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Abstract: There is growing evidence that lymphatic system plays a pivotal role in the pathogenesis
of hypertension. Here, for the first time, the metabolome of interstitial fluid is analyzed in patients
with arterial hypertension. Due to ethical issues to obtain human interstitial fluid samples, this study
included only oncological patients after axillary lymph node dissection (ALND). These patients
were matched into hypertensive (n = 29) and normotensive (n = 35) groups with similar oncological
status. Simultaneous evaluation of interstitial fluid, plasma, and urine was obtained by combining
high-resolution proton nuclear magnetic resonance (\H NMR) spectroscopy with chemometric analysis.
Orthogonal partial least squares discriminant analysis (OPLS-DA) provided a clear differentiation
between the hypertension and normotensive group, with the discrimination visible in each biofluid.
In interstitial fluid nine potential metabolomic biomarkers for hypertension could be identified
(creatinine, proline, pyroglutamine, glycine, alanine, 1-methylhistidine, the lysyl group of albumin,
threonine, lipids), seven distinct markers in plasma (creatinine, mannose, isobutyrate, glycine,
alanine, lactate, acetate, ornithine), and seven respectively in urine (methylmalonate, citrulline,
phenylacetylglycine, fumarate, citrate, 1-methylnicotinamide, frans-aconitate). Biomarkers in plasma
and urine allowed for the identification of specific biochemical pathways involved in hypertension,
as previously suggested. Analysis of the interstitial fluid metabolome provided additional biomarkers
compared to plasma or urine. Those biomarkers reflected primarily alterations in the metabolism of
lipids and amino acids, and indicated increased levels of oxidative stress/inflammation in patients
with hypertension.

Keywords: biomarkers; metabolic phenotyping; 1H NMR spectroscopy; primary hypertension;
interstitial fluid; prenodal lymph; lymphatic system

1. Introduction

Arterial hypertension is one of the most prevalent chronic diseases [1] and a leading cause of stroke,
heart disease, kidney failure, and premature death [2]. The etiology in 90% cases of hypertension
remains unclear and the disease is then classified as “essential” or “primary” hypertension [3].
The pathogenesis of essential hypertension generally depends on the interaction among genetic,
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environmental, and lifestyle factors. However, the underlying biochemical pathways in hypertension
are still not fully understood.

In the pilot study presented here, the main focus was on the evaluation of the metabolome of
interstitial fluid to identify metabolic alterations occurring in patients with arterial hypertension; a study
complemented also by analyzing the metabolome of plasma and urine in those patients. The application
of metabolic phenotyping technologies allowed the profiling of low molecular weight metabolites
in these bio-liquids. Those profiles are unique signatures (“fingerprints”), reflecting the metabolic
state of patient in response to disease and therapy [4,5]. Metabolites are considered intermediates
and end products, resulting from physiological homeostasis, gene expression, and environmental
interactions [6]. The application of metabolomics in hypertension studies has the potential to provide
identification and novel insights into key pathophysiological processes and related pathways [7,8].
Therefore, this approach can be used to identify metabolites as biomarkers for early diagnosis, disease
stage, and efficacy of hypertensive treatment [9-11]. Since the therapeutic application of altered
metabolites may affect phenotypes [12-16], the evaluation of metabolomic profiling of individual
patients can be used to design personalized hypertensive treatment in the future.

Previous metabolomic studies on hypertension have been mainly based on—easy to obtain—blood
and urine samples [7,17-21]. However, the metabolomics of blood and/or urine might not at all fully
reflect tissue-level changes associated with hypertension [22]. Therefore, other bioliquids gained
growing interest recently such as from skin interstitium and the lymphatic system. Both seem to
play pivotal roles in the pathogenesis of cardiovascular disorders, including hypertension [23-27].
The lymphatic system governs the transport of interstitial fluids from extracellular space to the
blood circulation, thus, maintaining peripheral tissue homeostasis, including fluid and lipids balance
throughout the body. The lymphatic vessels drain products of tissue metabolism and catabolism, as
well as circulating immune cells and transport them to the regional lymph nodes [28]. Metabolomics
of lymph has never been evaluated before in arterial hypertension. Since human lymph samples
cannot be obtained easily due to ethical reasons, only oncological patients after axillary lymph nodes
dissection (ALND) were included in the study. For cancer patients, arterial hypertension is the most
common co-morbidity; a fact which can significantly influence cancer care and clinical outcomes.
Therefore, it is important to diagnose and manage hypertension in this group of cancer patients [29].

