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Introduction: Hypertensive nephrosclerosis is among the leading causes of end-stage renal disease, but

its pathophysiology is poorly understood. We wanted to explore early metabolic changes using gene

expression and targeted metabolomics analysis.

Methods: We analyzed gene expression in kidneys biopsied from 20 patients with nephrosclerosis and 31

healthy controls with an Affymetrix array. Thirty-one amino acids were measured by liquid chromatog-

raphy coupled with mass spectrometry (LC-MS) in urine samples from 62 patients with clinical hyper-

tensive nephrosclerosis and 33 age- and sex-matched healthy controls, and major findings were

confirmed in an independent cohort of 45 cases and 15 controls.

Results: Amino acid catabolism and synthesis were strongly underexpressed in hypertensive nephro-

sclerosis (13- and 7-fold, respectively), and these patients also showed gene expression patterns indicating

decreased fatty acid oxidation (12-fold) and increased interferon gamma (10-fold) and cellular defense

response (8-fold). Metabolomics analysis revealed significant distribution differences in 11 amino acids in

hypertensive nephrosclerosis, among them tyrosine, phenylalanine, dopamine, homocysteine, and serine,

with 30% to 70% lower urine excretion. These findings were replicated in the independent cohort. Inte-

grated gene-metabolite pathway analysis showed perturbations of renal dopamine biosynthesis. There

were also significant differences in homocysteine/methionine homeostasis and the serine pathway, which

have strong influence on 1-carbon metabolism. Several of these disturbances could be interconnected

through reduced regeneration of tetrahydrofolate and tetrahydrobiopterin.

Conclusion: Early hypertensive nephrosclerosis showed perturbations of intrarenal biosynthesis of dopa-

mine, which regulates natriuresis and blood pressure. There were also disturbances in serine/glycine and

methionine/homocysteine metabolism, which may contribute to endothelial dysfunction, atherosclerosis,

and renal fibrosis.
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ypertensive nephrosclerosis is one of the leading
causes of end-stage renal disease in industrialized

countries.1 Renal parenchymal loss is believed to occur
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as a consequence of antecedent hypertension-induced
pre-glomerular microvascular alterations. The disease
is often diagnosed on clinical criteria only, typically
in patients with chronic kidney disease (CKD)
with longstanding hypertension or signs of blood
pressure–related organ damage, low proteinuria, and
no signs of other kidney diseases like hematuria,
diabetes, and glomerulonephritis.2 However, current
diagnostic criteria have low accuracy,3–5 the pathogen-
esis is incompletely understood, and no specific
treatment is available. More data on the underlying
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pathophysiological mechanisms and consequences are
needed for this understudied, but still very common,
disease.

Human gene expression studies find that chronic
hypoxia is a central mechanism contributing to both
glomerular and tubulointerstitial damage in hyperten-
sive nephrosclerosis.6 The downstream consequences
of ischemia and other risk factors in nephrosclerosis are
not well studied. Metabolomics platforms now enable
the simultaneous measurement of hundreds of small
molecular metabolites describing the downstream ef-
fects of genes and proteins. Patients with glomerulo-
nephritis,7–9 kidney transplantation,10,11 diabetes
nephropathy,12 acute kidney injury,13 and general
CKD14–17 have been studied, and important distur-
bances in amino acid, glucose, and fatty acid meta-
bolism as well as the central energy metabolism have
been described.12,18,19 Whether this extends to patients
with hypertensive nephrosclerosis is not well studied.
Although there is no very good animal model for
nephrosclerosis, current experimental data indicate
decreased citric acid (TCA)-cycle activity20 and exten-
sive mitochondrial abnormalities and dysfunctions in
kidneys exposed to various forms of hypertension.21

Pathway analysis based on gene expression in human
nephrosclerosis biopsies indicate that amino acid
metabolism (including arginine, serine, and tryptophan
metabolisms), TCA-cycle, glycolysis/gluconeogenesis,
fatty acid oxidation, peroxisome proliferator–activated
receptor signaling, and others were significantly
disturbed.22

