~0.254,0.390) 0.9303 (0.8269,0.9722) | 5.0091
Eff in JKR ~0.159 (- 1.771,1.454) 0.6240 (0.0667,0.8501) | 19.1874
Effin Oliver & Pharr | 0.098 (- 0.842,1.039) [0.7507 (0.3811,0.9006) | 12.0356
E in Hertzian 0.051 (-0.200,0.302) 0.9251 (0.8142,0.9702) | 5.1724
EinJKR —0.195 (- 1.472,1.082) 0.6078 (0.0265,0.8437) 20.5038
Ein Oliver & Pharr | 0.086 (~0.479,0.651) | 0.8048 (0.5155,0.9222) | 10.0323

Table 3. Reliability of test-retest in liver. Values that are in the range of good reliability are in bold.

technology in their studies”~**, while other studies did not report the model used***!. In addition, comparing the

results of the uterus with the three other organs, we found that even in the Hertzian mode, the COV value of the
uterus is 11.6893% in the case of calculating the hardness according to Effand 14.1841% in the case of calculating
the stiffness according to E, which were very close to the threshold and much higher than the COV values of the
other three organs in the Hertzian model. This indicates that the variability between repeated measurements of
the uterus is greater than that of the liver, kidney and spleen. A possible reason is that the uterus is smaller and
thinner than the other three organs, and in the course of the experiment, we found that the edge of the smaller
and thinner organ uterus was more likely to be rolled up causing a similar situation shown in Supplement 1 Fig
1B, which is expected to affect the results of the measurements. Therefore, the reliability of the method is better
in relatively large and thick soft organs ex vivo.
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Figure 5. Splenic indentation strategy and Bland-Altman plot. (A) An intact spleen of mouse. White frame
was the scan area on the tissue. (B) Sample was indented 9 times (3 x 3 matrix) in a 200 x 200 pm grid scan with
100 pm distance between measurements. (C) Bland-Altman plot of Eff in Hertzian model. (D) Bland-Altman
of Eff in JKR model. (E) Bland-Altman plot of Eff in Oliver & Pharr model. (F) Bland-Altman plot of E in
Hertzian model. (G) Bland-Altman plot of E in JKR model. (H) Bland-Altman plot of E in Oliver & Pharr

model.

| Bland-Altman, 95% limits of agreement (kPa) | ICC, 95% CI COV (%)
Eff in Hertzian —0.038 (-0.534,0.458) 0.9924 (0.9787,0.9973) 31172
Effin JKR [ 0.102 (- 3.987,4.190) | 0.8675 (0.6307,0.9533) 150115
Effin Oliver & Pharr | 0.564 (— 3.908,5.036) | 0.3334 (-0.8583,0.7649) | 20.3557
Ein Hertzian | ~0.016 (~0.375,0.343) | 0.9931 (0.9807,0.9976) 2.9890
Ein JKR 0.919 (~4.681,6.519) | 05113 (~036220.8277) | 27.1063
Ein Oliver & Pharr | 1.266 (- 6.188,8.720) 03404 (- 2.7364,0.5274) | 42.3569

Table 4. Reliability of test-retest in spleen. Values that are in the range of good reliability are in bold.

Moreover, the successful application of nanoindentation is highly depended on material features such as the
shape of the tissue being measured; measurement of biological materials with complicated rough surface tends to
be difficult. When a tissue is manually transformed into a material that can be tested, it is unknown that whether
its elasticity keeps the same property as the elasticity of the original organ, and whether part of the elasticity of
the organ can represent its overall elasticity. Accordingly, for certain organ studies, in vivo testing may be a better
or sometimes even the only option to provide detailed insights into the organ’s mechanical properties. However,
in vivo tests are likely interfered and affected by other factors during the measurement process, so perhaps it is an
advantage that the nanoindenter can be directly contacted with the target material for measurement. At present,
there are more limitations and shortcomings in the application of this technology. For example, its validity and
authenticity still need to be further verified, and the standardized routine for biomaterial nanoindentation has

(2020) 10:18784 |

https://doi.org/10.1038/s41598-020-75738-7

nature portfolio

42



www.nature.com/scientificreports/

A B
Ovary m| o o
1cm
Uterine horn Cc
e o
Cervix
.
17100 pm |
D, Hertzian E 40+ JKR F 204 Oliver&Pharr
—~ 1.5} '|'
© 30k + 15 '|'
a L +1.96SD & o
5 0. JT = 18.435 ESJT '
OFFe Mean @ 10
5 <3 - Mean 0 Mean
g-05f TA 0225 5 of I ; 2600 5 | -0.155
515l 18850 £-10] 198D € 4o -1.96 SD
Sl : 520 | w27 8 -9.865
25h o,y B0h -20h , . . . .
0 2 4 6 8 10 12 0 10 20 30 0 5 10 15 20 25
Average Eff Young's modulus (kPa) Average Eff Young's modulus (kPa) Average Eff Young's modulus (kPa)
¢ 2k Hertzian H 25 1 JKR 15 Oliver&Pharr
T 11'5 [ T +1.96 SD ﬁfg T +965D 107 ] +1.96 SD
L . ©
%0_5 _‘L' 0.802 E:; 10 -J[ 14.896 T 5} L ?r.v?BT
° a 5t Mean o 2 ean
g8 o - Mean £ o[- 2.798 8 03— 0.900
5-05) 0204 8 0f ]l ‘ 5 5 1,96 SD
gt 196SD £ gl 1.96SD o 5287
5_1‘5_1 4200 0_15_1 -9.300 a-10f L
-2 TI L 5 é é 4 é 204 N " L " L -154 PR PP ,
Average Young's modulus (kPa) 0 S 0 15 20 25 6 10 14

Average Young's modulus (kPa) Average Young's modulus (kPa)

Figure 6. Uterine indentation strategy and Bland-Altman plot. (A) Schematic diagram of mouse whole uterus.
(B) Opened left uterus horn. Black frames were three scan areas located on proximal, middle and distal parts,
respectively. (C) In each scan, there were four indentation spots with 100 pm distance between measurements
ina 100x 100 um square. (D) Bland-Altman plot of Eff in Hertzian model. (E) Bland- Altman plot of Eff in JKR
maodel. (F) Bland-Altman plot of Effin Oliver & Pharr model. (G) Bland-Altman plot of E in Hertzian model.
(H) Bland-Altman plot of E in JKR model. (I) Bland-Altman plot of E in Oliver & Pharr model.

| Bland-Altman, 95% limits of agreement (kPa) | 1CC, 95% C1 COV (%)
Eff in Hertzian ~0.225 (- 1.326,0.876) 0.9861 (0.9371,0.9972) | 11.6893
Effin JKR [ 2.609 (- 13.217,18.435) 1 0.7926 (0.0607,09577) | 64.4623
Effin Oliver & Pharr | —0.155 (~9.865,9.555) 0.8295 (0.2278,0.9652) | 34.7149
E in Hertzian | 0204 (- 1.209,0802) | 0.9780 (0.9002,0.9955) | 11.1841
EinJKR | 2.798 (- 9.300,14.896) | 0.7512 (- 0.1267,0.9492) 710078
Ein Oliver & Pharr | 0.900 (~5.287.7.087) 0.8778 (0.4465,0.9751) | 318501

Table 5. Reliability of test-retest in uterus. Values that are in the range of good reliability are in bold.

not yet been established. Therefore, we cannot be certainly sure whether it will become an indispensable tool in
the research of mechanical biology and biomechanics of soft organs and tissues. However, as the research and
development of this technology is going more and more in-depth, we expect it will have great opportunities to
be applied to research in multiple fields such as physiology and pathology of soft organs.
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Conclusion
Piuma nanoindentation technology is an easy and feasible method to test the stiffness of ex vivo organs, such
as kidney, liver, spleen and uterus. In small and thin tissues with disorder surface, we expect that the variation
of results will increase. The Hertzian model is the most reliable method to measure the passive mechanical
property of soft organs and biomaterials ex vivo. JKR and Oliver & Pharr models did not thoroughly provide
reliable results.

Materials and methods

Animals. Kidneys, liver and spleen were dissected from 5 week-, 10 week-, 20 week- and 30 week-old
C57BL/6 N mice. For kidneys and spleen, 2 mice of each sex and age were used. For liver, 2 to 4 mice of each sex
and age were used. For uterus, eight mice were used, all these mice were around 100 days old. The experiments
were approved by the regulations of local animal care committee (LAGeSo, Berlin, Germany) and the animal
welfare officers of the Max Delbriick Center for Molecular Medicine (MDC) (No. X 9011/19).

Matrigen hydrogels. Hydrogels with different stiffness (1 kPa, 2 kPa, 4 kPa, 8 kPa, 12 kPa and 25 kPa) were
purchased from Softwell, Matrigen, Matrigen Life Technologies, Brea, CA and used for quality control (1 kPa,
2 kPa, 4 kPa, 8 kPa, 12 kPa and 25 kPa; N=1 to 3).

Preparation of tissues. Left and right kidneys were respectively divided into two from the middle line of
side (Fig. 3A), the four parts were all taken into indentation. Liver samples were taken from left lobe (Fig. 4A).
Spleens were whole harvested for usage in the experiments (Fig. 5A). Left uterus horn was selected and opened
(Fig. 6A,B). All organs were cleaned with removal of visible blood, fal, membrane or vessels on the surface of
organs, but avoiding damage the parenchyma of them. To obtain a flat surface, we pasted all samples to the bot-
tom of 4 cm diameter petri-dishes with Shellac (Sigma) so that the outer surface was leveled. Tissue samples were
immersed in PBS (NaCl 0.137 M, KCI 0.0027 M, Na,HPO, 0.01 M, KH,PO, 0.0018 M; pH 7.4).

Nanoindentation. To determine elastic properties, we used a displacement-controlled nanoindenter instru-
ment (Piuma; Optics11, Amsterdam, The Netherlands). The device utilizes a fcrrulc-top cantilever pmbc“’“ to
apply load and simultaneously measure indentation depth using a fiber optic based readout (Fig. 1A). We used
a spherical probe with a radius of 50 um and a cantilever stiffness of 0.5 N/m. Cantilever bending calibrations
were performed before each series of experiments by indenting a rigid surface and equating cantilever bending
to probe displacement. Afterwards, the probe was focused on an appropriate area on tissue surface (Figs. 1B, 3A,
4A, 5A, 6B). Each gel was indented 25 times (5x 5 matrix) in an 800 x 800 um grid scan with 200 um distance
between measurements. Kidney, liver and spleen samples were indented with 9 indentations (3> 3 matrix) in
2200 %200 pum grid scan (Figs. 3B, 4B, 5B). In uterus, three indentation matrixes with 4 single indentations in
100 x 100 pum grid were tested in proximal, middle and distal parts of uterus, respectively (Fig. 6B,C). The applied
indentation protocol was composed of a loading phase for 4 s at 8000 nm indentation depth, which was held
for one second, and then an unloading phase for 4 s. All scans were done twice for the analysis of reliability. The
average of all the results in the four sections from left and right kidneys was presented as renal elasticity. The
stiffness of gel, liver and spleen was expressed as the mean value of all results in each scan. Three scans results’
average was taken as uterine hardness. All single indentation values were calculated by Piuma Dataviewer ver-
sion 2.2 (Piuma; Optics11, Amsterdam, The Netherlands).

Bland-Altman plots and coefficients. Bland-Altman plots (a graphical method to plot the difference
scores of two measurements against the mean for each subject)**, intraclass correlation coefficients (ICCs) and
within-subject coefficient of variations (COVs) were used to analyze the reliability of test-retest results. If the
difference value of test-retest results is between 95% limits of agreement in the Bland-Altman plots, it means the
reliability is good. If the value of ICC is greater than 0.8, there is good reliability between the measurement and
re-measurements. If COV's are smaller than 15%, it is considerable that the test-retest result is reliable.

All analyses were performed using SPSS 19.0 (Chicago, USA), GraphPad Prism 7.0 (San Diego, USA) or
MedCalc 19.3 software (Belgium).

Ethics approval and consent to participate. The usage of mice was abided by the regulations of local
animal care committee (LAGeSo, Berlin, Germany) and the animal welfare officers of the Max Delbriick Center
for Molecular Medicine (MDC) (No. X 9011/16). There are no ethical concerns.

Data availability
The data and protocol can be obtained by contacting Michael Gotthardt.
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1 | INTRODUCTION

Chronic kidney disease (CKD) is an important risk factor for
cardiovascular and all-cause mortality. The 5-year survival rate
among end-stage renal disease (ESRD) hemodialysis patients
is nearly 50% (McGill, 2019) and most of these deaths are re-
lated to cardiovascular disease (CVD), making ESRD a cata-
strophic risk factor (Luft, 2000). Conceivably, the hemodialysis
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Abstract

Chronic kidney disease (CKD) is an important risk factor for cardiovascular and all-
cause mortality. Survival rates among end-stage renal disease (ESRD) hemodialysis
patients are poor and most deaths are related to cardiovascular disease. Oxylipins
constitute a family of oxygenated natural products, formed from fatty acid by path-
ways involving at least one step of dioxygen-dependent oxidation. They are derived
from polyunsaturated fatty acids (PUFAs) by cyclooxygenase (COX) enzymes, by li-
poxygenases (LOX) enzymes, or by cytochrome P450 epoxygenase. Oxylipins have
physiological significance and some could be of regulatory importance. The effects
of decreased renal function and dialysis treatment on oxylipin metabolism are un-
known. We studied 15 healthy persons and 15 CKD patients undergoing regular he-
modialysis treatments and measured oxylipins (HPLC-MS lipidomics) derived from
cytochrome P450 (CYP) monooxygenase and lipoxygenase (LOX)/CYP w/(w-1)-
hydroxylase pathways in circulating blood. We found that all four subclasses of CYP
epoxy metabolites were increased after the dialysis treatment. Rather than resulting
from altered soluble epoxide hydrolase (SEH) activity, the oxylipins were released
and accumulated in the circulation. Furthermore, hemodialysis did not change the
majority of LOX/CYP w/(w-1)-hydroxylase metabolites. Our data support the idea
that oxylipin profiles discriminate ESRD patients from normal controls and are influ-

enced by renal replacement therapies.