The samples of interstitial fluid in our study were obtained via drains placed in the axillary area
after ALND. Interstitial fluid has the same composition as prenodal lymph, since modification of the
lymph composition occurs first in the lymph nodes [28]. Most of the collected fluid was prenodal lymph
from the entire upper limb on the operated side, since lymph could not be transferred through the
lymphatic vessels within the armpit due to the damage to the lymphatic vessels during ALND. A minor
fraction of samples from the drains constituted the inflammatory fluid from the operated armpit.

In this study, we used not only interstitial fluid samples (to our knowledge, for the first time
in the metabolomic study in hypertension), but also plasma and urine samples from hypertensive
and normotensive (as reference) oncological patients. Simultaneous metabolomics profiling of these
three biofluids was carried out using high-resolution proton nuclear magnetic resonance (:H NMR)
spectroscopy, a widely used analytical techniques to analyze biofluid metabolites [30]. The main
advantages of NMR based metabolomics approach are the robustness of the technique, the unambiguous
identification of individual metabolites and their quantification, and the non-destructiveness to the
samples [30]. Thus, NMR spectroscopy, although less sensitive than mass spectrometry (MS), allows for
the acquisition of a large amount of high-quality reproducible data [31]. Combining NMR-derived
metabolomic data from three biofluids enabled us to identify pathophysiological pathways in arterial
hypertension and the scale of occurring biochemical alterations.
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2. Materials and Methods

2.1. Patient Cohort

This study enrolled 64 patients of the Wroclaw Comprehensive Cancer Center in Poland who had
undergone ALND. All patients had cancer according to histopathological examination, and 29 of them
had arterial hypertension, while the other 35 were normotensive and acted as the reference group.
Study groups were matched at the stage of the patient recruitment to have the same oncological status.
The majority were diagnosed with breast cancer (i.e., 25 patients in the hypertensive cancer group
and 29 patients in the normotensive cancer group). Exclusion criteria were secondary hypertension,
diabetes mellitus, and kidney failure. Diagnosis of hypertension consisted of clinical and family
history, physical examination, body mass index (BMI), and at least two blood pressure measurements
by Riva Rocci method and routine laboratory investigations (i.e., complete blood count, electrolytes,
glucose, creatinine, and urinalysis). All patients in the hypertensive group were treated by orally
administered antihypertensive therapy with beta-blockers (BBs) or a combination of 2 to 4 agents
including diuretics, BBs, angiotensin-converting-enzyme inhibitors (ACEIs), angiotensin II receptor
blockers (ARBs), and calcium channel blockers (CCBs).

Ethical approval was obtained from the Ethics Committee of Wroclaw Medical University,
Poland (KB-40/2011). Written informed consent was obtained from each participant following the
principles outlined in the Declaration of Helsinki.

2.2. Sample Collection

Fasting blood samples and urine samples were taken in the morning before the ALND was
carried out. Peripheral blood samples were collected by venipuncture of the antecubital vein using the
Sarstedt S-Monovette system (Sarstedt AG & Co., Niimbrecht, Germany). Then, blood samples were
centrifuged at 3000x g for 10 min at 4 °C to isolate plasma. Interstitial fluid samples were taken via
drains in the armpit after surgery. Collection of interstitial fluid samples occurred 3—4 days after ALND
to obtain clear interstitial fluid without admixture of blood. From each individual three biofluids
(interstitial fluid, plasma, and urine) were taken and stored until analysis. One urine sample was
missing from a patient in the normotensive group.

2.3. TH NMR Analysis of Plasma, Lymph and Urine

Preparation of the plasma and urine samples for metabolomic analysis was carried out according
to Dona et al. [31]. For interstitial fluid samples, preparation protocol of plasma was applied. Briefly,
before analysis, plasma and interstitial fluid samples were thawed and centrifuged at 13,000 g for
10 min at 4 °C to remove insoluble material. Then, 300 uL of plasma/interstitial fluid were mixed with
300 pL of 1.5 M of deuterated phosphate buffer (NaH,PO, and KoHPOy,, including 0.1% TSP, pH 7.47)
and transferred into 96-well plates for NMR spectroscopy using a Gilson robot. Urine samples were
thawed and centrifuged at 12,000 g for 5 min at 4 °C and then 540 uL of the sample was mixed with
60 pL of phosphate buffer pH 7.4 containing 0.1% TSP, pH 7.47 by Gilson robot. Quality control (QC)
samples were prepared for each biofluid by pooling all samples to monitor the analytical variability of
the metabolic profiling platform.