We therefore used kidney gene expression and tar-
geted urinary metabolomic analyses to explore the
metabolic consequences in early stages of hypertensive
nephrosclerosis compared with age- and sex-matched
controls. The goal of this work was to generate a
relevant hypothesis to be further tested in experi-
mental models to elucidate the underlying mechanisms
of nephrosclerosis.
MATERIAL AND METHODS

Study Populations

For our biopsy study, we included patients with
biopsy-proven hypertensive nephrosclerosis and
healthy kidney transplant donors before kidney
transplantation from the European Renal cDNA Bank.23

For urine metabolomics studies, we included sub-
jects from the Third Nord-Trøndelag Health Study
(HUNT3), a cross-sectional population study performed
in the Norwegian county of Nord-Trøndelag between
2006 and 2008. Biological sampling, recording of
medical and lifestyle information, and simple physical
examinations were done as previously described.24
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Blood pressure was measured 3 times in a sitting po-
sition by trained nurses at the study venue and
recorded as the mean of the last 2 measurements using
the oscillometric method (Dinamap 845XT; Criticon,
Tampa, FL). Clinical hypertensive nephrosclerosis was
defined as individuals with an estimated glomerular
filtration rate (eGFR) less than 60 ml/min per 1.73 m2 or
eGFR 60–89 ml/min per 1.73 m2 with a decline in eGFR
larger than 30 ml/min per 1.73 m2 over the previous 10
years, combined with self-reported hypertension last-
ing more than 10 years and absence of diabetes melli-
tus, hematuria, and macroalbuminuria (defined as a
urine albumin-to-creatinine ratio >30 mg/mmol). Hy-
pertension was defined as systolic blood pressure
>140 mm Hg and/or diastolic blood pressure >90
mm Hg or treatment with antihypertensive medication.
The control group included individuals with estimated
glomerular filtration rates above 75 ml/min per 1.73 m2,
who did not have hypertension, diabetes, hematuria, or
proteinuria. Controls were matched to patients with
nephrosclerosis regarding sex and age group in age
intervals of 20 to 50 years, 50 to 70 years, and older
than 70 years.

To replicate the main metabolomics findings of the
HUNT study, we also analyzed urine and blood sam-
ples from the Study of Glucose and Insulin in Renal
Disease (SUGAR).25 This cohort included nondiabetic
patients with CKD with eGFR <60 ml/min per 1.73 m2,
as well as age- and gender-matched controls. Most
patients had a clinical diagnosis of hypertensive
nephrosclerosis. See Supplementary Materials for
further details on study design and analytical methods.

Metabolomic Analyses

Fresh urine samples were collected midstream at
the venue of the HUNT study, immediately put into
a �20 �C freezer and transferred to a �80� freezer
within 24 hours, without centrifugation or use of ad-
ditives during storage. Targeted quantitative analysis
of amino acids in urine was performed using LC-MS
using the commercial EZ:faast LC/MS Physiological
(Free) Amino Acids Kit (Phenomenex, Inc, Torrance,
CA), which includes the most clinical amino acids and
related compounds (n ¼ 47). Urine was diluted,
centrifuged, spiked with the internal standard solu-
tion, and derivatized following the Phenomenex EZ-
faast protocol. Samples were separated and measured
with a Waters Acquity UPLC–TQ-S tandem mass
spectrometer (Waters Corporation, Milford, MA) with
cases and controls in a random order with 1 quality
control every 15 samples. Values were normalized to 1
mmol creatinine. We excluded 3 amino acids (sarcosine,
citrulline, arginine) because they were not detected,
or detected in only near zero amounts, in more than
Kidney International Reports (2019) 4, 321–333



MA Øvrehus et al.: Amino Acid Disturbances in Early Nephrosclerosis TRANSLATIONAL RESEARCH
80% of the samples. We also excluded 13 amino acids
because we did not achieve reliable transitions, good
peak shapes, or retention times that matched with ex-
pected times. Interbatch variability was 11.9%, calcu-
lated as the relative SD (¼ SD/mean). The average
variance of the internal standard within the same batch
(intrabatch) was 2.1% (range 0.5–4.2%). Between all
batches, 71% of these amino acids had relative SDs of
less than 35%. All remaining amino acids were
included for further analyses. See Supplementary
Methods for details.