KEYWORDS

dialysis, eicosanoids, fatty acids, lipidomics, oxylipins

treatment per se has a counterproductive effect on cardiovascu-
lar risk. Oxylipins are a superclass of lipid mediators with po-
tent biological activities. They are derived from the oxidation
of polyunsaturated fatty acids (PUFA). In addition to the well-
known eicosanoids derived from arachidonic acid (C20:4 n-6,
AA), recent developments in lipidomics methodologies have
raised awareness of, and interest in, the many hitherto unknown
oxylipins. These products include octadecanoids derived from
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linoleic acid (C18:2 n—6, LA) and a-linolenic acid (C18:3
n—3, ALA), eicosanoids derived from dihomo-y-linolenic acid
(C20:3 n—6), eicosapentanoic acid (C20:5 n-3, EPA), and do-
cosanoids derived from adrenic acid (C22:4 n—6, AdA) or do-
cosahexaenoic acid (22:6 n-3, DHA) (Gabbs, 2015). Oxylipins
are primarily produced via the cytochromes P450 (CYP) mono-
oxygenase, cyclooxygenase (COX), and lipoxygenase (LOX)/
CYP w/(w-1)-hydroxylase pathways (Figure 1), resulting in the
formation of mono-, di-, and trihydroxy fatty acids, epoxy fatty

24

 Phesicog
roa % Society

Py

acids, prostaglandins, thromboxanes, lipoxins, resolvins, and
maresin (Gabbs, 2015). Epoxyoctadecenoic acids (EpOMEs),
epoxyeicosatrienoic acids (EETS), epoxyeicosatetraenoic acids
(EEQs), and epoxydocosapentaenoic acids (EDPs) represent
the principal subclasses of CYP epoxygenase products. The
primary metabolic fate of EETs (Figure 1), EpOMEs, EEQs,
and EDPs in many cells is conversion into DHETs, DiIHOMESs,
DiHETES, and DiHDPAs by the soluble epoxide hydrolase en-
zyme (sEH) (Spector, 2004).
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FIGURE 1 Cytochrome P450 epoxygenase (CYP) and 12- and 15-lipoxygenase (LOX)/ CYP (omega-1)-hydroxylase pathways

evaluated in response hemodialysis. Linoleic (LA), arachidonic (AA), eicosapentaenoic (EPA), and docosahexaenoic acids (DHA) are

converted to epoxyoctadecenoic acids (EpOMEs, e.g.,

12,13-EpOME), epoxyeicosatrienoic acid (EETs), epoxyeicosatetraenoic acids (EEQs),

and epoxydocosapentaenoic acids (EDPs) by CYP epoxygenase, respectively. EpOMEs, EETs, EEQs, and EDPs primary metabolic fate is

conversion to dihydroxyctadecenoic acids (DIHOMES, ¢.

g., 12, 13-DIHOME), dihydroxycicosatricnoic acids (DHETS, ¢.g., 5,6-DHET),

dihydroxyeicosatetracnoic acids (DIHETES, e.g., 5,6-DiHETE, 17,18-DiHETE) and dihydroxydocosapentaenoic acids (DiHDPAs, 19,
20-DiHDPA), respectively, by the soluble epoxide hydrolase (sEH) enzyme. LA, AA, EPA, and DHA are converted to hydroperoxylinoleic
acids (HpODESs), hydroxyoctadecadienoic acids (HODEs), leukotriene B (LTB), lipoxin A (LXA), hydroxydocosahexaenoic acids (HDHAs),
hydroperoxyeicosatetraenoic acids (HPETEs), and hydroxyeicosatetraenoic acids (HETEs) by LOX, CYP omega/(omega- 1 }-hydroxylase and
peroxidase pathways. The metabolites measured within these pathways track the changes observed in LA, AA, EPA, and DHA, respectively
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Oxylipins are not only important in normal phys-
iology, but can also have detrimental effects (for review
see (Gabbs, 2015; Nayeem, 2018: Tourdot, Ahmed, &
Holinstat, 2014)). They could exhibit either beneficial
or harmful cardiovascular effects (Afshinnia, 2018; Fan
& Roman, 2017; Schunck, 2018). Oxylipin profiling of
human plasma in uremic ESRD patients before fistula con-
struction surgery has been reported (Hu, 2018). The au-
thors identified decreases in 5,6-dihydroxyeicosatrienoic
acid (5,6-DHET) and 5-hydroxyeicosatetraenoic acid (5-
HETE), but increases in 9,10-EpOME and 12,13-EpOME
as key markers that discriminated between ESRD patients
and controls. The products are biologically active. For ex-
ample, EETs and DHETs are considered candidates for
vasodilatory endothelium-derived hyperpolarizing factors
(EDHFs) (Campbell, 1996), whose release is triggered
by Ca’* and shear stress via the CYP pathway (Campbell
& Fleming, 2010; Graber, Alfonso, & Gill, 1997). While
EpOMEs and their diols decrease cardiac postischemic
functional recovery (Bannehr, 2019a), 5-HETE stimulates
neutrophil chemotaxis and degranulation, (Goetzl, 1980;
Stenson & Parker, 1980; Valone, 1980) and inhibits endo-
thelial PGI2 production with consecutive effects on plate-
let aggregation and vasomotor tone (Gordon, Gordon, &
Spector, 1991). Hemodialysis treatment per se increases
levels of plasma 6-keto PGF1 alpha and PGF2 isopros-
tanes, which may also play a role in platelet aggregation
and vasodilation (Kim, 2004; Kovac, 1992). Whether or
not the hemodialysis treatment itself affects oxylipin pro-
files is unknown. We tested the hypothesis that oxylipin
profiles differ in normal subjects and ESRD patients and
that the hemodialysis treatment per se would affect plasma
concentrations.

2 | METHODS
The Charité University Medicine Institutional Review Board
approved this registered study (ClinicalTrials.gov, Identifier:
NCT03857984). In total, 15 healthy volunteers (6 male and 9
female) and 15 ESRD patients (7 men and 8 women) partici-
pated in the study (Table 1). Inclusion criteria for the group of
CKD patients were: history of renal failure requiring hemo-
dialysis/hemofiltration therapy, age over 18 years, the ability
to consent, and written consent of the study participant. The
patients in the group CKD were diagnosed for the follow-
ing conditions: diabetes mellitus (4 patients), hypertension
(3 patients), membranous glomerulonephritis (2 patients),
ADPKD (autosomal dominant polycystic kidney disease) (1
patient), other or unknown (5 patients). Exclusion criteria for
healthy volunteers were: age under 18 years, chronic illness
requiring any medication, pregnancy, inability to follow sim-
ple instructions, relevant or severe abnormalities in medical

NiBsoscs =) Physiological Reportst—"m
TABLE 1 Characteristics of hemodialysis (HD) patients and
control subjects (n = 15 each)

HD patients Controls
Age (years) 50 18 47 12
Sex
Male (n) 7 6
Female (1) 8 9
Body mass index (kglml) 248 34 247 4.6
Race (n)

Caucasian = 14 Caucasian = 14

Black =1 Asian = 1

Cause of end-stage renal disease

Diabetes (1) 4
Hypertension (n) 3
Membranous 2
glomerulonephritis (1)
ADPKD (n) 1
Other or unknown 5
Complications
Cardiovascular (i) 2
Cerebrovascular (1) 1
Peripheral artery 3

disease (n)

Note: Data are presented as mean S0 or frequencies.

history, or physical examination (Gollasch, 2020). Patients
underwent thrice weekly dialysis, which lasted from 3 hr
45 min to 5 hr, based on high flux AK 200 dialyzers (Gambro
GmbH, Hechingen, Germany).

Venous blood was collected in each healthy subject by
subcutaneous arm vein puncture in the sitting position. In
the group of dialyzed patients (CKD group), all the blood
samples were collected on the fistula arm right before begin-
ning of the dialysis (pre-HD) and at the end of the dialysis
(5-15 min before termination, post-HD). All blood samples
were obtained by 4°C precooled EDTA vacuum extraction
tube systems. Cells were separated from plasma by centrif-
ugation for 10 min at 1,000-2,000 g using a refrigerated
centrifuge. Following centrifugation, supernatant plasma
was immediately transferred into clean polypropylene tubes
using an Eppendorf pipette. The samples were maintained at
2-8°C while handling. Aliquots (0.5 ml) were then stored at
—80°C until further processing and extraction. Overall, the
processing took no longer than 10 min. All samples were an-
alyzed for free and total plasma oxylipins. Oxylipins were
determined by high-performance liquid chromatography
mass spectrometry (HPLC-MS) spectrometry described in
(Fischer, 2014) (Gollasch, 2019a). Descriptive statistics were
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calculated and variables were examined for meeting assump-
tions of normal distribution without skewness and kurtosis.
We used the Shapiro—Wilk test to determine if they were
normally distributed. In order to determine statistical signifi-
cance, a two-tailed ¢ test or Mann—Whitney test were used to
compare values of CKD versus control groups. Homogeneity
of variances was asserted using Levene's test. Paired ¢ test
or paired Wilcoxon test were used to compare pre-HD ver-
sus post-HD values. In order to determine the statistical
significance between the four classes of epoxy metaboliles
hydrolyzed to appear in the circulation, Friedman's test was
used followed by applying Dunn's multiple comparison test
(Gollasch, 2019a, 2019b). The .05 level of significance (p)
was chosen. All data are presented as mean  SD. All statis-
tical analyses were performed using SPSS Statistics software
(IBM Corporation, Armonk, NY, USA).

3 | RESULTS

3.1 | Clinical characteristics

Table 1 shows the demographics of the ESRD hemodialysis
(HD) patients and control subjects. The results show that age
and body mass indices between HD patients and the healthy
subjects were not different (p > .05 each). Subjects were
Caucasians, with the exception of one African and one Asian
subject in each group. The ESRD patients had diabetes melli-
tus, hypertension, membranous glomerulonephritis, ADPKD,
and other or unknown disease, as underlying causes. Major
cardiovascular complications were cardiovascular and cer-
ebrovascular events, and peripheral artery disease.

3.2 | Oxylipins in ESRD

We first determined the total levels of oxylipins in plasma
of the HD patients (Table 2) and compared the results with
the healthy control subjects. We were particularly interested
in 9,10-EpOME, 12,13-EpOME, 5,6-DHET, and 5-HETE,
which have been recently identified as the key markers to dis-
criminate uremic ESRD patients from controls (Hu, 2018).
Our results confirm these findings. However, we also detected
increased 5.6-EET, 89-EET, 11,12-EET, 14,15-EET, 5,6-
EEQ. 11,12-EEQ, 14,15-EEQ, 17,18-EEQ, 14,15-DiHETE,
7.8-EDP, 10,11-EDP, 16,17-EDP, 19,20-EDP, 5-HEPE, 12-
HEPE, and 19-HEPE levels in our ESRD patients undergo-
ing regular hemodialysis treatments, compared to the control
subjects (Table 2A). Moreover, 13-HODE, 9,10-DiHOME,
8,9-DHET, 11,12-DHET, 14,15-DHET, 8-HETE, 9-HETE,
11-HETE, 12-HETE, 15-HETE, 16-HETE, 19-HETE, 20-
HETE, 8-HEPE, 9-HEPE, 15-HEPE, 18-HEPE, 4-HDHA,
7-HDHA, 8-HDHA, 10-HDHA, |1-HDHA, 13-HDHA,

14-HDHA, 16-HDHA, 17-HDHA,and 20-HDHA levels
were decreased in our ESRD patients, compared to controls.
Our dialysis patients showed 12,13-DiHOME, 8,9-EEQ,
5,6-DIiHETE, 8,9-DiHETE, 11,12-DiHETE, 17,18-DiHETE,
13,14-EDP, 7,8-DiHDPA, 10,11- DiHDPA, 13,14-
DiHDPA, 16,17- DiHDPA, 19,20- DiHDPA, 17-HETE, 18-
HETE, 12-HpETE, 20-HEPE, 21-HDHA, and 22-HDHA
levels, which were similar to values observed in the control
group. Metabolites in free state may have been contributed
to changes of total 9,10-DiHOME, 11-HETE, 12-HETE,
or 12-HEPE levels (Table 2B) since both total and free ox-
ylipins showed similar data grouping effects (right columns
in Table 2A and B). With exception of decreased PGE2 and
PGD2 levels (Table 2B), our CKD patients showed similar or
nondetectable levels of TXB2, 11-dehydro TXB2, 15-keto-
PGE2, 13,14-dihydro-15-keto-PGE2, 13,14-dihydro-
15-keto-PGD2, PGJ2, 15-deoxy-delta 12,14-PGJ2, PGF2a,
8-iso-PGF2a, TXB3, 11-dehydro TXB3, PGE3, 6(S)-LXA4,
LXA4, 15(R)-LXA4, LXB4, LXAS, MAR 1, 7-epi-MARI,
RvDI, 17(R)-RyD1, RvD2, RvD3, RvDS, and RvE1, com-
pared to healthy controls (detection level of 0.05 ng/g, each).

Together, the findings indicate that ESRD is associated
with an altered plasma oxylipins status namely an individual
signature, which shows decreases in the majority of LOX/
CYP o/(w-1)-hydroxylase-dependent metabolites (HETEs,
HEPEs, HDTAs, and 13-HODE) and increases in all four
classes of CYP epoxy metabolites (i.e., EET, EpOME, EEQ,
and EDP).

3.3 | Diol/epoxide ratios

As shown in Figure 1, the main pathway of EET, EpOME,
EEQ, and EDP metabolism in many cells is conversion into
DHETs, DiHOMESs, DiIHETES, and DiHDPAS by the soluble
epoxide hydrolase enzyme (sEH), even though epoxy-poly-
unsaturated fatty acids (EpPUFA) can also be nonenzymati-
cally hydrolyzed into dihydroxymetabolites (DiHPUFA)
(Spector, 2004). Since ESRD might have caused EET,
EpOME, EEQ, and EDP production rapidly degraded to
their diols, we next analyzed the sums of the individual CYP
epoxy metabolites and their diols (Table 3A). We found that
ESRD was associated with increased levels of the majority of
those CYP metabolites (Table 3A). To provide insights into
possible mechanisms underlying this increase, we calculated
diol/epoxide ratios of the epoxy metabolites (Table 3B and
C). We found that the four classes of epoxy metabolites are
unequally hydrolyzed to appear in the circulation (Friedman's
test, p < .05). We found that EpOMEs and EDPs are bet-
ter metabolized into their diols (ratio of DIHOMEs/EPOMEs
and DiHDPAS/EDPs; 0.156  0.301 and 0.114  0.141, re-
spectively; Dunn's multiple comparison test, p > .05) than
EETs and EEQs (ratios of those diols/epoxy metabolites,
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TABLE 2 Comparison of oxylipins between control subjects versus. CKD patients before hemodialysis (HD) (n = 15)
p-value
t-Test

Amount ng/mL

A. Total oxylipins in plasma.
9,10-EpOME
12,13-EpOME
5,6-EET
8,9-EET
11,12-EET
14,15-EET
5,6-EEQ
11,12-EEQ
14,15-EEQ
17,18-EEQ
14,15-DiHETE
7,8-EDP
10,11-EDP
16,17-EDP
19,20-EDP
5-HEPE
12-HEPE
19-HEPE
13-HODE
9,10-DiIHOME
5,6-DHET
8,9-DHET
11,12-DHET
14,15-DHET
5-HETE
8-HETE
9-HETE
11-HETE
12-HETE
15-HETE
16-HETE
19-HETE
20-HETE
8-HEPE
9-HEPE
15-HEPE
4-HDHA
7-HDHA
8-HDHA
10-HDHA
11I-HDHA