'H NMR spectra were acquired at 311 K for plasma and interstitial fluid samples and 301 K for
urine samples on a Bruker 600 MHz AVANCE III (Rheinstetten, Germany) spectrometer equipped
with a 5 mm BBO broadband (1H/19F/2D) z-gradient cryo-probe. Setup of experiments for plasma and
urine samples was carried out, as described previously [31]. Taking into account the similarity between
plasma and interstitial fluid, we applied identical conditions for both. For each plasma and interstitial
fluid sample, two 1D NMR experiments were acquired with the first being a standard 'H NMR
spectrum (NOESY) with water suppression, a 90° flip angle, a cycle delay of 4 s, an 18-kHz spectral
width, 98,304 data points, an 0.01 s mixing time, and a total 32 scans after 4 dummy scans. The second
experiment was a T, edited I'H CMPC (Car-Purcell-Meiboom-Gill) NMR spectrum (with water
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suppression for enhanced visualization of compounds with low molecular weight. By analyzing
NOESY NMR spectra of plasma and interstitial fluid, we detected very similar metabolomic profiles
with respect to lipids and lipoproteins. Therefore, we applied the same parameters for CPMG NMR
experiments for interstitial fluid as before for plasma. As checked during setting up experiments those
parameters were suitable for a comprehensive analysis of both biofluids. The corresponding NMR
spectrum was acquired with a recycle delay of 4 s, 12-kHz spectral width, 73,728 data points, 30 ms
total spin-echo time, total of 64 scans, and 4 dummy scans. For urine samples, primary acquisitions
were made using a standard 1-D pulse program (recycle delay (RD)-90°-t1-90°-tm-90°-acquire free
induction decay (FID)). The 90° pulse length was adjusted to ~12 ps. A total of 64 scans were recorded
into 32 K data points with a spectral width of 20 ppm. An exponential function was applied to the FID
before the Fourier transformation, which resulted in a line broadening of 0.3 Hz.

All acquired NMR spectra were manually corrected for phase and the baseline using TopSpin
2.1 (Bruker Biospin, Rheinstetten, Germany). Subsequently, NMR spectra were aligned using icoshift
1.2 and manual integration of peaks was performed to a linear baseline on all spectra in parallel
by using an in-house developed Matlab routine, as described previously [32]. The integrated data
from plasma/interstitial fluid were normalized to the total sum of the spectrum to give the same
total integration value for each spectrum. Urine data were normalized using Probabilistic Quotient
Normalization (PQN). Metabolite identification was carried out using Chenomx NMR suite professional
(version 7.72, Chenomyx, Inc., Edmonton, AB, Canada).

2.4. Multivariate and Statistical Analyses

Normalized NMR data sets were unit variance (UV) scaled before multivariate analysis.
Multivariate data analysis methods, principal component analysis (PCA) and orthogonal partial
least squares discriminant analysis (OPLS-DA) were used to reduce the dimensionality and to enable
the visualization of the separation of the study groups (SIMCA 14.0, Umetrics, Umed, Sweden).
All OPLS-DA models used 7-fold cross-validation to assess the predictive ability of the model (Q2).
Further validation of the models was carried out by using cross-validation ANOVA (CV-ANOVA).
Important metabolites differentiating study groups were selected based on loadings plots (|p| > 0.10)
from OPLS-DA models and results of the univariate analysis using the Student’s t-test. The Student’s
t-test was selected, based on the outcome of the Shapiro-Wilk test for normality. p-Values of less
than 0.05 were considered as statistically significant. To avoid the influence of potential confounders,
each selected metabolite was further confirmed by adjusting for age and the body mass index (BMI),
using linear regression models based on the MATLAB command fitlm.

3. Results

3.1. Characteristics of the Study Subjects

Basic demographic and clinical data of the study groups are summarized in Table 1. There were
no significant differences in gender between two groups based on statistical analysis (p > 0.05). Men in
both study groups constituted about 10%. However, age and body mass index (BMI) were significantly
different between both study groups.

3.2. Metabolic Profiling of 'H NMR Spectra of Plasma, Interstitial Fluid and Urine

Untargeted metabolomics analysis was carried out using the 'H NMR spectra of all bio-liquid
samples. R Figure 1A-C, show representative 600 MHz 'H CPMG NMR spectra of plasma and
interstitial fluid and 'H NMR NOESY 1D spectrum of urine from the normotensive group. Inspection
of NMR spectra of plasma and interstitial fluid reveals a wide variety of metabolite resonances,
mainly including BCAA, alanine, lactate, lysine, acetate, N-acetyl glycoprotein (NAG), glutamate,
glutamine, pyruvate, citrate, creatinine, glycerophosphocholine, phosphocholine, glycine, urea,
tyrosine, phenylalanine, 1-methylhistidine, formate, and lipid species. Several metabolites were
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also identified in urine, mainly including 3-hydroxybutyrate, o-ketoisovaleric acid, methylmalonate,
3-hydroxyisovalerate, citrulline, acetamide, dimethylamine, dimethylglycine, trimethylamine-N-oxide,
taurine, scyllo-inositol, phenylacetylglycine, creatine, hippurate, trigonelline, fumarate, trans-aconitate,
xanthine, and 1-methylnicotinamide.