Transcriptomic Analyses

Samples from the glomerular and the tubulointerstitial
compartment were separated by microdissection in
kidney biopsies from the European Renal cDNA Bank.
Total RNA was isolated, reverse-transcribed and
amplified, and then fragmented and hybridized to the
Affymetrix (Santa Clara, CA) GeneChip Human Genome
U133A 2.0 and U133 Plus 2.0 Array as described in
previous publications.6,23,26 Quality controls have been
integrated in each step of the standard procedures and
include, but are not limited to, RNA quality control,
hybridization control, and data analysis control. In
addition, a minimum of 3 reference controls (Stra-
tagene, San Diego, CA) were used in each batch of
hybridization, and living donors or tumor nephrec-
tomy samples were included by design as “healthy” to
control for disease conditions. Specific to this selected
dataset, confirmatory real-time polymerase chain reac-
tion analyses were performed to replicate the micro-
array results using micro-dissected glomeruli from
biopsy specimens from an independent cohort of pa-
tients. Genes with false discovery rate (FDR) <0.05 and
more than 1.5-fold change were considered differen-
tially expressed and included for further analysis. We
used gene ontology enrichment analysis (PANTHER,
supported by the Gene Ontology Consortium) to inte-
grate all the gene expression data making it easier to
understand overall biological function. Upregulated
and downregulated genes were analyzed separately.27

Statistics

Central tendency for urine metabolites was evaluated
as percent differences in median values (patients with
nephrosclerosis minus controls), and statistical testing
was done with the Mann Whitney U-test (2-sample
Wilcoxon rank test). We also tested for distribution
differences using the 2-sample Kolmogorov-Smirnov
test. FDR was calculated according to the Benjamini
Hochberg ranking procedure to adjust for multiple
testing,28 and FDR 0.10 was considered significant in
this exploratory setting. Principal Component Anal-
ysis and Partial Least Squares Discriminant Analysis
Kidney International Reports (2019) 4, 321–333
(PLS-DA) were used to evaluate overall discrimination
between patients and controls after normalizing to 1
mmol of urine creatinine, log transformation, and
autoscaling (MetaboAnalyst 3.0; www.metaboanalyst.
ca). Variable importance in projection (VIP) was used
as a measure of the importance of variables from the
PLS-DA analysis. The VIP score is based on the sum
of variable influence over all model dimensions,
looking at the PLS loadings relative to the amount of
explained Y-variation,29 and can be used to identify
discriminating variables or predictors.30

Bioinformatics

For pathway analysis, we used a combination of
enrichment analysis and pathway topology analysis
(MetaboAnalyst 3.0). Enrichment analysis, rather than
evaluating one metabolite at a time for significance,
evaluates groups of functionally related metabolites to
see if they occur more often than expected or not.
Pathway topology analysis takes into consideration
that some metabolites are more central and others more
peripheral in a metabolic pathway, using so-called
relative betweenness centrality and degree centrality
measures.29 We also combined gene and metabolite
information into the same pathway analysis (integrated
pathway analysis, MetaboAnalyst 3.0). See
Supplementary Methods for further details, especially
on LC-MS methods.

To further elucidate the differentially expressed
genes relevant for our top pathways, we also explored
the Nephroseq version 5. This public website displays
preanalyzed data on the associations between specific
genes of interest and various renal outcomes (eGFR
decline, CKD, albuminuria, age, and others) based on
selected datasets. The study was approved by the
Regional Committee for Medical and Health Research
Ethics, Central Norway. All participants gave written
informed consent.