Control (Mean

17.22
19.42
15.66
4.97
2.02
8.02
7.87
0.42
0.32
1.00
0.02
1.53
0.33
133
1.56
1.07
1.09
0.77
39.08
5.05
1.60
1.42
0.41
0.55
7.22
5.60
6.60
9.95
11.82
17.22
1.39
1.10
0.98
0.50
0.53
0.78
2.39
1.04
1.27
1.75
1.33

11.11
16.22
734
2.07
064
3.62
532
0.27
0.20
0.68
0.01
0.52
0.19
0.48
0.55
0.62
0.65
0.31
1332
3.17
0.76
051
0.15
0.24
321
241
223
273
4.23
5.36
0.61
0.51
0.30
0.28
0.29
0.44
0.95
0.47
0.55
0.61
0.57

HD (mean

57.77
57.80
47.09
13.12
7.29
35.11
28.3
1.48
1.22
4.45
0.04
3.65
0.75
5.34
7.75
1.12
1.33
1.80
30.44
4.07
0.85
1.10
0.31
0.32
4.25
3.16
3.78
5.05
6.52
8.82
0.75
0.58
0.72
0.46
0.48
0.66
1.61
0.79
1.02
1.00
0.97

53.82
58.55
53.73
13.52
8.74
39.14
324
1.60
1.37
4.74
0.09
2.36
0.54
4.55
5.99
2.19
3.32
5.06
14.64
4.37
0.45
1.25
0.16
0.10
1.40
4.49
1.38
1.53
3.42
3.30
0.25
0.22
0.26
1.04
1.05
1.40
1.32
0.88
1.29
1.00
1.14

SD)

(”Mann-Whitney Test)

0k
004"
013%
009"
<.001%
.001%
028
019*
o1r#
002*
041*
002"
005%
<.001"
<.001*
023"
002*
021%
041%
0417
004%
016"
019*
003
001#
003
<.001
<.001
<0017
<.001
<.001%
<.001%
019
.001*
001%
<.001"
009*
045"
026%
0017
013%

Data grouping effect

HD > Control

HD < Control

(Continucs)
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TABLE 2 (Continued)
p-value
t-Test
Amount ng/mL Control (Mean SD) HD (mean SD) (”Mann-Whitney Test) Data grouping effect
13-HDHA 144 0.54 0.90  0.80 .002*
14-HDHA 227 081 118 133 001#
16-HDHA 1.14 040 076 0.84 002*
17-HDHA 3.02 098 1.85 1.83 o01#
20-HDHA 473 178 290 248 002*
12,13-DiIHOME 376 1.67 318 2356 267* No effect or not
8,9-EEQ 0.66 040 185 2.03 098" significant
5,6-DIHETE 025 0.15 0.38  0.69 4617
8,9-DIHETE 0.02 001 0.05 0.14 102%
11,12-DIHETE 0.01 001 0.02 007 074%
17,18-DIHETE 0.10  0.04 022 048 838"
13,14-EDP 020 0.11 045 040 148"
7,8-DiIHDPA 024 0.13 028 037 412¢
10,11-DiHDPA 0.05 0.02 0.05  0.09 260"
13,14-DiHDPA 0.04 001 0.04 005 130*
16,17-DiHDPA 0.10 0.04 011 0.11 285"
19,20-DiHDPA 057 025 090 0.23 935%
17-HETE 025 007 030 023 967*
18-HETE 072 036 056 0.24 187%
12-HpETE 6.23 3.23 1232 10.44 067*
20-HEPE 0.13 007 035  0.81 775%
21-HDHA 070 023 153 335 744%
22-HDHA 021 007 0.63 1.55 967"
B. Free oxylipins in plasma.
13,14-EDP 0.01 0.01 0.02 0.02 019" HD > Control
9-HEPE 0.04  0.03 0.08 025 017*
12-HEPE 1.65 1.25 326 9.64 015"
18-HEPE 038 0.20 058 1.67 001*
10-HDHA 020 0.10 023 0.0 029"
16-HDHA 0.06 0.05 0.12 037 007"
17-HDHA 0.59 0.28 0.85 233 004"
9,10-DIHOME 1.65 2.14 0.44 041 .046 HD < Control
5,6-EET 037 013 023 010 003
11,12-EET 0.06 0.04 0.03  0.02 013*
14,15-DiHETE 0.03 003 002 005 008"
17,18-DiHETE 027 034 0.12 020 003*
9-HETE 0.12 0.04 0.09 0.12 013"
11-HETE 0.74 022 024 0.12 <.001
12-HETE 9.61 622 4.44  5.60 006"
15-HETE 1.19 085 041 022 <.001*
15-HEPE 0.14  0.09 0.13 035 001*
13-HDHA 0.11 007 0.10  0.20 022%
(Continues)
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TABLE 2 (Continued)

p-value
t-Test
Amount ng/mL Control (Mean SD) HD (mean SD) (”Mann-Whitney Test) Data grouping effect
14-HDHA 1.80 096 130 223 017"
TXB2 0.38 0.19 0.14  0.16 003"
PGE2 0.09 0.04 0.04  0.03 .001*
PGD2 0.05 0.02 0.03 0.02 .012%
13-HODE 768 628 505 527 098* No effect or not
significant
9,10-EpOME 0.70 0.59 1.73 2.01 098"
12,13-EpOME 0.78 0.70 1.59 1.89 254%
12,13-DiHOME 9.02 1434 293 275 080"
8,9-EET 0.02 0.02 0.03 0.03 180
14,15-EET 031 0.19 039 028 397
5,6-DHET 0.01 0.01 0.01 0.01 856%
8,9-DHET 011 012 0.09 0.05 719*
11,12-DHET 0.11 0.09 0.08 0.04 555%
14,15-DHET 0.05 0.02 0.04 0.01 067
5,6-EEQ 037 0.12 032 0.19 638
8,9-EEQ 0.09 0.08 035 0.73 241%
11,12-EEQ 0.02 001 005 0.12 1.000*
14,15-EEQ 0.09 0.08 022 0.59 222%
17,18-EEQ 027 022 075 215 467"
5,6-DIHETE 0.01 0.01 0.01 0.02 098"
8,9-DIHETE 0.01 0.01 0.01 0.03 896"
11,12-DiHETE 0.01 001 0.01 0.01 047
7.8-EDP 0.15 0.8 0.15 021 235%
10,11-EDP 0.01 001 0.03 0.05 316"
16,17-EDP-233 0.04 0.06 0.02 0.02 185%
19,20-EDP 0.03 0.04 049 143 072*
7.8-DiIHDPA 0.01 001 0.01 0.01 650"
10,11-DiHDPA 0.01 0.01 0.01 0.01 200%
13,14-DiHDPA 0.01  0.01 0.01 0.01 142%
16,17-DiHDPA 0.08 0.05 0.09 0.07 717
19,20-DiHDPA 0.34 020 0.64 081 363"
5-HETE 0.07 0.03 0.09 0.11 892*
8-HETE 0.17 0.08 0.14  0.09 294%
16-HETE 029 008 025 0.10 282
17-HETE 0.05 0.02 011 0.19 928%
18-HETE 0.01 001 0.03 0.05 339%
19-HETE 0.04 001 0.04 0.02 690
20-HETE 025 0.10 035 0.19 118*
12-HpETE 0.04 0.04 0.05 0.04 598
5-HEPE 0.05 0.03 0.15 042 440"
19-HEPE 0.35 042 145 424 339%
20-HEPE 0.03 0.06 024 0.50 823%

(Continucs)
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TABLE 2 (Continued)

Amount ng/mL Control (Mean SD)

4-HDHA 0.03 0.03 023 073

7-HDHA 0.01 0.01 0.05 0.14

8-HDHA 0.02 0.02 0.07 0.19

11-HDHA 0.12  0.07 0.28 074

20-HDHA 0.16  0.09 0.16 037

21-HDHA 0.39 051 202 594

22-HDHA 032 043 1,10 3.00

15-keto-PGE2 n.d. n.d.

13,14-dihydro—15- n.d. n.d.

keto-PGE2

13,14-dihydro—15- n.d. n.d.

keto-PGD2

PGJ2 n.d. n.d.

15-deoxy-delta n.d. n.d.

12,14-PGJ2

PGF2a8-is0-PGF2a nd. n.d.

TXB3 n.d. n.d.

11-dehydro TXB3 n.d. n.d.

PGE3 n.d. n.d.

6(S)-LXA4 n.d. n.d.

LXA4 n.d. n.d.

15(R)-LXA4 n.d. n.d.

LXB4 n.d. n.d.

LXAS n.d. n.d.

MAR | n.d. n.d.

7-epi-MARI n.d. n.d.

RvD1 n.d. n.d.

17(R)-RvD1 nd. n.d.

RvD2 n.d. n.d.

RvD3 n.d. n.d.

RvD5 n.d. n.d.
0.047 0.046 and 0.027 0.031, respectively; Dunn's

multiple comparison test, p > .05) (Table 3B). In fact,
the following order of ratios was identified: DiIHOMEs/
EpOMEs = DiIHDPA/EDPs > DHETS/EETs = DiHETEs/
EEQs (Dunn's multiple comparison test, p < .05). This pat-
tern was also found for the individual metabolites in vivo, as
shown (Table 3C). Together, the findings indicate that CYP
epoxy metabolites are released and accumulated in the cir-
culation of ESRD HD patients, compared to controls, with
epoxy metabolite substrate classes unequally hydrolyzed by
sEH in vivo.

HD (mean SD)

p-value

t-Test
(”Mann-Whitney Test) Data grouping effect
821"

294*

387"

254*

.004*

892*

VAN

3.4 | Effects of hemodialysis

The effects of hemodialysis treatment on plasma oxylipins in
ESRD HD patients are summarized (Table 4). The data demon-
strate an increase in the majority of epoxy metabolites, including
9,10-EpOME, 12,13-EpOME, 9,10-DiHOME, 12,13-DiHOME,
5,6-EET, 14,15-EET, 8,9-DHET, 11,12-DHET, 8,9-EEQ, 11,12-
EEQ, 14,15-EEQ, 17,18-EEQ, 14,15-DiHETE, 17,18-DiHETE,
7.8-EDP, 10,11-EDP, 13,14-EDP, 16,17-EDP, 19,20-EDP,
7.8-DiHDPA, 10,11-DiHDPA, 13,14-DiHDPA, 16,17-DiHDPA,
and 19.20-DiHDPA (Table 4A). Moreover, hemodialysis also
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TABLE 3 Comparison of oxylipins and their ratios between control subjects versus. CKD patients before hemodialysis (HD) (n = 15)

Epoxides or Diols
(ng/mL)

Control (Mean SD)

HD (Mean SD)

A. Concentrations of individual total epoxides plus their respective diols in plasma.

9,10-

EpOME

+
9,10-DIHOME
12.13-EpOME
+
12,13-DiHOME
5.6-EET

+

5,6-DHET
8,9-EET

+

8,9-DHET
11,12 EET

4

11,12-DHET
14,15-EET

+

14,15-DHET
5.6-EEQ

+

5.6-DIHETE
11,12-EEQ

+
11,12-DiHETE
14.15-BEQ

i
14,15-DiHETE
17,18-EEQ

+
17,18-DiHETE
7.8-EDP

+

7.8-DiHDPA
10,11-EDP

+
10,11-DiHDPA
16,17-EDP

n
16,17-DiHDPA
19.20-EDP

+
19,20-DiHDPA
8.9-EEQ

+

8.9-DIHETE
13,14-EDP

i
13.14-DiHDPA

22.27

23.18

17.25

6.213

2427

8.574

8.119

0.4307

0.3400

1.101

1.766

0.3813

1.425

2,126

0.6840

0.2453

12.62

17.10

7.548

2.207

0.7535

3.654

5.428

0.2757

0.2008

0.7089

0.5502

0.1933

0.4758

0.6048

0.4120

0.1193

61.84

60.97

47.94

14.22

7.601

3543

28.67

1.502

1.260

4.671

3.930

0.8080

5.445

8.650

1.901

0.4880

53.16

58.41

53.82

13.81

8.773

39.17

32.50

1.610

1.377

4.833

2.449

0.5495

4.546

6.002

2.067

0.4005

p-value
Mann-Whitney test

0025

0062

0213

0421

{0006

0014

0344

0263

0170

0042

0045

0152

0003

<.0001

1103

Data grouping effect

HD > Control

No effect or not significant

(Continues)
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TABLE 3 (Continued)

Epoxides or Diols
(ng/mL)

B: Ratios estimated using total concentrations of epoxides and diols in plasma.

Ratio 0.3009  0.1402 0.1559 03014
(9,10-DiIHOME
+
12,13-DiHOME)
/
(9.10-EpOME
+
12,13-EpOME)
Ratio 0.1406  0.07617
(5,6-DHET

o

8,9-DHET

+
11,12-DHET
+
14,15-DHET)
/

(5,6-EET

+

8,9-EET

+

11,12 EET

+

14,15-EET)

Ratio 0.04801  0.02220
(5.6-DiHETE
Ay

8.9-DIHETE

+
11,12-DiHETE
55
14,15-DiHETE
4
17,18-DiHETE)
/

(5,6-EEQ

+

8,9-EEQ

+

11,12-EEQ

+

14,15-EEQ

4

17,18-EEQ)

Control (Mean SD) HD (Mean SD)

0.04724  0.04648

0.02745  0.03105

p-value
Mann-Whitney test

.0008

<.0001

0028

Data grouping effect

HD < Control

(Continucs)
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TABLE 3 (Continued)
Epoxides or Diols p-value
(ng/mL) Control (Mean SD) HD (Mean SD) Mann-Whitney test
Ratio 0.2242  0.1244 0.1145  0.1411 0032
(7,8-DiHDPA
Es
10,11-DiHDPA
4y
13,14-DiHDPA
+
16,17-DiIHDPA
+
19,20-DiHDPA)
/
(7.8-EDP
+
10,11-EDP
+
13,14-EDP
+
16,17-EDP
+
19,20-EDP)
p-value
Ratios Control (Mean SD) HD (Mean SD) Mann-Whitney test
C. Ratios estimated using individual total concentrations of epoxides and their diols in plasma.
9,10-DIHOME 0.3487 0.1679 0.1792  0.3752 .0003
/
9,10-EpOME
12,13-DiHOME 0.2567 0.1225 0.1320  0.2280 L0012
/
12,13-EpOME
5,6-DHET 0.1156  0.06784 0.03753  0.03869 .0002
/
5,6-EET
8,9-DHET 0.2790 0.1382 0.1206 0.1024 0006
/
8,9-EET
11,12-DHET 0.2092  0.05280 0.07844  0.06571 .0002
/
11,12-EET
14,15-DHET 0.08377 0.05311 0.02045  0.02099 <.0001
/
14,15-EET
5,6-DiIHETE 0.03749 0.01789 0.01923  0.02031 .0028
/
5.6-EEQ
8,9-DIHETE 0.04396 0.02798 0.02663  0.04312 0021
/
8,9-EEQ
11,12-DiIHETE 0.03184 0.01914 0.01553  0.02861 .0008
/
11,12-EEQ