Table 1. Demographic and medical data on hypertensive vs. normotensive patients.

Hypertensive Group  Normotensive Group

Clinical Data (@ = 29) (1 = 35) p-Value
Age,y 65.8 + 8.4 53.4 +12.1 <0.0001
BMI, kg/m2 29.5+4.9 26.3+4.3 0.007
Gender, % male 13.8 11.4
Duration of hypertension, y 11.5+10.2
SBP, mm Hg 127.1 +£10.9
DBP, mm Hg 80.4 +6.1
Antihypertensive drugs, in total 1.8+0.7
ACEi, % 48.3
ARB, % 17.2
Diuretic, % 34.5
Calcium channel blocker, % 27.6
[3-Blocker agent, % 379
Clonidine, % 3.3
Familiar history of hypertension, % yes 82.8
Cancer type:
Breast cancer 25 29
Cutaneous melanoma 3 4
Axillary tumor 1 2

Values are expressed as percentage (%) or mean + SD. Abbreviations: ACEi: angiotensin converting enzyme
inhibitor; ARB: angiotensin receptor blocker; BMI: body mass index; DBP: diastolic blood pressure; SBP: systolic
blood pressure.

3.3. Biomarker Identification for Hypertension

To probe the metabolic variations, analysis of all data for the three bio-liquids was performed by
using SIMCA software, which provides discrimination and significant variables selection. First,
an unsupervised PCA analysis was applied to identify potential outliers (one plasma sample,
three interstitial fluid samples, and three urine samples), and exclude them from subsequent modeling
processes. OPLS-DA analysis for each data set allowed a maximum on sample group separation
and identification of the discriminating metabolites. The relevant OPLS-DA score plots of plasma,
interstitial fluid, and urine are shown in Figure 2A,C,E, respectively. For all bio-fluids, good separations
were found between hypertensive subjects and normotensive subjects, with differences being visible in
plasma, interstitial fluid, and urine metabolic profiles between both study groups. Goodness of fit
values and predictive ability values (explained variance R2Y and predicted variance Q2) indicated that
all models possessed a reasonable fit and predictive power: for plasma data: R2Y = 0.727, Q2 = 0.275;
for interstitial fluid data: R2Y = 0.605, Q2 = 0.242; and for urine data: R2Y = 0.602, Q2 = 0.251).
A CV-ANOVA test showed highly significant variation related to the separation of groups: for plasma
data: p-value = 0.005; for interstitial fluid data: p-value = 0.003; and for urine data: p-value = 0.003.
Cross-validation analysis using 200 random permutations are shown separately for plasma data
in Figure 2B, interstitial fluid data in Figure 2D, and for urine data in Figure 2F. The R? and Q?
intercepts values determined after permutations were: for plasma data: 0.52 and —0.56, respectively;
for interstitial fluid data 0.42 and —0.39, respectively and for urine data 0.51 and —0.33, respectively.
Presented validation plots confirmed the robustness of the OPLS-DA models for plasma and interstitial
fluid data. Consideration was taken in evaluating plot for urine data, as all of the Q2 (cum), but not
all R2 (cum) values were lower than the original values in the validation plot. However, taking into
account results of CV-ANOVA analysis, the model for urine data is robust and valid.
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Figure 1. Representative 600-MHz high-resolution proton nuclear magnetic resonance (\H NMR)
spectra of plasma (A), interstitial fluid (B) and urine (C). The regions of & 5.0-8.5 for plasma and
interstitial fluid and & 5.0-9.4 for urine were magnified compared with the corresponding regions
5 0.64.5 for purposes of clarity. Abbreviations: L1: lipid-CHjs; L2: lipid <(CHj)n; Lac: lactate; L3:
lipid CH,-CH,=0; Lys: lysine; L4: lipid CH,-CH=; Ace: acetate; Pyr: pyruvate; Ca-E: Ca-EDTA;
Mg-E: Mg-EDTA;L5: lipid =CHCH,-CH=; Cn: creatinine; E: EDTA; -&-3-Glc: o-&-[3-glucose; Lé6:
lipid -CH=CH-; 1-MH:1-methylhistidine; Val: valine; Leu: leucine; Ile: isoleucine; Ala: alanine; Acet:
acetone; NAG: N-acetyl glycoprotein; Glu: glutamate; Gln: glutamine; Cit: citrate; Chol: choline;
GPC: glycerophosphocholine; PC: phosphocholine; Gly: glycine; «-Glc: a-glucose; Tyr: tyrosine; Phe:
phenylalanine; 3-HB: 3-hydroxybutyrate; x-KVA: «-ketoisovaleric acid; MM: methylmalonate; 3-HV:
3-hydroxyisovalerate; Citr: citrulline; AD: acetamide; DMA: dimethylamine; DMG: dimethylglycine;
TMAQO: trimethylamine-N-oxide; Tau: taurine; sl: scyllo-inositol; PAG: phenylacetylglycine; Cre:
creatine; Hipp: hippurate; Tri: trigonelline; Fum: fumarate; t-Act: trans-aconitate; Xan: xanthine;
MN: 1-methylnicotinamide.