RESULTS

Participants

Baseline characteristics of patients with nephrosclerosis
and healthy controls with kidney biopsies (n ¼ 51),
urine metabolomics in the main cohort (HUNT, n ¼ 95),
and the replication cohort (SUGAR, n ¼ 60) are sum-
marized in Table 1. Mean age was close to 60 in all
groups except kidney biopsy controls (47 years). By
definition, none of the controls had diabetes, hyper-
tension, reduced kidney function, or signs of kidney
damage. Patients with nephrosclerosis had higher
blood pressure and body mass index combined with
lower eGFR (only modestly reduced in the HUNT
cohort, mean of 67 ml/min per 1.73 m2, with range
40–89).
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Table 1. Baseline characteristics of participants
Gene expression studies (European Renal

Biopsy Bank) Metabolomics studies (HUNT study) Metabolomics studies (SUGAR study)

Healthy
controls
(n [ 31)

Hypertensive
nephrosclerosis (n [ 20)

Healthy controls
(n [ 33)

Hypertensive
nephrosclerosis (n [ 62)

Healthy controls
(n [ 15)

Hypertensive non-DM
CKD (n [ 45)

Age 47.2 57.1 58.1 (11.3) 59.7 (10.8) 55.6 (11.8) 61.5 (14.3)

Male gender (%) 57 80 64 58 60 53

Systolic BP (mm Hg) <140 146 (22.9) 126.8 (12.2) 141.9 (13.8) 122.4 (14.1) 134.4 (15.9)

Diastolic BP (mm Hg) <80 88 (13.5) 73.1 (8.9) 79.3 (10.9) 77.2 (9.3) 80.6 (9.7)

Cholesterol (mmol/l) n.a. 6.3 (1.0) 5.9 (1.0) 5.7 (1.0) 5.2 (1.0) 4.7 (1.1)

Current-smoker (%) n.a. n.a. 25 11 7 20

Body mass index (kg/m2) n.a. 29.1 (4.7) 26.4 (3.5) 28.6 (3.6) 27.3 (5.9) 30.3 (6.2)

Cardiovascular disease (%) 0 n.a. 3 18 7 40

DM (%) 0 0 0 0 0 0

eGFR (ml/min per 1.73 m2)a 105.4 (30.9) 40.9 (23.8) 94.8 (14.2) 67.1 (10.8) 90.4 (18.0) 36.0 (12.8)

eGFR $90 (%) 76 0 57 0 47 0

eGFR 75–89 (%) 10 20 43 44 27 0

eGFR 60–74 (%) 14 0 0 27 27 0

eGFR 45–59 (%) 0 13 0 26 0 31

eGFR 30–44 (%) 0 27 0 3 0 33

eGFR 15–29 (%) 0 40 0 0 0 36

u-ACR (mg/mmol) <3.0 57 (56) 1.3 (0.5) 2.1 (1.6) 0.8 (0.7) 40.2

ACR 0–2.9 (%) 100 0 100 84 93 34

ACR 3.0–29.9 (%) 0 44 0 16 7 44

ACR $30.0 (%) 0 56 0 0 0 22

ACR, albumin-to-creatinine ratio; BP, blood pressure; CKD, chronic kidney disease; DM, diabetes mellitus; eGFR, estimated glomerular filtration rate; HUNT, Nord-Trøndelag Health
Study; SUGAR, Study of Glucose and Insulin in Renal Disease.
aeGFR calculated using the CKD-Epidemiology collaboration equation.
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Kidney Biopsy Gene Expression