Physiological Repoorts,—J“—"”4

Data grouping effect

Data grouping effect

HD < Control

(Continucs)
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TABLE 3 (Continued)
p-value
Ratios Control (Mean SD) HD (Mean SD) Mann-Whitney test Data grouping effect
14,15-DiHETE 0.08126  0.04245 0.04268  0.05904 0014
/
14,15-EEQ
17,18-DiHETE 0.1335 0.06799 0.07081 0.08064 .0070
/
17,18-EEQ
7.8-DIHDPA 0.1699 0.1156 0.09037  0.09216 20070
/
7.8-EDP
10,11-DiHDPA 0.2078 0.1351 0.08913 0.1152 .0008
/
10,11-EDP
13,14-DiHDPA 0.2631 0.1276 0.1662  0.1892 .0202
!
13,14-EDP
16,17-DiIHDPA 0.08331  0.04474 0.03211  0.03420 0004
/
16,17-EDP
19,20-DIHDPA 04071  0.2295 0.1934  0.2658 20025
/
19,20-EDP

increased several LOX/CYP w/(w-1)-hydroxylase metabolites,
such as 13-HODE, 20-HETE, 5-HEPE, 15-HEPE, 18-HEPE,
19-HEPE, 7-HDHA, and 11-HDHA. No changes occurred in
the levels of other CYP and LOX/CYP w/(w-1)-hydroxylase
metabolites (Table 4A). No level variations of free oxylipins
were found in response to hemodialysis, with the exception of
9,10-DIHOME, 11,12-EET, 19,20-DiHDPA, and 12-HpETE
(Table 4B). While TXB2, PGE2, and PGD2 levels did not
change by hemodialysis, this treatment did not cause accumula-
tion of detectable levels of 11-dehydro TXB2, 15-keto-PGE2,
13,14-dihydro-15-keto-PGE2,  13,14-dihydro-15-keto-PGD2,
PGIJ2, 15-deoxy-delta 12,14-PGJ2, PGF2a, 8-iso-PGF2a, TXB3,
11-dehydro TXB3, PGE3, 6(S)-LXA4, LXA4, 15(R)}-LXA4,
LXB4, LXAS5, MAR 1, 7-epi-MARI, RvDI, 17(R)-RvDI,
RvD2, RvD3, RvD5, and RVEI in plasma (Table 4B) at a detec-
tion level of 0.05 ng/g, each.

3.5 | Diol/epoxide ratios

Our analysis of sums of the individual CYP epoxy me-
tabolites and their diols (Table 5A) demonstrated increased
accumulation of (9,10-EpOME + 9,10-DiHOME), (12,13-
EpOME + 12,13-DiHOME), (5,6-EET + 5,6-DHET)
(5.6-EEQ + 5,6-DIiHETE), (8,9-EEQ + 8,9-DiHETE), (11,12-
EEQ + 11,12-DIHETE), (14,15-EEQ + 14,15-DiHETE),
(17,18-EEQ + 17,18-DiHETE), (7,8-EDP + 7,8-DiHDPA),
(1920-EDP + 1920-DiHDPA), (8,9-EET + 8,9-DHET),

(14,15-EET + 14,15-DHET), (10,11-EDP + 10,11-DiHDPA),
(13,14EDP + 13,14-DiHDPA) and (16,17-EDP +
16,17-DiIHDPA). To provide insights into possible mecha-
nisms, we calculated ratios of diols/epoxides. We found that the
ratios were not influenced by hemodialysis (Table 5B and C).
Together, the results indicate that the CYP epoxy metabolites
are rather released and accumulated in the circulation during
hemodialysis treatment than resulting from altered SEH activ-
ity in vivo. Furthermore, hemodialysis treatment is insufficient
to change the majority of LOX/CYP w/(w-1)-hydroxylase me-
tabolites in ESRD patients.

4 | DISCUSSION

Our data demonstrate that all four subclasses of CYP epoxy
metabolites and several LOX/CYP w/(w-1)-hydroxylase me-
tabolites are increased by the hemodialysis treatment. We
found that these changes are unlikely related to altered sEH
activity. The data are also not related to alterations of plasma
or red blood cell (RBC) fatty acid levels, in particular RBC
n-3 fatty acid status, which we demonstrated in our previous
study (Gollasch, 2020). Despite significant changes in fatty
acids signatures between healthy persons and CKD patients,
we observed that hemodialysis does not alter plasma or RBC
fatty acid levels to potentially explain the observed changes of
oxylipins in the present study (Gollasch, 2020). Our data sup-
port the idea that 9.10-EpOME, 12,13-EpOME, 5,6-DHET,
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TABLE 4  Effects of hemodialysis on oxylipins in the CKD patients before (pre-HD) and at cessation (post-HD) of hemodialysis (n = 15
each)
p-value
Pre-HD Post-HD Paired #-Test
Amount ng/ml (Mean SD) (mean SD) (“paired Wilcoxon Test) Data grouping effect
A. Total oxylipins in plasma.

13-HODE 3044 1464 42.19 23.88 016* Post-HD

9,10-EpOME 5777 5382 145.71  161.87 041% >

12,13-EpOME 57.80 58.55 14029 14506 0417 Pre-HD

9,10-DiIHOME 407 437 635 4.81 019*

12,13-DiIHOME 3.18 2.56 581 3.71 004%

5,6-EET 4709 5373 127.44  131.75 035*

14,15-EET 3511 39.14 103.89 115.46 048*

8,9-DHET 1.10 1.25 1.29  1.49 o

11,12-DHET 031 0.16 038 0.19 022°

8,9-EEQ 1.85 2.03 527 6.00 019*

11,12-EEQ 1.48 1.60 443 559 035*

14,15-EEQ 122 1.37 3.56 452 030°

17,18-EEQ 445 4.74 13.85 18.04 048°

14,15-DiHET .04 0.09 0.05 0.10 019*

17,18-DiIHETE 0.22 048 025 049 006"

7.8-EDP 3.65 236 967 871 041%

10,11-EDP 0.75 0.54 1.98 223 041%

13,14-EDP 045 040 133 164 048”

16,17-EDP 534 455 17.46  18.62 0417

19.20-EDP 795 5.99 2639 27.84 035°

7,8-DiHDPA 0.28 037 0.31 040 016*

10,11-DiHDPA 0.05  0.09 0.06  0.10 onr*

13,14-DiHDPA 0.04 0.05 0.05 005 022°

16,17-DiHDPA 11 011 013 0.11 002%

19,20-DiHDPA 0.90 023 1.o6  1.17 016*

20-HETE 072 0.26 0.86  0.26 .032

5-HEPE .12 219 1.33  2.63 0227

15-HEPE 0.66 140 078 151 013*

18-HEPE 1.78 3.7 225 458 0417

7-HDHA 079 0.88 091 093 048’

11-HDHA 0.97 1.14 1.18  1.27 0417

19-HEPE 1.80  5.06 1.62 3.78 041* Pre-HD

>
Post-HD
8,9-EET 13.12 1352 2953 2779 056* No effect or not
significant

11,12-EET 729 8.74 1297 11.42 124%

5,6-DHET 0.85 045 0.87 040 826"

14,15-DHET 032 0.10 036 0.10 300

5,6-EEQ 283+ 324 87.0+ 114.0 132

5,6-DIHETE 038 0.69 042 078 272*

(Continucs)
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TABLE 4 (Continued)

p-value
Pre-HD Post-HD Paired #-Test
Amount ng/ml (Mean SD) (mean SD) (‘”paired ‘Wilcoxon Test) Data grouping effect
8,9-DIHETE 0.05 0.1 0.06 0.17 2217
11,12-DIHETE 0.02 007 0.03  0.08 109"
5-HETE 425  1.40 4.84 212 213
8-HETE 3.16 449 370 1.75 108
9-HETE 378 1.38 483 251 083
11-HETE 505 1.53 6.39 3.21 116
12-HETE 6.52 342 7.1 3.14 158"
15-HETE 8.82 330 10.82  6.77 .109"
16-HETE 075 025 092 0.66 2217
17-HETE 030 023 033 031 363"
18-HETE 0.56 024 0.56  0.28 638"
19-HETE 058 02 0.58 027 925%
12-HpETE 1232 10.44 1578 19.17 972*
8-HEPE 046 1.04 0.54 1.17 096"
9-HEPE 048 1.05 053 1.08 064"
12-HEPE 133 332 1.52 3.64 064"
20-HEPE 035 081 029 049 064"
4-HDHA 1.61 132 1.94 1.70 084"
8-HDHA 102 129 111 1.32 221"
10-HDHA 1.00  1.00 1.16  1.08 056"
13-HDHA 0.90 0.80 1.10 0.93 074"
14-HDHA 1.18 1.33 142 1.58 064"
16-HDHA 0.76  0.84 091 092 084"
17-HDHA 1.85 1.83 226 2.02 084"
20-HDHA 290 248 335 3.00 158*
21-HDHA 1.53 335 1.29 214 925"
22-HDHA 063 155 0.51 081 096"
B. Free oxylipins in plasma.
9,10-DiIHOME 044 041 1.07  1.12 034" Post-HD
11,12-EET 0.03 0.02 0.04 0.02 015" =
19,20-DiHDPA 064 081 060 074 019* Fre-HD
12-HpETE 0.05 0.04 0.39 0.36 027
13-HODE 505 5.27 923 7.89 No effect or not
significant
9,10-EpOME 173 201 355 262 308"
12,13-EpOME 1.59 1.89 428 422 272*
12,13-DiHOM 293 275 6.10  8.36 099"
5,6-EET 023 0.10 040 032 071*
8,9-EET 0.03 0.03 0.02 0.02 347"
14,15-EET 039 028 0.63 0.66 433"
5,6-DHET 0.01  0.01 0.01  0.01 .329
8,9-DHET 0.09 0.05 0.10 0.05 131"
11,12-DHET 0.08 0.04 0.09 0.04 306

(Continues)
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TABLE 4

(Continued)

Amount ng/ml
14,15-DHET
5,6-EEQ
8,9-EEQ
11,12-EEQ
14,15-EEQ
17,18-EEQ
5,6-DIHETE
8.9-DiIHETE
11,12-DiHETE
14,15-DIHETE
17,18-DiHETE
7,8-EDP
10,11-EDP
13,14-EDP
16,17-EDP-233
19,20-EDP
7,8-DiHDPA
10,11-DiHDPA
13,14-DiHDPA
16,17-DiHDPA
5-HETE
8-HETE
9-HETE
11-HETE
12-HETE
15-HETE
16-HETE
17-HETE
18-HETE
19-HETE
20-HETE
5-HEPE
8-HEPE
9-HEPE
12-HEPE
15-HEPE
18-HEPE
19-HEPE
20-HEPE
4-HDHA
-HDHA
8-HDHA

Pre-HD

(Mean
0.04

0.32
0.35
0.05
0.22
0.75
0.01
0.01
0.01
0.02
0.12
0.15
0.03
0.02
0.02
0.49
0.01
0.01
0.01
0.09
0.09
0.14
0.09
0.24
4.44
0.41
0.25
0.11
0.03
0.04
0.35
0.15
0.08
0.08
3.26
0.13
0.58
1.45
0.24
0.23
0.05
0.07

SD)

0.01

0.19
0.73
0.12
0.59
At
0.02
0.03
0.01
0.05
0.20
0.21
0.05
0.02
0.02
1.43
0.01
0.01
0.01
0.07
0.11
0.09
0.12
0.12
5.60
0.22
0.10
0.19
0.05
0.02
0.19
0.42
0.23
0.25
9.64
0.35
1.67
4.24
0.50
0.73
0.14
0.19

Post-HD
(mean SD)

029 034
022 026
0.02 0.03
0.16 0.28
0.50  0.69
001 00
0.01  0.02
001 001
0.03  0.04
0.14 019
0.18 0.17
002 002
0.02 0.01
002 0.02
026 046
001 0.02
0.01  0.01
001 0.01
0.10 052
008 0.07
0.14  0.06
009 007
025 0.11
434 323
054 029
030 0.14
0.11 0.15
003 0.03
0.04 0.03
039 0.18
009 0.12
007 022
005 0.16
242 717
0.12 028
044 118
078 1.35
009 020
0.14  0.40
0.02 005
0.04 0.09

Mscogesl .8) Physiological Reports—Jls—"m

i ks
Sotiety el

p-value
Paired #-Test
(‘"paired Wilcoxon Test)

0.05 0.02

785
753"
310°
6747
071%
1.000*
484*
.169*
099*
084%
530*
594*
878"
010°
433*
272f
477%
218
136"
530°
695*
388"
893
875*
236
209°
5307
875"
068*
695"
433*
1.000*
754"
1.000*
433*
8147
1367
893"
695*
209*
272%

Data grouping effect

(Continucs)
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TABLE 4 (Continued)
p-value
Pre-HD Post-HD Paired £-Test
Amount ng/ml (Mean SD) (mean SD) (”paired ‘Wilcoxon Test) Data grouping effect

10-HDHA 023 050 0.18 0.33 583"
11-HDHA 028 0.74 0.18  0.34 638"
13-HDHA 0.10 020 0.08 0.12 814"
14-HDHA 130 223 1.17 1.6l 638"
16-HDHA 0.12 037 0.09 023 .182*
17-HDHA 085 233 0.63 1.24 308"
20-HDHA 0.16 037 0.12  0.16 136"
21-HDHA 2.02 594 1.06 235 754"
22-HDHA 1.10  3.00 0.61 1.20 638"
TXB2 0.14 0.16 0.10 0.08 678"
11-dehydro TXB2 nd. n.d.

PGE2 0.04 003 0.03 0.03 540
15-keto-PGE2 n.d. n.d.
13,14-dihydro—15-keto-PGE2 nd. n.d.

PGD2 0.03 002 0.02 001 674"
13,14-dihydro—15-keto-PGD2 nd. n.d.

PGJ2 n.d. n.d.

15-deoxy-delta 12,14-PGJ2 nd. n.d.

PGF2a8-iso-PGF2a nd. n.d.

TXB3 n.d. n.d.

11-dehydro TXB3 nd. n.d.

PGE3 nd. n.d.

6(S)-LXA4 n.d. n.d.

LXA4 nd. n.d.

15(R)-LXA4 n.d. n.d.

LXB4 nd. n.d.

LXAS n.d. n.d.

MAR 1 nd. n.d.

7-epi-MAR1 nd. n.d.

RvD1 n.d. n.d.
17(R)-RvD1 nd. n.d.

RvD2 nd. nd.

RvD3 n.d. n.d.

RvDS5 nd. n.d.