Potential metabolic biomarkers of hypertension in patients were selected based on OPLS-DA
loading plots (|p| > 0.10) and the results of the t-test (p < 0.05). By applying this criterion as previously
described [33], metabolites were identified whose distribution patterns were important for class
separation. This way, 21 significant metabolites were identified (see Table 2). Adjustment for age and
BMI by linear regression for each selected metabolite revealed that most of them were independent of
these covariates. The plasma of hypertensive patients, contained eight metabolites with significant
changes in concentrations compared to normotensive patients, with three metabolites increased and
five decreased (Figure 3A). The metabolite profile of interstitial fluid in the hypertensive group showed
a strong increase in one metabolite and a decrease in eight metabolites (Figure 3B). Three of them
were common for plasma and interstitial fluid and had the same pattern of changes in hypertensive
patients. The hypertensive group showed in urine an increase of three metabolites and a decrease
of four metabolites (see also Figure 3C). As the group here consists of solely oncological patients,
with most of them having breast cancer, any relation between cancer type and metabolic profile were
also studied. However, the significant metabolites used for differentiation and their relative levels were
typical for all hypertensive patients. Therefore, we could develop a simplified representation of the
biochemical pathways network (see Figure 4), which reflects the metabolic variations in patients with
arterial hypertension. This network is based on all indicative metabolomic biomarkers of hypertension
which were identified in the interstitial fluid, blood, and urine biofluids. This map clearly reflects the
important interactions between the altered metabolic pathways in plasma, interstitial fluid, and urine
in patients with arterial hypertension.
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Figure 2. Multivariate analysis of metabolomics data from hypertensive patients (red dots) and
normotensive patients (black dots). (A) Orthogonal partial least squares discriminant analysis
(OPLS-DA) score plot of plasma 'H NMR data; (B) plot obtained after performing random permutation
test with 200 permutations on OPLS-DA model of plasma data; (C) OPLS-DA score plot of interstitial
fluid'H NMR data; (D) plot obtained after performing random permutation test with 200 permutations
on OPLS-DA model of interstitial fluid data; (E) OPLS-DA score plot of urine I'H NMR data; (F) plot
obtained after performing random permutation test with 200 permutations on OPLS-DA model of
urine data.
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Table 2. Significant metabolites differentiating hypertensive group from normotensive group in plasma,

interstitial fluid, and urine.