Kidney biopsy gene expression analysis displayed sub-
stantial differences between patients with nephro-
sclerosis and healthy kidney donors. Among 11,936
genes tested, 306 and 267 were significantly (FDR <0.05
and absolute fold-change >1.5) over- or underex-
pressed, respectively. We carried out gene ontology
enrichment analysis to combine the information from
these differentially expressed genes into main biological
functions (Table 2). Amino acid–related biological pro-
cesses were substantially underexpressed in patients
with nephrosclerosis (7- to 13-fold). Other highly
Table 2. Gene ontology analysis showing the top 10 biological processes
nephrosclerosis kidney biopsies versus biopsies from healthy kidney don
Biological process Total No. found No

Cellular amino acid catabolic process 56 10

Fatty acid beta-oxidation 20 3

Response to interferon gamma 58 9

Gluconeogenesis 23 3

Cellular defense response 105 13

Cellular amino acid metabolic process 230 22

Cellular amino acid biosynthetic process 64 6

Cellular calcium ion homeostasis 115 12

Cytokine-mediated signaling pathway 60 6

Monosaccharide metabolic process 76 6

Note: Data from separate gene ontology (GO) enrichment analysis of 306 upregulated and 267
discovery rate (FDR) <0.05 and |FC| >1.5 were included. Table shows PANTHER GO-Slim Bi
concepts/classes to describe gene function and the relationships between these concepts. GO
important and instructive terms, that is, an output particularly useful for giving a summary of
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enriched functions indicated decreased fatty acid
oxidation (12-fold) and gluconeogenesis (10-fold),
whereas several immunological and defense functions
were increased (interferon gamma response [10-fold],
cellular defense response [8-fold], and cytokine signaling
[7-fold]). We also tested the association between main
gene expression findings and age due to the 10-year age
difference between cases and controls. There were,
however, either no significant associations with age
(e.g., phenylalanine-hydroxylase, phosphoenolpyr-
uvate carboxykinase, 5,10-methylene-tetrahydrofolate
reductase) or the fold-change for the 10-year age
up- or downregulated by fold enrichment in hypertensive
ors
. expected Fold enrichment Raw P value FDR

0.70 �12.81 1.05E-07 1.28E-05

0.25 �11.96 2.77E-03 3.98E-02

0.87 þ10.40 5.80E-07 1.57E-05

0.29 �10.40 3.96E-03 4.83–02

1.57 þ8.30 2.05E-08 2.50E-06

2.89 �7.62 8.65E-13 2.11E-10

0.80 �7.47 2.31E-04 7.04E-03

1.72 þ6.99 3.94E-07 1.37E-05

0.9 þ6.70 4.17E-04 5.36E-03

0.95 �6.29 5.45E-04 1.21E-02

downregulated genes. Analyses done with PANTHER application and genes with false
ological Processes. GO is a framework for modeling biological function using defined
slims are cut-down versions of the full GO ontologies containing a subset of the most

the results when broad classification of gene product function is required.

Kidney International Reports (2019) 4, 321–333



Table 3. Urinary amino acid excretion in healthy controls versus hypertensive patients with nephropathy
HUNT cohort SUGAR cohort

Central location difference
(Nephroscl. -- Ctrl., medians)

Distribution difference
(Kolmogorov-Smirnov)

Discrimination
(PLS-DA)

Central location difference
(Nephroscl. -- Ctrl., medians)

D % Raw P value FDR <0.10 Raw P value FDR <0.10 VIP score D % Raw P value FDR <0.10

Carnosine (Car) �71.1 0.15 N.s. 0.03 Sign. 1.25 n.a. n.a. n.a.

Glycine (Gly) �58.1 0.11 N.s. 0.06 N.s. 1.18 �35.8 <0.001 Sign.

Serine (Ser) �55.4 0.06 N.s. 0.001 Sign. 1.01 �69.6 <0.001 Sign.

Tyrosine (Tyr) �46.9 0.03 N.s. 0.005 Sign. 1.40 �45.1 0.04 Sign.