RvEL n.d. n.d.

and 5-HETE are key markers to discriminate ESRD patients
from healthy controls (Hu, 2018). It is unlikely that these
changes occurred in response to chronic dialysis treatment
since altered levels in 9,10-EpOME, 12.13-EpOME, 5.6-
DHET, and 5-HETE levels were observed in patients with
CKD before starting renal replacement therapy (Hu, 2018).
While the ESRD patients in (Hu, 2018) were uremic Asians
(eGFR 5-6 ml/min/1.73 m”) and recruited before beginning

renal replacement therapy for fistula construction surgery,
our patients were Caucasian ESRD patients undergoing regu-
lar, thrice weekly dialysis. Nonetheless, we observed similar
changes in 9,10-EpOME, 12,13-EpOME, 5,6-DHET, and
5-HETE levels. However, our study revealed also other ox-
ylipins that is, specific signature, which are up- or down-reg-
ulated in plasma of the ESRD patients. The extent to which
they exhibit beneficial or detrimental cardiovascular effects,
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TABLE 5
hemodialysis (n = 15)

Epoxides or Diols

(ng/mL)

Pre-HD (Mean

SD)

Post-HD

(Mean

%

SD)

A. Concentrations of individual total epoxides plus their respective diols in plasma.

9,10-EpOME
+
9,10-DiIHOME
12,13-EpOME
T
12,13-DiIHOME
5.6-EET

&

5,6-DHET
5,6-EEQ

i

5,6-DiHETE
8,9-EEQ

+

8,9-DIHETE
11,12-EEQ

+
11,12-DiHETE
14,15-EEQ

+
14,15-DIHETE
17,18-EEQ

+
17,18-DiHETE
7,8-EDP

+

7,8-DiHDPA
19,20-EDP

+
19.20-DiHDPA
8,9-EET

+

8,9-DHET
14,15-EET

&

14,15-DHET
10,11-EDP

+
10,11-DiHDPA
13,14-EDP

&
13,14-DiHDPA
16,17-EDP

4
16,17-DiHDPA
11,12-EET

+

11,12-DHET

62.70

62.12

49.70

29.28

1.89

4.70

4.03

8.82

14.65

35.52

0.81

0.49

5.53

55.05

60.44

55.40

2.14

5.01

2.51

6.19

14.23

40.42

0.57

0.41

4.70

152.05

146.11

128.30

87.44

5.33

4.46

14.10

9.97

27.45

30.82

104.25

2.05

17.58

160.20

144.84

131.89

113.99

6.90

18.00

8.70

27.56

28.47

115.45

222

1.63

18.59

11.42

The
B s
’ Society

=9 Physiological Reports—| 777

p-value
Paired Wilcoxon test

.035

.030

.035

025

017

.035

.030

.049

035

.035

.042

.049

042

042

042

119

Effects of hemodialysis on oxylipins and their ratios in the CKD patients before (pre-HD) and at cessation (post-HD) of

Data grouping
effect

Post HD
>
Pre-HD

No effect or not
significant

(Continues)
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TABLE 5 (Continued)

Epoxides or Diols

(ng/mL) Pre-HD (Mean

GOLLASCH ET AL.

SD)

Post-HD (Mean

B. Ratios estimated using total concentrations of epoxides and diols in plasma.

Ratio 0.1624 03117

(9,10-DiHOME
+
12,13-DiHOME)
/

(9,10-EpOME
+
12,13-EpOME)
Ratio 0.0475
(5,6-DHET

ax

8,9-DHET

+

11,12-DHET

+

14,15-DHET)

/

(5,6-EET

+

8,9-EET

+

11,12 EET

+

14,15-EET)

Ratio 0.0279
(5.6-DiHETE
A

8,9-DIHETE

+
11,12-DiHETE
+
14,15-DiHETE
o
17,18-DiHETE)
/

(5,6-EEQ

+

8,9-EEQ

+

11,12-EEQ

+

14,15-EEQ

4L

17,18-EEQ)

0.0482

0.0322

02179 04314

0.0460  0.0634

SD)

p-value
Paired Wilcoxon test

.670

391

626

Data grouping
effect

No effect or not
significant

(Continucs)
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TABLE 5 (Continued)
Epoxides or Diols
(ng/mL)

Ratio
(7,8-DiHDPA
Es
10,11-DiHDPA
4y
13,14-DiHDPA
+
16,17-DiIHDPA
+

19,20-DiHDPA)
/

(7.8-EDP

+
10,11-EDP
+
13,14-EDP
4
16,17-EDP
+
19,20-EDP)

Ratios

Pre-HD (Mean  SD)

0.1160  0.1462

Pre-HD (Mean SD)

. . 19 of 24
§4§::e'w 28 Physiological Reports—J—"
p-value Data grouping
Post-HD (Mean SD) Paired Wilcoxon test effect
0.1369 0.2039 0.502
p-value
Post-HD (Mean SD) Paired Wilcoxon test Data grouping effect

C. Ratios estimated using individual total concentrations of epoxides and their diols in plasma.

9,10-DiHOME
/

9,10-EpOME
12,13-DiIHOME
/

12,13-EpOME
5,6-DHET

/

56-EET

8.9-DHET

/

8,9-EET
11,12-DHET
/

11,12-EET

14,15-DHET
/

14,15-EET
5.6-DiHETE
/

5.6-EEQ
8.9-DiIHETE
/

8.9-EEQ
11,12-DiHETE
/

11,12-EEQ

0.1881 03877

0.1361

0.2361

0.0379

0.0401

0.1207

0.1062

0.0712

0.0616

0.0206

0.0218

0.0196

0.0210

0.0272

0.0447

0.0157  0.0297

02402 04617

0.1966

0.4089

0.0368

0.0537

0.1042

0.1197

0.0674

0.0650

0.0229

0.0204

0.0313

0.0298

0.0494

0.0213  0.0460

903

296

670

426

670

761

No effect or not
significant

(Continucs)
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TABLE 5 (Continued)
p-value

Ratios Pre-HD (Mean SD) Post-HD (Mean SD) Paired Wilcoxon test Data grouping effect

14,15-DiHETE 0.0438 0.0611 0.0768  0.1360 761

/

14,15-EEQ

17,18-DiHETE 0.07161 0.0836 0.1085 0.1720 855

/

17,18-EEQ

7.8-DiIHDPA 0.0912  0.0956 0.0820 0.1138 391

/

7.8-EDP

10,11-DiHDPA 0.0924 0.1188 0.0928 0.1449 903

/

10,11-EDP

13,14-DiHDPA 0.1745  0.1935 0.1417  0.1715 502

/

13,14-EDP

16,17-DIHDPA 0.0329 0.0354 0.0415  0.0595 583

/

16,17-EDP

19,20-DIHDPA 0.1952  0.2757 0.2417 0.3745 542

/

19,20-EDP

possibly in metabolite-interacting networks, remains to be
explored. Furthermore, future studies can clarify whether
specific underlying renal diseases may have specific oxylipin
profiles to discriminate between ESRD patients.

4.1 | CYP epoxy metabolites

Hemodialysis increased all four subclasses of CYP epoxy
metabolites  (9,10-EpOME, 12,13-EpOME, 9,10-DiHOME,
12,13-DiHOME, 5,6-EET, 14,15-EET, 8,9-DHET, 11.12-DHET,
8,9-EEQ, 11,12-EEQ, 14,15-EEQ, 17,18-EEQ. 14.15-DiHETE,
17,18-DiHETE, 7.8-EDP, 10,11-EDP, 13,14-EDP, 16,17-EDP,
19,20-EDP, 7.8-DiHDPA, 10,11-DiHDPA, 13,14-DiHDPA,
16,17-DiHDPA, and 19,20-DiHDPA). Although these changes
are unlikely related to altered sEH activity, but rather to the dialy-
sis treatment itself, reduced in vivo sEH activity in CKD/ESRD
(Zhang, 2015) may have contributed to the increased accumu-
lation of all four epoxy metabolite classes in our CKD patients,
compared to the healthy control subjects.

4.2 | EETs/DHETs

We demonstrated that hemodialysis increased EETs/DHETSs
levels, as detected for 5,6-EET, 14,15-EET, 8,9-DHET,
and 11,12-DHET. Endothelial cells are reservoirs of EETs
and the primary source of plasma EETs (Jiang, Anderson,

& McGiff, 2010, 2012; Jiang, 2011; Schunck, 2017), which
produce profibrinolysis and reduce inflammation, vascular
tone, and blood pressure (Jiang, Anderson, & McGiff, 2010,
2012; Jiang, 2011). 5,6-DHET as like 5,6-EET can produce
vasodilation (Hercule, 2009; Lu, 2001), which could contrib-
ute to the cardiovascular response during maximal exercise
(Gollasch, 2019a). The mechanisms of how epoxides and
diols are released from the tissues and eventually become
constituents of circulating lipoproteins are largely unknown,
making it difficult to explain our findings. Cells preferen-
tially release DHETS while storing the EETs (Roman, 2002),
suggesting that certain diols might be overrepresented in the
circulating blood compared with the respective diol/epoxide
ratios (Fischer, 2014). Our data support the idea that DHETs/
EETs are attractive signaling molecules for cardiovascu-
lar effects in ESRD because they are potent vasodilators
(Campbell & Fleming, 2010), which could counteract circu-
lating vasoconstrictor substances during dialysis. Therapeutic
sEH inhibition is considered a novel approach for enhanc-
ing the beneficial biological activity of EETs (Spector &
Kim, 2015). However, presumably higher levels of EETs in
blood and tissue in vivo may have also detrimental cardio-
vascular side effects (Gschwendtner, 2008; Hutchens, 2008;
Watzler, 2013). Of note, levels of all four EETs (5,6-EET,
8.9-EET, I1,12-EET, and 14,15-EET) were high in the
ESRD patients compared to the control. The extent to which
this increase has beneficial or detrimental cardiovascular ef-
fects remains to be explored.
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43 | EpOMEs/DiHOMEs
We observed increases in 9,10-EpOME, 12,13-EpOME,
9,10-DIHOME, and 12,13-DiHOME during dialysis. 9,10-
EpOME (leukotoxins A) and 12,13-EpOME (leukotoxin B)
were initially found to be generated by neutrophils during
the oxidative burst to combat bacterial infection (Thompson
& Hammock, 2007). Recent findings suggest that EpOMEs
exhibit cardiodepressant (Fukushima, 1988; Siegfried, 1990;
Sugiyama, 1987) and vasoaclive properties, the latter by
endothelial NO and O(2)(*-) production (Okamura, 2002).
Moreover, 9,10-EpOME and 12,13-EpOME can exhibit va-
soconstrictor responses in severe cardiac ischemia (Dudda,
Spiteller, & Kobelt, 1996; Siegfried, 1990) and could con-
tribute to the cardiovascular response during maximal ex-
ercise (Gollasch, 2019a). New data suggest that DiHOMEs
cause detrimental effects on postischemic cardiac function
(Bannehr, 2019b; Chaudhary, 2013). Our data support the
notion that increases in EpOMEs/DiHOMES could affect car-
diac ischemia and hemodynamics in dialysis patients.

44 | EEQs/DiHETEs

We observed increases in 8,9-EEQ, 11,12-EEQ, 14,15-EEQ,
17,18-EEQ, 14,15-DiHETE, and 17,18-DiHETE during dialy-
sis. While the putative biological functions of EEQs/DiHETEs
have not received much attention, 17,18-EEQ has been iden-
tified as a potent vasodilator, which seems to be even more
potent than EETs (Hercule, 2007; Lauterbach, 2002). Their
diols could contribute to the cardiovascular response during
maximal exercise (Gollasch, 2019a). The mechanisms of how
EEQs/DiHETEs are released from the tissues are largely un-
known, making it difficult to explain our findings. Based on
our calculations of diol/epoxide ratios, we have no evidence
that the higher levels of 14,15-DiHETE, 17,18-DiHETE result
from in vivo sSEH enzyme activation. Nevertheless, the role
of circulating EEQs/DiHETESs has yet to be integrated into a
physiological and pathophysiological context. This is particu-
larly important since drugs that mimic 17,18-EEQ are viewed
as novel promising drug candidates to overcome limitations of
dietary EPA/DHA (C20:5 n-3/22:6 n-3) supplementation for
cardiovascular health benefits (Schunck, 2017).

4.5 | EDPs/DiHDPAs

Weobservedincreasesin7,8-EDP, 10,11-EDP, 13,14-EDP,
16,17-EDP, 19,20-EDP, 7,8-DiHDPA, 10,11-DiHDPA,
13,14-DiHDPA, 16,17-DiHDPA, and 19,20-DiHDPA dur-
ing dialysis. Little is known about the biological functions
of EDPs/DiHDPAs. 16,17-EDP and 19,20-EDP are po-
tent vasodilators in coronary, pulmonary, and mesenteric
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arteries. They lower blood pressure and exhibit cardiopro-
tection by preservation of mitochondrial function (Morin,
Fortin, & Rousseau, 2011; Schunck, 2017). Based on our
calculations of diol/epoxide ratios, we have no evidence
that the higher levels of DiHPAs metabolites observed
in our study result from in vivo sEH enzyme activation.
Our data indicate that both EDPs and DiHPAs metabo-
lites are novel candidates for vasoactive substances po-
tentially released by dialysis to affect hemodynamics in
these conditions.

4.6 | LOX/CYP w/(w-1)-hydroxylase
metabolites

We found that hemodialysis increased several LOX/CYP
o/(w-1)-hydroxylase metabolites (13-HODE, 20-HETE,
5-HEPE, 15-HEPE, 18-HEPE, 19-HEPE, 7-HDHA, and 11-
HDHA). Little is known about the biological functions of those
metabolites. 13-HODE inhibits platelets (Buchanan, 1985)
and could represent an important player in redox and immune
homeostasis (Pecorelli, 2019; Vangaveti, 2018). 20-HETE is
a potent vasoconstrictor, which modulates intracellular signal
transduction pathways in neovascularization (Chen, 2019) and
in renal and cardiac ischemia-reperfusion injury (Han, 2013;
Hoff, 2011). Upregulation of 20-HETE contributes to in-
flammation, oxidative stress, endothelial dysfunction, and
increased peripheral vascular resistance (Waldman, 2016).
5-HEPE promotes bovine neutrophil chemotaxis in vitro, but
less potently than 5-HETE (Heidel, 1989). 18-HEPE is re-
leased by macrophages to inhibit cardiac fibrosis and inflam-
mation in mice (Endo, 2014). Of note, 18-HEPE appears to
downregulate proinflammatory and pro-proliferative factors,
possibly via conversion to E-series resolvins (Sapieha, 2011).
These resolvins have effects similar to the D-series resolvins,
markedly reducing neutrophile infiltration, decreasing pro-
inflammatory cytokines, and enhancing the resolution of
inflammation (Sapieha, 2011). We have no evidence that he-
modialysis affected resolvins, prostaglandins, thromboxanes,
or other LOX/CYP w/(w-1)-hydroxylase metabolites in our
patients (Shelmadine, 2017). Only few studies detected small
changes in PGE2 or PGF2a (Losonczy, 1990; Schulize, 1984)
and 5/12-HETE levels (Dolegowska, 2012) 4-HDHA is a me-
diator of antiangiogenic effects of n-3 PUFAs (Sapieha, 2011).
Since we found that the majority of LOX metabolites meas-
ured were not affected by dialysis, we suggest that these me-
tabolites are unlikely to play important roles in this scenario.