Value p-Value p-Value
Metabolite Matrix pl1l ’(7 t-Test) Adjusted Adjusted Pathway Superpathway
for Age for BMI
Mannose Plasma 024  236x100 7.18x102 734x10-% ructoseMannoseand ooy b e
Galactose Metabolism
Glycolysis,
Lactate Plasma -0.20 133x 1072 6.07x 1073 3.92x 1073 Gluconeogenesis, Carbohydrate
and Pyruvate Metabolism
Isobutyrate Plasma 0.18 356x1072 254x 1072 2.85x 1072 Gut microbiota
Acetate Plasma  -0.13  245x1072 215x1072 1.26x 107! Gut microbiota
Ornithine Plasma 019  421x102 976x102 101x102 Ureaeyele Arginineand oy g
Proline Metabolism
-3 -3 -3
Creatinine E;f\;?ﬁ gi; é:;%:: 11 (()J*Z gzi i 18,2 ?gg i }8,1 Creatine metabolism Amino acid
Alanine Plasma ~ -029  298x10™* 136x10° 743x10  Alanine and aspartate Amino acid
Lymph  -030  215x1073 3.10x107® 6.79x1073 metabolism
Glveine Plasma  -021  282x1072 539x107' 351x107! Glycine, serine and Amino acid
y Lymph -0.25 8.96x 1073 296 x 1071  7.04 x 1072 threonine metabolism
. Glycine, Serine and . .
_ 4 -3 —4 yene,
Threonine Lymph 0.27 2.21x 10 571 x 10 3.64 x 10 Threonine Metabolism Amino acid
Pyroglutamate Lymph -0.27 3.72x107*  654x1073 3.07x107®  Glutathione metabolism Amino acid
. Urea cycle; Arginine and . .
_ -3 -2 -3 ycle; Arg
Proline Lymph 0.26 1.22 x 10 2.73 x 10 3.99 x 10 Proline Metabolism Amino acid
1-Methylhistidine ~ Lymph  -0.18  254x10% 243x102 235x107®  Histidine metabolism Amino acid
Albumin-lysyl Lymph  -020  342x1073 877x1072 1.72x1072 Protein Lipid
Lipids (CH,-C=C)  Lymph  -0.16  479x1072 373x 107! 4.87x1072  Fatty Acid Metabolism Lipid
. Fatty Acid Metabolism
-3 —4 —4 y .
Methylmalonate Urine 0.23 1.61 x 10 6.49 x 10 2,67 x 10 (also BCAA Metabolism) Lipid
Phenylacetylglycine ~ Urine 0.16 356x 1072 5.09x1072 2.32x1072 Acetylated Peptides Peptide
Fumarate Urine -0.22 139x 107 211x1073 127 x 1073 Krebs cycle Energy
Citrate Urine -0.19  140x107* 1.89x107® 9.58x 107 Krebs cycle Energy
trans-Aconitate Urine -0.17  1.68x1072 120x 107! 544 x 1072 Krebs cycle Energy
Citrulline Urne 018  181x102 238x102 897x10 UraoydeAminineand 000
Proline Metabolism
Nicotinate and Cofactors and
1-Methylnicotinamide ~ Urine -0.11  657x107° 284x1072 3.09 x 1072 Nicotinamide

Metabolism

Vitamins
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Figure 3. Significantly altered metabolites in the hypertensive group (red box plot) compared to the
normotensive group (green box plot) in plasma (A), interstitial fluid (B), and urine (C).
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Figure 4. Simplified representation of metabolomic pathways, showing significantly altered metabolites
in hypertensive patients compared to normotensive patients in plasma (red), interstitial fluid (orange),
and urine (yellow).

4. Discussion

An increasing number of cancer patients with pre-existing cardiovascular diseases represents
a severe challenge for clinicians and a new frontier for intense research towards better diagnosis
and therapy. In this pilot study, multivariate analysis of 'H NMR derived metabolic profiles of
interstitial fluid, plasma, and urinary samples successfully identified the metabolomic differences
between oncological patients with and without hypertension. Based on our knowledge, research of
arterial hypertension in cancer patients with application of metabolomics on interstitial fluid, has never
been studied before. By using complimentary metabolomics profiling of plasma and urine on those
patients here, our findings could be compared to previous plasma and urine based metabolomic studies
on non-cancer hypertensive patients. The metabolomics findings for interstitial fluid here are unique in
the context of hypertension research. Through analyzing the metabolomic patterns present in different
body fluids of the same individual we obtained a deeper understanding of the metabolic pathways
altered in the setting of treated hypertension in oncological patients (Figure 4).

The metabolomic profiles of each biofluid alone already provided a clear and strict differentiation
between the hypertensive and the normotensive group. To our knowledge, the study here is the first
one showing that the metabolomic analysis of interstitial fluid enables a clear differentiation between
both groups and provides information to understand the biochemical pathways involved in arterial
hypertension. It complements metabolomics studies based solely on plasma and urine biofluids.
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4.1. Differences in Metabolite Levels in the Hypertensive Group vs. Normotensive Group

4.1.1. Interstitial Fluid

The increased levels of creatinine and decreased levels of amino acids in interstitial fluid of the
hypertensive patients were in line with the results of the metabolic profiles found in the plasma of those
patients. A higher concentration of pyroglutamate in interstitial fluid in this patient group might indicate
alterations in biochemical pathways associated with glucose metabolism [34,35]. Proline and threonine
are decreased in interstitial fluid in the hypertensive group; an observation revealing complex alteration
of amino acids metabolism in hypertension [36]. However, their decreased concentrations in interstitial
fluid altogether with 1-methylhistidine, glycine, and albumin lysyl may also indicate increased
oxidative stress and inflammation associated with hypertension [7,37]. Proline participates in redox
reactions [38], and has the potential to scavenge free radicals in vitro [39]. Threonine itself is involved in
many physiological processes, including various immune functions [40,41]. The 1-methylhistidine can
be metabolized into anserine, which is an important free radical scavenger [42]. Glycine possesses also
anti-inflammatory, immunomodulatory, antioxidant, and cytoprotective properties [43,44]. Therefore,
it acts against oxidative stress under various pathological situations, e.g., as a cardioprotective agent in
coronary arterial endothelial cell inflammation [45], and it protects against oxidative damage in patients
with metabolic syndrome [15]. Although there are no reports about lysyl groups of albumin involved
in hypertension, its lower level in interstitial fluid in our hypertensive group may also indicate a higher
degree of oxidative stress associated with hypertension, as previous findings have suggested [46].