Threonine (Thr) �46.7 0.19 N.s. 0.02 Sign. <1.0 þ12.8 0.21 N.s.

Histidine (His) �42.9 0.14 N.s. 0.24 N.s. 1.41 n.a. n.a. n.a.

2.4-diaminobutyric acid þ35.8 0.4 N.s. 0.7 N.s. 1.02 n.a. n.a. n.a.

Dopamine (DA) �35.4 0.05 N.s. 0.05 Sign. 1.0 �28.2 0.05 Sign.

Ornithine (Orn) �35.2 0.04 N.s. 0.02 Sign. 1.03 n.a. n.a. n.a.

Phenylalanine (Phe) �33.4 0.07 N.s. 0.009 Sign. 1.08 �51.2 0.004 Sign.

Homocysteine (Hcys) �32.7 0.02 N.s. 0.009 Sign. 1.82 n.a. n.a. n.a.

Leucine (Leu) �32.6 0.09 N.s. 0.006 Sign. <1.0 n.a. n.a. n.a.

Kynurenine (Kyn) �31.9 0.06 N.s. 0.1 N.s. 1.38 �21.2 0.31 N.s.

Lysine (Lys) �31.8 0.11 N.s. 0.08 N.s. 1.08 n.a. n.a. n.a.

Alanine (Ala) �31.8 0.13 N.s. 0.1 N.s. <1.0 �63.1 <0.001 Sign.

a-aminoadipic acid (Aaa) �31.5 0.1 N.s. 0.15 N.s. 1.07

Valine (Val) �30.3 0.18 N.s. 0.11 N.s. <1.0

Cystathionine (Cth) �29.2 0.11 N.s. 0.17 N.s. 1.15

Proline (Pro) �27.8 0.07 N.s. 0.03 Sign. <1.0

Glutamic acid (Glu) �26.6 0.04 N.s. 0.05 Sign. 1.43

Glutamyl-Lysine (Glu-
Lys)

�26.1 0.17 N.s. 0.27 N.s. <1.0

5-aminovalerate (5Aval) �25.5 0.48 N.s. 0.51 N.s. <1.0

Methionine (Met) �24.9 0.09 N.s. 0.09 N.s. 1.20

Isoleucine (Ile) �24.6 0.13 N.s. 0.15 N.s. <1.0

2,6-Aminopimelat (Dapa) þ22.8 0.21 N.s. 0.2 N.s. <1.0

Proline-OH-proline (PHP) �22.1 0.68 N.s. 0.29 N.s. <1.0

1-Met-Histidine (1Mhis) �22.1 0.64 N.s. 0.57 N.s. <1.0

Cystine �20.9 0.05 N.s. 0.04 Sign. 1.24

Hydroxyproline (Hyp) �15.6 0.49 N.s. 0.65 N.s. <1.0

Aspartic acid (Asp) �9.3 0.51 N.s. 0.69 N.s. <1.0

3-Met-Histidine (3Mhis) �3.4 0.85 N.s. 0.45 N.s. <1.0

Note: We intended to replicate the top 15 HUNT metabolites in the SUGAR cohort, but not all metabolites were available and some are therefore marked with “n.a.” Central location is
the difference between median values, that is, controls (Ctrl.) subtracted from patients with nephrosclerosis (Nephroscl.).
FDR, false discovery rate; HUNT, Nord-Trøndelag Health Study; N.s, not significant; PLS-DA, partial least squares discriminant analysis; Sign., significant; SUGAR, Study of Glucose and
Insulin in Renal Disease; VIP, variable importance in projection.
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difference was <1.1 (e.g., L-dihydroxyphenylalanine
[L-DOPA]-decarboxylase, betaine-homocysteine methyl-
transferase).