5 | CONCLUSIONS

To our knowledge, this is the first study to assess the impact
of single hemodialysis treatment oxylipins in plasma using
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large-scale lipidomics. We confirmed our hypothesis that
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the oxylipins status is influenced by hemodialysis treatment.
Our data demonstrate that all four subclasses of CYP epoxy
metabolites and a number of LOX/CYP @/(w-1)-hydroxylase
metabolites are increased by the treatment. Moreover, ESRD
patients undergoing regular dialysis show marked differ-
ences in plasma oxylipin profiles, that is, specific signatures,
compared to control subjects. Future research is required to
determine the contribution of the identified oxylipins in re-
ducing the risk from CVD in patients with kidney disease.
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1 | INTRODUCTION

Chronic kidney disease (CKD) is a risk factor for the compos-
ite outcome of all-cause mortality and cardiovascular disease
(Weiner et al., 2004). Although mortality and cardiovascular
disease burden have decreased for end-stage renal disease
(ESRD) hemodialysis patients in the United States, the 5-year
mortality is still ~50% (McGill et al., 2019), Most of these
deaths are related to cardiovascular disease (CVD) (Felasa |
Federation for Laboratory Animal Science Associations, 2012;
Luft, 2000). Dietary omega-3 (n-3) fatty acid intake is asso-
ciated with a reduced CVD risk (Harris et al., 2008, Huang
et al., 2011; InterAct Consortium et al., 2011). Erythrocyte
red-blood-cell (RBC) n-3 fatty-acid status is inversely related
to cardiovascular events, such as cardiac arrhythmias, myocar-
dial infarction, and sudden cardiac death (Bucher et al., 2002).

Epoxides and hydro(pero)xy fatty acids (or oxylipins) are
lipid peroxidation products of polyunsaturated fatty acids
(PUFA), including C18:2 linoleic (LA), C20:0 arachidonic
(AA), C20:5 n-3 eicosapentaenoic (EPA), and C22:5 n-3
docosahexaenoic acids (DHA). These products are derived
from CYP monooxygenase, cyclooxygenase (COX), and
LOX/CYP w/(w-1)-hydroxylase pathways, which catalyze
the production in a highly tissue-dependent and regioiso-
mer-specific manner (Figure 1). The resulting products are
epoxyoctadecenoic acids (EpOMESs), epoxyeicosatrienoic
acid (EETs), epoxyeicosatetraenoic acids (EEQs), epoxy-
docosapentaenoic acids (EDPs), hydroperoxylinoleic acids
(HpODEs), hydroxyoctadecadienoic acids (HODEs), hy-
droxydocosahexaenoic acids (HDHAs), hydroperoxyeico-
satetraenoic acids (HPETEs), and hydroxyeicosatetraenoic
acids (HETEs) (Figure 1). EpOMEs, EETs, EEQs, and EDPs
are converted depending on cell type, into secondary eico-
sanoids and their metabolites. The major metabolic route of
CYP epoxides is incorporation into phospholipids and hydro-
lysis to corresponding diols by the enzyme soluble epoxide
hydrolase (sEH) (Spector & Kim, 2015). CYP-derived EETs
and other epoxides, such as 17,18-EEQ, serve as endotheli-
um-derived hyperpolarizing factors (EDHFs) to cause vaso-
dilation (Campbell et al., 1996; Hercule et al., 2007; Hu &
Kim, 1993). Recently, RBCs (~3 kg in human body) have
been identified as a reservoir for CYP epoxides, in particu-
lar EETs, which on release may act in a vasoregulatory ca-
pacity (Jiang et al., 2010, 2011). Maximal exercise has been
found to increase such erythro-epoxides in RBCs, including
9.10-EpOME, 12,13-EpOME, 5,6-EET, 11,12-EET, 14,15-
EET, 16,17-EDP, and 19,20-EDP (Gollasch et al., 2019).
Furthermore, sEH in the RBC and the resulting increase in
EETs presumably contribute to a greater degree on regional
blood flow than sEH inhibition localized in the arterial wall
(Jiang et al., 2011; Yu et al., 2004). Nonetheless, the im-
pact of epoxy and hydroxy fatty acids measurements in the
RBCs for the prediction of CVD and mortality have not been

previously elucidated. Whether or not CKD or hemodialysis
treatment itself affect RBC-epoxids and hydroxy metabolites
remains unknown. We tested the hypotheses that CKD and
hemodialysis treatments performed on end-stage renal dis-
ease (ESRD) patients affect RBC epoxy fatty acids profiles.

2 | METHODS
The Charité University Medicine Institutional Review Board
approved this duly registered study (ClinicalTrials.gov,
Identifier: NCT03857984). Recruitment was primarily via per-
son-to-person interview. Prior to participation in the study, 15
healthy volunteers (6 male and 9 female) and 15 CKD patients
(7 male and 8 female) undergoing regular hemodialysis treat-
ment signed informed consent forms which outlined the treat-
ments to be taken and the possible risks involved. All healthy
control subjects were not taking medications. Venous blood
was collected in each healthy subject by subcutaneous arm vein
puncture in the sitting position. In the group of dialyzed patients
(CKD group), all the blood samples were collected on the fis-
tula arm right before beginning of the dialysis (starting of the
HD, pre-HD) and at the end of the dialysis (5-15 min before
termination, post-HD). Patients underwent thrice-weekly dialy-
sis, which lasted from 3 hr 45 min to 5 hr, based on high flux
AK 200 dialyzers (Gambro GmbH, Hechingen, Germany). All
samples were analyzed for RBC lipids. All blood samples were
obtained by 4°C precooled EDTA vacuum extraction tube sys-
tems. Cells were separated from plasma by centrifugation for
10 min at 1,000-2,000 g using a refrigerated centrifuge RBCs
were separated from EDTA blood by centrifugation as previ-
ously described (Gollasch, et al., 2020). RBC lipidomics was
performed using LC-MS/MS tandem mass spectrometry as de-
scribed in (Fischer et al., 2014; Gollasch et al., 2019; Gollasch
et al., 2019). Concentrations are given in nanogram/g.
Descriptive statistics were calculated and variables were
examined for meeting assumptions of normal distribution
without skewness and kurtosis. In order to determine statis-
tical significance, 7 test or Mann—-Whitney test was used (o
compare the values of CKD versus control groups. Paired -
test or paired Wilcoxon test were used to compare pre-HD
versus post-HD values. In order to determine statistical signif-
icance between the four classes of epoxy-metabolites hydro-
lyzed to appear in the circulation, Friedman's test followed by
applying Dunn's multiple comparison test was used. In order
to determine statistical significance between the four classes
of epoxy-metabolites hydrolyzed to appear in the circulation,
Friedman's test followed by applying Dunn's multiple com-
parison test was used. The analysis included Mauchly's test of
sphericity followed by applying the test of within-subjects ef-
fects with Greenhouse—Geisser correction to ensure spheric-
ity assumption (Gollasch et al., 2019; Gollasch et al., 2019).
The .05 level of significance (p) was chosen. All data are
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FIGURE 1 Hypothetic influence of CKD and hemodialysis associated with shear stress, red blood cell (RBC)-dialyzer interactions, red

blood cell (RBC)-endothelial interactions, and oxidative stress affecting the content of cytochrome P450 epoxygenase (CYP) and 12- and
15-lipoxygenase (LOX)/CYP omega-hydroxylase metabolites in RBCs. The scheme illustrates the epoxide and hydroxy metabolites pathways
studied. Linoleic (LA), arachidonic (AA), eicosapentaenoic (EPA), and docosahexaenoic acids (DHA) are converted to epoxyoctadecenoic

acids (EpOMEs, e.g., 9,10-EpOME), epoxyeicosatrienoic acid (EETs, e.g., 8,9-EET), epoxyeicosatetraenoic acids (EEQs, e.g., 17,18-EEQ), and
epoxydocosapentaenoic acids (EDPs, e.g., 17,18-EDP and 19,20-EDP) by CYP, respectively. EpOMEs, EETs, EEQs, and EDPs are converted to
dihydroxyctadecenoic acids (DIHOME:, e.g., 9,10-DIHOME), dihydroxyeicosatrienoic acids (DHETS, e.g., 8,9-DHET), dihydroxyeicosatetraenoic
acids (DiHETES), and dihydroxydocosapentaenoic acids (DIHDPAs, e.g., 7,8-DilIDPA), respectively, by the soluble epoxide hydrolase (sEH)
enzyme. LA, AA, EPA, and DHA are converted to hydroperoxylinoleic acids (HpODEs), hydroxyoctadecadienoic acids (HODEs, e.g., 13-HODE),
hydroxydocosahexaenoic acids (HDHAs), hydroperoxyeicosatetraenoic acids (HPETEs), and hydroxyeicosatetraenoic acids (HETEs, e.g., 12-
HETE and 15-HETE) by LOX, CYP omega/(omega-1)-hydroxylase and peroxidase pathways. The metabolites measured within these pathways
track the changes observed. Arrows demarcate metabolic pathways evaluated

presented as mean  SD. All statistical analyses were per- p > .05, n = 15 each). The body mass indices between the
formed using SPSS Statistics software (IBM Corporation) or ~ two groups were also not different (24.8 3.4 l(g/m2 and
All-Therapy statistics beta (AICBT Lid). 247 4.6 kgfml, respectively, p > .05, n = 15 each). The
patients in the group CKD were diagnosed for the following
conditions: diabetes mellitus (n = 4 patients), hypertension

3 | RESULTS (n = 3), membranous glomerulonephritis (n = 2), autoso-
mal dominant polycystic kidney disease (n = 1), other or
3.1 | Clinical characteristics unknown (n = 5). Major cardiovascular complications in

the CKD group included peripheral artery disease (n = 3),
The age between ESRD patients and the healthy subjects was cardiovascular (n = 2) and cerebrovascular (n = 1) events.
not different (50 18 years vs. 47 12 years, respectively, Subjects were Caucasians, with the exception of one Black
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patient in the CKD group and one Asian subject in the control
group.

32 |
in CKD

RBC epoxy and hydroxy metabolites

We first determined the total levels of various CYP epox-
ides and LOX/CYP w/(w-1)-hydroxylase products in RBCs
of the HD patients (Table 1) and compared the results with
the healthy control subjects. Total CYP epoxides were an-
alyzed for each member (Table 1A) and together within
the four subclasses (Table 2A). RBCs of hemodialysis pa-
tients showed increased total levels of various individual
CYP epoxides, namely 89-DHET, 14,15-DHET, 5,6-
EEQ, 11,12-EEQ, 14,15-EEQ, 17,18-EEQ, 7,8-DiHDPA,
10,11-DiHDPA, 13,14-DiHDPA, and 16,17-DiHDPA in
the RBCs (Table 1A). EpOMEs, DIHOMESs, EETs, EDPs
(with exception of 19,20-EDP), and DiHETEs were not
different between both groups (Table 1A). Free CYP epox-
ides in the RBCs were also not different or only slightly
decreased (8,9-EET, 14,15-EET, and 5,6-EEQ) in RBCs
of hemodialysis patients. Nonetheless, our analysis of
the four CYP epoxide classes demonstrates that ESRD
patients can be discriminated from controls by charac-
teristic increases in three epoxide classes, that is, signa-
tures, namely increased levels of total DHETs, EEQs,
and DiHDPAs in the RBCs, that is, 5,6-DHET+8,9-
DHET+11,12-DHET+14,15-DHET, 5,6-EEQ+8.9-
EEQ+11,12-EEQ+14,15-EEQ+17,18-EEQ, and
7,8-DiHDPA+10,11-DiHDPA+13,14-DiHDPA+16,17-
DiHDPA+19,20-DiHDPA (Table 2A). We next inspected
the total levels of various LOX/CYP w/(w-1)-hydroxylase
products in RBCs of the HD patients (Table 1A). We found
that 5-HETE, 8-HETE, 9-HETE, 11-HETE, 12-HETE, 15-
HETE, and 19-HETE levels were increased in the hemodi-
alysis patients, whereas 13-HODE, 16-HETE, 17-HETE,
18-HETE, 20-HETE, 12 -HpETE, 5-HEPE, 8-HEPE,
9-HEPE, 12-HEPE, 15-HEPE, 18-HEPE, 19-HEPE, 20-
HEPE, 4-HDHA, 7-HDHA, 8-HDHA, 10-HDHA, 11-
HDHA, 13-HDHA, 14-HDHA, 16-HDHA, 17-HDHA,
20-HDHA, 21-HDHA, and 22-HDHA levels, were nor-
mal or nondetectable (Table 1A). Of note, free LOX/CYP
w/(w-1)-hydroxylase products were generally increased
in RBCs ol hemodialysis patients, with exception of 17-
HETE, 18-HETE, 19-HETE, 20-HETE, 12-HpETE, 19-
HEPE, 20-HEPE, and 20-HDHA which were normal or
non-detectable (Table 1B). Together, the findings indicate
that ESRD patients show an altered RBC fatty acid me-
tabolite status, that is, individual signature, which shows
the accumulation of three CYP epoxide classes (DHETS,

EEQs, and DiHDPAS) and various HETEs and other LOX/
CYP o/(w-1) metabolites in RBCs, the latter mostly accu-
mulated in free state.

3.3 | Ratios

The main route of EpOMEs, EETs, EEQs, and EDPs metab-
olism in many cells is conversion into DIHOMEs, DHETs,
dihydroxyeicosatetraenoic acids (DiHETEs), and dihy-
droxydocosapentaenoic acids (DiHDPAs) by the sEH, re-
spectively (Figure 1). To provide possible insights into the
nature of the observed accumulation of DHETSs, EEQs, and
DiHDPAs in RBCs of ESRD patients, we calculated diol/
epoxide ratios in RBCs and compared the results with the
control subjects (Table 2B). We found that the four classes
of epoxy-metabolites are unequally hydrolyzed and appear
in the RBCs (Table 2B for controls). Compared to EETs
and EEQs (ratios diols/epoxy-metabolites, 0.0096  0.0017
vs. 0.0042  0.00012, Dunn's multiple comparison test,
p > .05), EpOMEs and EDPs (ratios diols/epoxy-metabo-
lites, 0.1628  0.0658 vs. 0.0244  0.0053, Dunn's multi-
ple comparison test, p > .05) are preferentially metabolized
into their diols. In fact, the following order of ratios was
identified: DiIHOMEs/EpOMEs=DiHDPA/EDPs>DHETs/
EETs=DiHETES/EEQs (Dunn's multiple comparison test,
p <.05). ESRD patients showed increased ratios for DHET/
EET and DiHDPA/EDP, which indicates that increased
sEH activity preferred for EET and EDP substrate classes
in vivo may have caused the observed accumulation of
8,9-DHET, 14,15-DHET, 7,8-DiHDPA, 10,11-DiHDPA,
13,14-DiHDPA, and 16,17-DiHDPA in the RBCs in ESRD.
The observed accumulation of EEQs is unlikely to result
from changes in sEH activity (Table 2B) or accumulation
of eicosapentaenoic acid (EPA) as EPA levels are not in-
creased in RBCs of our patients (Gollasch et al., 2020)
(Figure 1).