Remarkably, potential biomarkers of oxidative stress and inflammation were much more clearly
visible in interstitial fluid compared to plasma and urine of hypertensive patients. This is in line with a
recent proteomic study [47], in which the interstitial fluid was found to be specifically enriched with
mediators of energy/redox metabolism. Oxidative stress has gained attention as one of the fundamental
mechanisms involved in the development of hypertension [48], with increased ROS production in
patients with various types of hypertension [49]. Our results obtained for interstitial fluid samples
of hypertensive patients provide further evidence that increased oxidative stress is involved in the
pathogenesis of hypertension.

Decreased concentrations of lipids and threonine in interstitial fluid in those patients are, in turn,
consistent with known disruptions in lipid metabolism in hypertension [19,50].

Lipids are absorbed from peripheral tissues to the lymphatic capillaries in the process of reverse
cholesterol transport (RCT). Reduced levels of fatty acids in the interstitial fluid presumably indicate a
reduction of lipid transport from peripheral tissues to the circulatory system, i.e., decreased RCT [51].
This decrease might support atherosclerosis development [52,53]. Elevated threonine levels were
reported to be inversely associated with a reduced risk of atherogenic lipid profile, including decreased
levels of small dense low-density lipoprotein cholesterol (LDL), remnant-like particle cholesterol
and triglycerides [54]. However, threonine may be also decreased as a consequence of the intake of
beta-blockers and thiazide diuretics [55]. Some of our hypertensive patients took these medicines, thus,
the effect of drugs on the concentration of this amino acid cannot be ruled out completely.

Decreased levels of glycine in interstitial fluid and plasma, and proline in interstitial fluid may
also be associated with a dysregulation in elastin and collagen synthesis associated with hypertension.
Glycine is one of the main components of collagen and its role in maintaining collagen structure is
critical [56,57]. It has been shown that lower levels of glycine are associated with impaired collagen and
elastin formation in hypertension, causing a reduced elasticity of the arterial wall [58-60]. Proline is
another metabolite, the conversion of which into 4-hydroxyproline plays an important role in collagen
stability [61]. However, proline may be also converted to ornithine or L-arginine. Thus, decreased
levels of proline in interstitial fluid in the cancer hypertension group may reflect alterations in the
arginine/NO pathway [62].
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4.1.2. Plasma

The plasma metabolomic profile revealed an increased concentration of creatinine in the
hypertensive group. Creatinine is a widely used biomarker for the evaluation of renal function
in clinical practice [63]. Elevated creatinine concentrations indicate an increased risk of cardiovascular
consequences of hypertension [64,65].

In the hypertensive group decreased levels of plasma amino acids were found, including for
ornithine, glycine, and alanine. Changes in amino acids composition are seen as a potential biomarkers
of hypertension [36,66]. Amino acids are the basic units for protein synthesis, and affect such functions
as proliferation, immune response, and the regulation of tricarboxylic acid cycle (TCA cycle) [66].
Ornithine is a degradation product of arginine with alterations in the arginine metabolic pathways,
causing reduced nitric oxide (NO) bioactivity; a prominent feature for endothelial dysfunction in
hypertension [67]. In agreement with our results, the glycine level was reported to be lowered in
patients with arterial hypertension [9,20,36]. A lower risk of coronary heart disease seems to be
associated with higher glycine concentrations and reduced blood pressure [68,69]. Indeed, glycine
supplementation has been shown to lower blood pressure in rodents [13,14] and in humans [15],
but even in rat models for metabolic syndrome [70]. In contrast, recent reports on the significance of
alanine levels in hypertension were conflicting, with downregulated alanine levels [21,66] and others
upregulated ones [18,71,72] being reported.

Our hypertensive group showed also increased level of mannose in the plasma. Plasma mannose levels
have been tightly associated with atherogenesis [73], cardiovascular diseases [74,75], and mortality [76],
and indirectly also with markers of inflammation (including CRP), creatinine, lower glomerular filtration
rate, and with urine albumin excretion [74].

Here, we also observed decreased levels of lactate in the hypertensive group. Lactate is formed
under hypoxic conditions, and it appears in serum during ischemia caused by e.g., insufficient blood
flow due to atherosclerosis [77]. In our study, decreased plasma lactate levels might be caused by
pyruvate impairment in hypertension, associated with amino acids alterations. However, some reports
indicate higher lactate levels related to higher blood pressure [78,79]. Our hypertensive patients were
under treatment with antihypertensive drugs, and had normal blood pressure, hence, the lactate level
was not increased in this group.

We further observed that the hypertension group had increased isobutyrate and decreased acetate
plasma concentrations. These alterations may reflect novel physiological connections of hypertension
with the functioning of the gut microbiota [7,17,18,80]. Compared to healthy controls, hypertension
was associated with decreased microbial richness and diversity, and the microbiome characteristic in
the pre-hypertension group was quite similar to that found in the hypertension group [7]. Furthermore,
fecal transplantation from hypertensive human donors to germ-free mice [7], and from hypertensive
rats to normotensive rats [81], resulted in elevated blood pressure in the hosts.

4.1.3. Urine

Hypertensive patients had a significantly lower urinary concentration of 1-methylnicotinamide
(1-MN) in comparison to the normotensive group. 1-MN is a major metabolite of nicotinamide and
exerts antithrombotic and anti-inflammatory effects through its direct action on the endothelium [82,83].
Chronic treatment of diabetic or hypertriglyceridemic rats with 1-MN had the potential to reverse the
impairment of NO-dependent endothelial dysfunction [16].

The increased concentration of citrulline in urine in the hypertensive group may be recognized
as the biomarker of alterations occurring in the urea cycle [84]. However, urea cycle enzymes are
highly regulated by a wide range of hormones, pro- and anti-inflammatory cytokines, and other
agents [84]. In turn, the TCA cycle is central in the regulation of energy and cell metabolism, and may
be significantly altered in resistant hypertension [85]. Our results concerning TCA cycle intermediates
(i.e., decreased concentrations of citrate and fumarate) and substrates for TCA cycle intermediates
(i.e., decreased concentration of trans-aconitate and increased level of methylmalonate—they are
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converted into cis-aconitate and succinate, respectively) indicate impaired TCA cycle flux in our
hypertensive group in comparison to the normotensive one, which is in agreement with an earlier
study [86].

Changes in metabolites associated with gut microflora present in plasma of hypertensive patients
were also visible in their urine, as increased concentrations of phenylacetylglycine. This relationship
between urine metabolites related to host-gut microbial pathways and blood pressure has been
described recently [17,87].

4.2. Limitations

We are aware of some limitations of our study. First, this pilot study consists of a limited number
of patients after ALND. Nevertheless, the selection of this specific group of patients enabled us to collect
very unique interstitial fluid samples. The interstitial fluid has never been evaluated in the context of
metabolomics in arterial hypertension, despite various previous studies indicating a potential role of
the lymphatic system in the pathophysiology of hypertension [24,25]. Additionally, our samples of
interstitial fluid, which mostly came from disrupted lymphatic vessels (prenodal lymph), contained
minor fractions of inflammatory interstitial fluid originating from the operated armpit. However,
both groups of patients underwent the same type of surgery, performed by the same surgical team.
Therefore, this admixture should not have any severe impact on the robustness of the results. Second,
the hypertensive group was treated with different antihypertensive drugs; a treatment which can affect
the plasma metabolomic profiles of patients with essential hypertension [10,88]. Therefore, the results
presented here cannot rule out an impact of the used drugs on the metabolomic changes seen. In a
previous study, we found that the intake of beta-blockers and diuretics could decrease threonine
levels [55]. Third, our patient groups differed in age and BMI, which are known significant factors
that influence metabolic profiling. However, we are confident that the applied adjustment for age and
BMI enabled a faithful comparison of both groups, with most metabolites found to be independent of
these covariates.

5. Conclusions

The management of hypertension plays an important role in the treatment of oncological patients.
Our pilot study demonstrates that metabolomics of interstitial fluid can clearly differentiate the cancer
hypertensive group from the cancer normotensive one. Here, we could show that interstitial fluid,
which has not been explored in hypertension studies previously, was unique in identifying distortions
in the lipid metabolism; distortions that were not observable at all in plasma or urine. The impact of
oxidative stress/inflammation and alterations in mono-amino acids metabolism were visible in plasma
samples, but were much more pronounced in the metabolic profiles originating from interstitial fluid.
Thus, interstitial fluid and plasma exhibit both common and distinct metabolic patterns, revealing
their independent and synergistic biological implications.

The metabolites identified in our study are not only potential valuable biomarkers of hypertension
in oncological patients, but also provide molecular information about underlying biochemical
mechanisms; information that will be important for designing novel specific diagnostic and tailored
therapeutic approaches.
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