3.4 | Effects of hemodialysis

With the exception of 7,8-DiHDPA, the data (Table 3) dem-
onstrate no change of total CYP epoxides and LOX/CYP o/
(w-1)-hydroxylase metabolites in response to a single dialysis
(Table 3A). Accordingly, the diol/epoxide ratios were not al-
tered (Table 4). However, hemodialysis treatment increased
several CYP epoxides and LOX/CYP w/(w-1)-hydroxylase
metabolites in free state, such as 11,12-DHET, 13-HODE,
5-HETE, 8-HETE, 9-HETE, 11-HETE, 15-HETE, 5-HEPE,
8-HDHA, 10-HDHA, 13-HDHA, 16-HDHA, and 17-HDHA
(Table 3B).
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TABLE 1 Comparison of epoxy- and hydroxy-metabolites between control subjects versus CKD patients before hemodialysis (HD) (n = 15
each)
p value,  test
Amount (ng/g) Control (Mean SD) HD (mean SD) (* Mann-Whitney test)

(A) Total metabolites in RBCs

CYP epoxy-metabolites

(2) EpOMES/DiIHOMES
9,10-EpOME 2936 12,01 2548 6,59 267"
12,13-EpOME 13.67 922 10.62 6.16 305"
9.10-DiIHOME 412 130 513 192 081"
12,13-DiIHOME 226 090 292 145 161"

(b) EET/DIHOMESs
5,6-EET 170.67 29.90 148.54 44.94 124
8,9-EET 3903 6.25 39.90  9.00 761
11,12-EET 3046 5.51 37.86 11.98 644
14,15-EET 66.17 11.64 59.58 22.69 328
5,6-DHET 0.89 0.17 0.98 043 457
8.9-DHET 107 0.23 203 181 0017
11,12-DHET 0.62 0.14 096 0.6l 0817
14,15-DHET 0.40  0.05 051 0.16 030

(c) EEQs/DiHETEs
5,6-EEQ 41.54 1339 51.78 98.53 019"
8.9-EEQ 248 089 351 641 126"
11,12-EEQ 209 0.68 256 474 016"
14,15-EEQ 144 048 191 357 art
17,18-EEQ 325 103 390 731 021
5,6-DIHETE 021 0.10 028 049 202°
8.9-DIHETE 0.01 001 0.01 001 776"
11,12-DIHETE 0.01 0.01 0.01 0.01 677"
14,15-DIHETE 0.01 001 0.01 001 697"
17,18-DIHETE 001 001 001 0.01 787"

(d) EDPs/DiHDPAs
7,8-EDP 1558 4.55 1816 12.19 838"
10,11-EDP 122 043 135 047 463
13,14-EDP 039 025 044 015 158"
16,17-EDP 449 134 472 1.78 967"
19,20-EDP 672 426 422 152 026°
7.8-DiHDPA 0.21  0.10 0.40  0.30 a1t
10,11-DiHDPA 0.50 0.20 0.09  0.05 007
13,14-DiHDPA 0.08  0.02 011 0.04 037"
16,17-DiHDPA 0.14  0.03 019 0.06 022
19,20-DiHDPA 0.20 0.07 026 0.16 187"

LOX/CYP w/(w—1) metabolites
13-HODE 60.46 1997 7747 18,89 098"

5-HETE 3843 7.90 5345 14.83 002

8-HETE 2730 572 3511 10.20 015

9-HETE 2749 472 37.84 977 001
11-HETE 4190 7.00 54.16 14.84 009
12-HETE 3271 5.66 4347 12.68 007

(Continues)
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TABLE 1 (Continued)

Amount (ng/g)
15-HETE
16-HETE
17-HETE
18-HETE
19-HETE
20-HETE
12-HpETE
5-HEPE
8-HEPE
9-HEPE
12-HEPE
15-HEPE
18-HEPE
19-HEPE
20-HEPE
4-HDHA
T-HDHA
8-HDHA
10-HDHA
11-HDHA
13-HDHA
14-HDHA
16-HDHA
17-HDHA
20-HDHA
21-HDHA
22-HDHA

(B) Free metabolites in RBCs

CYP epoxy-metabolites

(a) EpOMEs/DiHOMES
9,10-EpOME
12,13-EpOME
9.10-DiHOME
12,13-DiHOME

(b) EETs/DiHOMEs
5.6-EET
8.9-EET
11,12-EET
14,15-EET
5.6-DHET
8,9-DHET
11,12-DHET
14,15-DHET

() EEQs/DIHETEs
5.6-EEQ
8.9-EEQ

Control (Mean

74.29
4.60
0.18
0.24
0.26
0.59
n.d.
1.47
0.75
0.93
1.38
1.18
319
1.32
n.d.
9.11
4.56
5.27
6.39
7.38
9.35
5.41
8.79
12.98
19.16
3.04
n.d.

1.42
122
0.43
1.70

0.55
0.12
0.24
1.08
n.d.

n.d.

0.01
0.01

1.29

0.22

GOLLASCH ET AL.

14.38

0.82
0.03
0.05
0.11
0.09

0.51
0.31
0.37
0.52
0.41
1.30
0.50

2.99
1.36
1.77
1.99
2.41
2.80
1.75
2.69
397
5.89
118

0.59
0.63
0.29
0.96

0.21

0.06
0.07
0.40

0.01

0.01

114
0.12

HD (mean SD)

9395 2459

4.91
0.22
0.32
0.42
0.62
n.d.

2.05
115
1.35

1.79
1.25
0.52
2.20

045
0.06
0.20
0.74
n.d.

n.d.

0.01
0.01

0.90
0.31

1.43
0.10
021
0.11
0.08

2.64
1.55
1.64
312
274
7.10
2.80

461
269
311
379
447

420
3.38
388

6.92

9.88
1.70

1.00
091
0.34
1.52

0.19
0.04
0.08
0.36

0.01

0.01

339
0.50

p value, f test

(# Mann-Whitney test)

012
461

s12¢
461*
o01*

367"
624*
595*
412"

170
013*
100
015*

n/a

467
074*

o10*
351%

(Continues)
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TABLE 1 (Continued)

p value,  test
Amount (ng/g) Control (Mean SD) HD (mean SD) (F Mann-Whitney test)
11,12-EEQ 0.06 0.04 007 014 116
14,15-EEQ 0.14  0.10 020 023 8517
17.18-EEQ 039 0.19 053 1.02 27
5.6-DIHETE n.d n.d. nfa
8.9-DIHETE n.d n.d. n/a
11,12-DIHETE n.d. n.d. nfa
14,15-DiHETE 0.01 0.01 0.01  0.04 285"
17.18-DiIHETE 0.04 0.02 011 023 902*
(d) EDPs/DiHDPAs
7.8-EDP 0.12  0.05 0.17 017 .539%
10,11-EDP 0.01 001 001 001 222
13,14-EDP n.d. n.d. nfa
16,17-EDP n.d. n.d. n/a
19.20-EDP 0.06  0.05 0.11 022 .505*
7.8-DiHDPA nd. nd. nfa
10,11-DiHDPA nd. n.d. nfa
13,14-DiHDPA n.d n.d. n/a
16,17-DiHDPA 0.01 0.01 0.02 001 461*
19,20-DiHDPA 0.12 0.06 0.15 0.14 744"
LOX/CYP w/(w—1) metabolites
13-HODE 8.96 4.64 36.76  31.23 <.001*
5-HETE 0.21  0.07 0.60  0.37 <.001”
8-HETE 028 0.14 090 059 <.001*
9-HETE 055 032 185 146 <.001*
11-HETE 0.84 032 266 164 <.001*
12-HETE 4.23 253 28.11 3378 <001
15-HETE 065 0.25 215 1.05 <.001
16-HETE 0.10  0.03 0.15  0.06 003
17-HETE n.d. n.d. n/a
18-HETE n.d n.d nfa
19-HETE n.d. n.d. nfa
20-HETE 0.10 0.05 0.10 0.04 877
12-HpETE n.d. n.d. n/a
5-HEPE 0.03  0.02 014 034 021%
8-HEPE 0.04 0.03 0.32 087 <.001*
9-HEPE 0.05  0.04 035 096 003"
12-HEPE 097 052 806 1472 006"
15-HEPE 0.06 0.04 0.70 1.82 <.001*
18-HEPE 0.12  0.06 152 396 <.001*
19-HEPE 0.03 0.02 022 0.69 367°
20-HEPE n.d. n.d. nfa
4-HDHA 0.03  0.02 0.18 032 001"
7-HDHA 0,02 0.01 011  0.05 001"
§-HDHA 0.04  0.02 022 035 <.001*
10-HDHA 0.06  0.03 0.63 107 <.001"
11-HDHA 0.19  0.08 0.87 1.32 <.001*

(Continues)
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TABLE 1 (Continued)
Amount (ng/g)
13-HDHA 0.08
14-HDHA 0.35
16-HDHA 0.07
17-HDHA 0.42
20-HDHA 0.27
21-HDHA 0.11
22-HDHA 0.72

Note: Bold font indicates statistical significance.

Abbreviations: n.d., not detected; n/a, not applicable.
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Control (Mean

0.04
0.17
0.03
0.15
0.09
0.05
0.29

% Societ

SD)

HD (mean SD)

0.44
2.81
0.37
2.59
0.67
0.42
1.27

0.61
3.60
0.63
4.22
1.00
0.59
0.71

p value, f test
(*Msnn-Whitney test)
<.001"

<.001*

<.001*

<.001*

050

002*

013

TABLE 2 Comparison of epoxy-metabolites and their ratios between control subjects versus CKD patients before hemodialysis (HD) (n = 15

each)

(A) Concentrations of individual total epoxides together or their respective diols in RBCs

p-value, Mann-

Epoxides or Diols (ng/g) Control (Mean SD) HD (Mean SD) ‘Whitney test
9,10-EpOME+12,13-EpOME 43,03 21.07 36.10 10.60 3195
9,10-DIHOME+12,13-DiHOME 6.377  2.104 8.049 3.178 0971
5,6-EET+8,9-EET+11.12 EET+14,15-EET 3153 51.27 2859 86.25 2998
5,6-DHET+8,9-DHET+11,12-DHET+14,15-DHET ~ 2.986 0.5208 4477 2789 0421
5,6-EEQ+8.9-EEQ+11,12-EEQ+14,15- 50.81 16.35 63.65 120.5 0225
EEQ+17,18-EEQ
5,6-DIHETE+8.9-DiIHETE+11,12-DiHETE+14,15-  0.2153  0.1021] 0.3420 0.7263 1835
DiHETE+17,18-DiHETE
7,8-EDP+10,11-EDP+13,14-EDP+16,17- 2840 9.805 28.86 14.26 6187
EDP+19.20-EDP
7.8-DiHDPA+10,11-DiHDPA+13,14- 0.6813  0.2123 1.039  0.5678 0464
DiHDPA+16,17-DiIHDPA+19,20-DiHDPA
(B) Ratios estimated using fotal rations of epoxides and diols in RBCs

p-value, Mann-
Ratios Control (Mean SD) HD (Mean SD) Whitney test
Ratio (9,10-DiIHOME+12,13-DiHOME)/ 0.1628  0.06583 0.2425  0.1255 0564
(9,10-EpOME+12,13-EpOME)
Ratio (5,6-DHET+8,9-DHET+11,12- 0.0096  0.001705 0.01652  0.009067 0279
DHET+14,15-DHET)/(5,6-EET+8,9-EET+11,12
EET+14,15-EET)
Ratio (5,6-DiHETE+8,9-DiHETE+11,12- 0.00416 0.001188 0.005927  0.004070 2627
DIiHETE+14,15-DiHETE+17,18-DIHETE)/
(5,6-EEQ+8,9-EEQ+11,12-EEQ+14,15-
EEQ+17,18-EEQ)
Ratio (7,8-DIHDPA+10,11-DiHDPA+13,14- 0.02445  0.005347 0.03765  0.01382 0025

DiHDPA+16,17-DiHDPA+19,20-DiHDPA)/
(7,8-EDP+10,11-EDP+13,14-EDP+16,17-
EDP+19,20-EDP)

Note: Bold font indicates statistical significance.
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TABLE 3  Effects of hemodialysis on epoxy- and hydroxy-metabolites in the CKD patients before (pre-HD) and at cessation (post-HD) of

hemodialysis (n = 15 each)

Amount, (ng/g)
(A) Total metabolites in RBCs
CYP epoxy-metabolites

(a) EpOMEs/DiIHOMES
9,10-EpOME
12,13-EpOME
9,10-DIHOME
12,13-DiHOME

(b) EETs/DiHOMEs
5,6-EET
8,9-EET
11,12-EET
14,15-EET
5,6-DHET
8.9-DHET
11,12-DHET
14,15-DHET

(¢) EEQs/DiHETEs
8,9-EEQ
5,6-EEQ
11,12-EEQ
14,15-EEQ
17,18-EEQ
5,6-DIHETE
8.9-DiIHETE
11,12-DiHETE
14,15-DIHETE
17,18-DiHETE

(dy EDPs/DiHDPAs
7,8-EDP
10,11-EDP
13,14-EDP
16,17-EDP
19,20-EDP
7,8-DiHDPA
10,11-DiHDPA
13,14-DiHDPA
16,17-DiHDPA
19,20-DiHDPA

LOX/CYP w/(w—1) metabolites

13-HODE

5-HETE

8-HETE

Pre-HD (Mean

25.48
10.62
5.13
292

6.59

6.16
1.92
145

148.54 44.94

39.90
37.86
59.58
0.98
2.03
0.96
0.51

3.51
51.78
2.56
1.91
3.90
0.28
n.d.
n.d.
n.d.
n.d.

18.16
1.35
0.44
472
4.22
0.40
0.09
0.11
0.19
0.26

77.47
53.45
35.11

9.00

11.98

22,69
0.43
1.81
0.61
0.16

6.41
98.53
4.74
3.5
7.31
0.49

112,11
0.47
0.15
1.78
1.52
0.30
0.05
0.04
0.06
0.16

18,89
14.83
10.20

SD)

Post-HD (mean

25.91
11.52
5.27
3.00

162.71
43.76
41.54
63.97
1.06
2.13
0.99
0.53

3.39
45.89
2.40
1.66
3.66
0.24
n.d.
n.d.
n.d.
n.d.

19.48
1.50
0.52
5.46
5.14
0.48
0.10
0.12
0.20
0.27

82.00
56.62
36.63

5.94

7.93
1.42
0.90

46.95

8.50

11.54

21.75
0.43
1.67
0.50
0.12

5.75
69.79
3.49
2.55
5.81
0.32

12.59
0.73
0.31
2.50
2.84
0.42
0.07
0.04
0.07
0.14

18.35
10.08
7.23

SD)

p value, paired ¢ test (”paired
‘Wilcoxon test)

307"
623
914

198
134
112
162
117
a12f
3347
148

1.000%
650"
125*
910%
460"
733"
n/a
n/a

n/a

n/a

307"
427
551"
078"
109

036
256"
363"
124

173*

391
295

379

(Continues)
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TABLE 3 (Continued)

Amount, (ng/g)
9-HETE
11-HETE
12-HETE
I5-HETE
16-HETE
17-HETE
I8-HETE
19-HETE
20-HETE
12-HpETE
5-HEPE
8-HEPE
9-HEPE
12-HEPE
15-HEPE
18-HEPE
19-HEPE
20-HEPE
4-HDHA
7-HDHA
8-HDHA
10-HDHA
11-HDHA
13-HDHA
14-HDHA
16-HDHA
17-HDHA
20-HDHA
21-HDHA
22-HDHA

(B) Free metabolites in RBCs

CYP epoxy-metabolites

(a) EpOMEs/DiHOMES
9,10-EpOME
12,13-EpOME
9,10-DiIHOME
12,13-DiIHOME

(b) EETs/DiIHOMEs
5,6-EET
8,9-EET
11,12-EET
14,15-EET
5,6-DHET

)

B

Pre-HD (Mean

37.84
54.16
4347
93.95
491
0.22
032
0.42
0.62
n.d.
2.05
1.15
1.35
2,15
2.06
5.28
1.89
n.d.
11.20
5.90
7.16
8,05
9.43
10.43
6.82
9.80
15.55
22.57
3.76
n.d.

1.79
1.25
0.52
2.20

045
0.06
0.20
0.74
<0.01

w

3
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%S0

9.77
14.84
12.68
24.59
1.43
0.10
0.21
0.11
0.08

2.64
1.55
1.64
312
274
7.10
2.80

4.61
2.69
3.11
379
4.47

4.20
3.38
3.88

6.92

9.88
1.70

1.00
0.91
0.34
1.52

0.19
0.04
0.08
0.36
0.01

Ciety

Post-HD (mean

39.89
56.92
4533
99.31
5.14
0.22
0.34
0.49
0.65
n.d.
2.30
1.26
1.51
229
223
5.63
1.80
n.d.
12.71
6.33
774
8.57
10.03
11.22
741
10.55
16.83
2453
3.71
n.d.

2.08
1.89
0.65
291

0.54
0.07
0.21
0.93
<0.01

7.07
10.96
8.36
18.34
1.08
0.08
0.23
0.17
0.23

3.25
1.88
2.11
3.38
2.95
7.64
232

5.81
2.85
3.35
3.93

4.90

4.95
341

4.14

747

10.60
1.32

0.48
0.88
0.29
1.87

021
0.10
0.06
0.35
0.01

p value, paired / test (*paired
Wilcoxon test)
268
323
466
281
412
363"
112t
085
.602

2817
363"
2817
307
053%
140°
910"

140"
233
112*
334%
140"
173%
156"
d12f
078"
112f
790

nfa

156
053"
147

256"

114
480*
654

.100*

(Continues)
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TABLE 3 (Continued)

Amount, (ng/g)
8,9-DHET
11,12-DHET
14,15-DHET

(¢) BEEQs/DIHETEs
5,6-EEQ
8,9-EEQ
11,12-EEQ
14,15-EEQ
17,18-EEQ
5,6-DiHETE
8,9-DiHETE
11,12-DiHETE
14,15-DiHETE
17,18-DiHETE

(d) EDPs/DiHDPAs
7,8-EDP
10,11-EDP
13,14-EDP
16,17-EDP
19,20-EDP
7,8-DiHDPA
10,11-DiHDPA
13,14-DiHDPA
16,17-DiHDPA
19,20-DiHDPA

LOX/CYP w/(m—1) metabolites
13-HODE
5-HETE

8-HETE

9-HETE

11-HETE
12-HETE
15-HETE
16-HETE
17-HETE

I18-HETE

19-HETE
20-HETE
12-HpETE
5-HEPE

8-HEPE

9-HEPE

12-HEPE
15-HEPE

Pre-HD (Mean
0.02 0.01
<0.02 0.01
0.01 0.01

0.90 3.39
.31 0.50
0.07 0.14
020 023
053  1.02
<0.01 001
<0.01

<0.01

0.01  0.04
0.11 023

0.17  0.17
0.01 0.01
n.d.

n.d.

011 022
n.d.

<0.01 0,01
<0.01 0.01
0.02 0.01
0.15 0.14

36.76  31.23
0.60 0.37
0.90 0.59
1.85 146
2.66 1.64
28.11  33.78
215 1.05
0.15  0.06
n.d.

n.d.

n.d.

0.10 + 0.04
n.d.

0.14  0.34
032 0.87
035 0.96
8.06 14.72
070 1.82

SD)

i _
“ Society [

Post-HD (mean SD)

0.03
0.02
0.02

1.08
0.20
0.07
0.17
0.49
<0.01
<0.01
<0.01
0.02
0.16

0.22
0.01
n.d.
n.d.

0.03
0.01
0.01

w
in
)

0.55
0.09
0.24
0.80
0.01

0.04

0.38

0.18
0.01

0.09 + 0.09

n.d.
<0.01
0.01
0.03
0.18

45.70
0.85
1.24
2.51
3.37
34.20
2.78
0.15
n.d.
n.d.
n.d.
0.12
n.d.
0.18
0.35
0.42
10.61
0.75

0.01
0.01
0.02
0.18

31.56
0.53
0.83
1.84
2.16

33.78
1.54
0.04

0.06

0.45
0.98
1.14
21.49
1.96

Physiological Reports—J“—"“5

p value, paired ¢ test (”paired
Wilcoxon test)

131%

005

A27%

068"
128"
424%
477
955"
477
nla
n/a
394%
394"

112
463"

n/a
507"
n/a
n/a
465"
140
334%

.031*
023*
.008*
031*
017"
334
008"
999
n/a

(Continues)
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TABLE 3 (Continued)

Amount, (ng/g) Pre-HD (Mean SD)
18-HEPE 1.52 396
19-HEPE 022 0.69
20-HEPE n.d.
4-HDHA 0.18 032
T-HDHA 011 0.05
8-HDHA 0.22 035
10-HDHA 0.63 1.07
11-HDHA 087 1.32
13-HDHA 0.44 0.61
14-HDHA 281 3.60
16-HDHA 0.37  0.63
17-HDHA 259 4.22
20-HDHA 0.67 1.00
21-HDHA 042 0.59
22-HDHA 127 071

Note: Bold font indicates statistical significance.

p value, paired f test (#paired

Post-HD (mean  SD) Wilcoxon test)
153 396 776*
021 0.64 955"
n.d. n/a
025 045 061%
0.15 028 112f
031  0.49 031"
0.79 139 023"
1.07  1.60 .100%
0.55 0.74 036"
3.40 440 078"
0.50  0.93 012*
335 524 031"
0.83 1.37 q12*
048 0.68 256"
130 078 837

TABLE 4  Effects of hemodialysis on epoxide and their respective diol ratios in the CKD patients before (pre-HD) and at cessation (post-HD)
of hemodialysis (n = 15 each). Ratios were estimated using total concentrations of epoxides and diols in RBCs

Ratios

Ratio (9,10-DiHOME+12,13-DiHOME)/
(9,10-EpOME+12,13-EpOME)

Ratio (5,6-DHET+8.9-DHET+11,12-DHET+14,15-
DHET)/(5,6-EET+8,9-EET+11,12 EET+14,15-EET)

Ratio (5,6-DIHETE+8,9-DiIHETE+14,15-
DIiHETE+17,18-DIHETE)/(5,6-EEQ+8.9-
EEQ-+11,12-EEQ+14,15-EEQ+17,18-EEQ)

Ratio (7,8-DiHDPA+10,11-DiHDPA+13,14-
DiHDPA+16,17-DiIHDPA+19,20-DiHDPA)/
(7,8-EDP+10,11-EDP+13,14-EDP+16,17-
EDP+19,20-EDP)

4 | DISCUSSION

Our data demonstrate that RBCs of ESRD patients accu-
mulated three CYP epoxide classes (DHETs, EEQs, and
DiHDPAs) and various HETEs, including 5-HETE, 8-HETE,
9-HETE, 11-HETE, 12-HETE, 15-HETE, and 19-HETE,
compared to control subjects. Furthermore, hemodialysis
treatment is insufficient to change the total concentrations
of these and other LOX/CYP metabolites in RBCs of ESRD
patients. Since the four subclasses of CYP epoxy metabo-
lites increase in plasma after the dialysis treatment (Gollasch
et al, 2020), we suggest that total CYP metabolites in
RBCs are relatively invulnerable in CKD and hemodialysis

Pre-HD (Mean
02425 0.1255

0.01652  0.009067

0.005927  0.004070

0.03765 0.01382

p-value, Paired

SD) Post-HD (Mean SD) Wilcoxon test)
0.2435  0.1043 .8904
0.01623  0.008816 .8647
0.005647  0.003565 4896
0.03873 0.016358 4887

(possibly due to slow exchange). Of note, ESRD is associ-
ated with increased levels of several free CYP epoxides and
LOX/CYP w/(w-1)-hydroxylase metabolites in RBCs. Since
several of those mediators are also increased by hemodialysis
treatment itsell, we suggest that free RBC eicosanoids con-
stitute a fraction of lipid mediators, which are particularly
vulnerable in CKD and hemodialysis. The extent to which
the RBC eicosanoids exhibit beneficial or detrimental car-
diovascular effects in CKD, possibly in comprehensive lipid-
omic (patho)physiological networks, remains to be explored.
Nonetheless, our results indicate that RBCs could represent
a reservoir for PUFA CYP epoxy-metabolites and LOX/
CYP hydroxy metabolites, which on release may act in a
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vasoregulatory capacity to affect cardiovascular responses in
hemodialysis patients.

41 | EETs
RBCs are reservoir of EETs which on release may act in a
vasoregulatory capacity (Jiang et al., 2010, 2011). In addi-
tion to serving as carriers of O,, RBCs are known to regulate
the microvascular perfusion by liberating adenosine triphos-
phate (ATP) and EETs upon exposure to a low O, environ-
ment (Jiang et al., 2010; Sprague et al., 2010). The release
of EETs is activated by P2X; receptor stimulation via ATP
to cause the circulatory response (Jiang et al., 2007). RBCs
are believed to serve as a source of plasma EETs, which are
esterified to the phospholipids of lipoproteins. Therefore,
levels of free EETs in plasma are found to be low (~3% of
circulating EETs) (Jiang et al., 2010, 2011). Erythro-EETs
are produced by direct oxidation of AA and the monooxy-
genase-like activity of hemoglobin (Jiang et al., 2010, 2011,
2012). On release, EETs and their diols (DHETSs) produce
vasodilation (Hercule et al., 2009; Lu et al., 2001), are pro-
fibrinolytic and reduce inflammation (Jiang et al., 2010,
2011, 2012). Exhaustive exercise increases the circulating
levels of 5,6-DHET (Gollasch et al., 2019). In this study, we
were able to demonstrate that RBCs of ESRD patients show
increased accumulation of total DHETSs. In particular, we
observed increases in total concentrations of 8,9-DHET and
14,15-DHET in the RBCs. Hemodialysis did not affect this
accumulation. It remains unknown whether RBCs are capa-
ble of liberating erythro-DHETS into the blood and/or tissues
in kidney patients. Our results indicate that CKD affects the
RBC reservoir for DHETS, but not EETs, which on release
may affect the cardiovascular response.

4.2 | Other PUFA metabolites

We observed increases in total concentrations of EEQs
(5,6-EEQ, 11,12-EEQ, 14,15-EEQ, 17,18-EEQ) and EDP/
DiHDPAs (19,20-EDP, 7.8-DiHDPA, 10,11- DiHDPA,
13,14-DiHDPA, 16,17-DiHDPA) and HETEs (5-HETE,
8-HETE, 9-HETE, |I-HETE, 12-HETE, 15-HETE, 19-
HETE) in RBCs of our ESRD patients. Little is known about
the functions of EEQs and EDPs. Both EEQs and EDPs are po-
tent vasodilators (Hercule et al., 2007; Lauterbach et al., 2002;
Morin et al., 2011; Ulu et al., 2014). EDPs have antiangiogenic
(McDougle et al., 2017), anti-fibrotic (Sharma et al., 2016) and
protective effects in post-ischemic functional recovery, at least
in particular by maintaining mitochondrial function and re-
ducing inflammatory responses (Arnold et al., 2010; Darwesh
et al., 2019). It is possible that their diols (DiHDPAs) are also
biologically active and may exert beneficial effects in cardiac

Ehess el
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arrhythmias (Zhang et al., 2016). DIHDPAs dilate coronary
microvessels with similar potency to EEQ isomers in canine
and porcine models (Zhang et al., 2001) and inhibit human
platelet aggregation with moderately lower potency to EDPs
and EEQs (VanRollins, 1995). Specific 17,18-EEQ analogs
are in development to serve as novel antiarrhythmic agents
(Adebesin et al., 2019). HETESs are involved in many chronic
diseases such as inflammation, obesity, cardiovascular disease,
kidney disease, and cancer, for review see (Gabbs et al., 2015).
Nonetheless, it remains unknown whether RBCs are capable
of liberating EEQs, DiHDPAs, or HETEs into blood or tissues.
Our data indicate that both metabolite classes are novel candi-
dates potentially released by RBCs to exhibit cardiovascular
effects in health and CKD.

Surprisingly, we did detect increases in various free CYP
epoxides and LOX/CYP w/(w-1)-hydroxylase metabolites
in RBCs in ESRD, which were augmented by hemodialy-
sis. The mechanism by which CKD and hemodialysis raises
the levels of those erythro-metabolites is not known. Since
those metabolites cannot be synthesized endogenously in
appreciable amounts, accelerated release into and uptake
from plasma could be a possible explanation. The more pro-
nounced changes observed in free metabolite levels within
the RBCs, as compared with the total RBC compartment,
indicate that free erythro-eicosanoids should be considered
more dynamic or vulnerable with respect to metabolite flux.
The design of our study does not differentiate between patient
groups undergoing long-term dialysis therapy with regard to
the specific underlying renal disease. Nevertheless, the im-
pact of those epoxides and hydroxy metabolites has yet to be
integrated into a (patho)physiological context.

5 | CONCLUSIONS

Our results show that CKD affects the levels of numerous CYP
epoxides and hydroxy metabolites (DHETs, EEQs, DiHDPAs,
and HETES) in circulating RBCs compared to control sub-
jects, which on release may act in a vasoregulatory capacity.
Although hemodialysis treatment was insufficient to change
the majority of those total metabolites, we detected pronounced
changes in free metabolite levels within the ESRD RBCs and in
response to hemodialysis, indicating that free erythro-epoxides
could also contribute to the cardiovascular risk, for example,
in diabetes or hypertension. More research is needed to deter-
mine the contribution of RBC epoxy- and hydroxy-metabolites
to cardiac performance and blood pressure regulation in health,
cardiovascular, and specific kidney diseases.
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