Urine Metabolomics

Table 3 displays median values and distribution of the
31 amino acids included for further analyses. The
relative differences indicated lower urine concentra-
tions for many amino acids in nephrosclerosis, but
none had a statistically different central tendency (i.e.,
median) after correcting for multiple testing. For 11
amino acids, the distribution of concentrations was
statistically different in nephrosclerosis versus controls
(serine, tyrosine, leucine, phenylalanine, homocyste-
ine, threonine, ornithine, proline, carnosine, glutamic
acid, and dopamine) (Table 3). The distribution dif-
ference measure includes information on range and
skewness in addition to central tendency, which can be
Kidney International Reports (2019) 4, 321–333
important for discriminating between groups. Serine,
tyrosine, leucine, phenylalanine, and homocysteine
had the largest distribution differences (P < 0.01 for
all); however, the distribution of these metabolites in
the hypertensive nephrosclerosis group and the age-
and sex-matched controls still showed substantial
overlap (Figure 1). There was no association between
the amino acids and eGFR in multiadjusted regression
analysis, so the amino acids do not vary simply with
filtration between the 2 groups (data not shown).

Metabolomics Replication

We were able to replicate the main findings from the
HUNT cohort in the SUGAR cohort (Table 3). Regarding
the serine metabolism, our top hit, we found that cases
had 70% lower urine excretion of serine in this cohort
compared with their controls (P < 0.001), and glycine
excretion was 36% lower (P < 0.001). For the tyrosine
325
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Figure 1. Relative frequency plots of central amino acids. Hypertensive nephrosclerosis (red) versus healthy controls (blue). (a) Plot of relative
frequency versus relative concentrations of serine. (b) Plot of relative frequency versus relative concentrations of tyrosine. Red line: Neph-
rosclerosis. (c) Plot of relative frequency versus relative concentrations of homocystein.
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metabolism, we found very similar reduction for
phenylalanine (�51%, P ¼ 0.004), tyrosine (�45%,
P ¼ 0.04), and dopamine (�28%, P ¼ 0.05).

Bioinformatics Analyses

PLS-DA showed that urine amino acid levels moder-
ately separated hypertensive patients with nephro-
sclerosis from controls and explained 72% of the
variance (Figure 2). Eighteen of the amino acids (Hcys,
Glu, His, Tyr, Kyn, Car, Cys, Met, Gly, Cth, Lys, Phe,
Aaa, Orn, Dap, Ser, DA, Ala) had VIP scores >1.0, and
these were considered to contribute significantly to the
discrimination (see Supplementary Table 1 for details).
The top 5 metabolites were homocysteine (generally
known as an independent cardiovascular risk factor),
glutamic acid (playing a central role in overall nitrogen
homeostasis), histidine (having antioxidant, anti-
inflammatory, and antisecretory properties), tyrosine
(important for protein and catecholamine biosynthesis),
and kynurenine (major metabolite in tryptophan
326
metabolism with influence on production of neuro-
transmitters, inflammation, and aging).

We tested the ability to distinguish between a patient
with nephrosclerosis CKD and a healthy control using
receiver operating characteristic analysis. We used
Principal Component 1 scores as a measure for all me-
tabolites, and we also tested the most significant indi-
vidual metabolites from the PLS-DA and the
Kolmogorov-Smirnov tests in separate receiver oper-
ating characteristic analysis (Table 4). Principal
Component 1 had an area under the curve of 0.63, which
indicates a weak but significant ability (95% confidence
interval 0.51–0.75) to correctly diagnose nephrosclerosis
versus healthy controls (area under the curve ¼ 0.50
means no information beyond coin tossing). Homocys-
teine, glutamic acid, and kynurenine also had similar
results. When analyzing the various clinical diagnostic
criteria of nephrosclerosis separately, the metabolites
were able to correctly diagnose only hypertension (PC1,
homocysteine, glutamate, and leucine). They contained
Kidney International Reports (2019) 4, 321–333



Figure 2. Overall ability of urine amino acids to discriminate be-
tween patients with early nephrosclerosis (chronic kidney disease
stage 2–3) and healthy controls. Partial least squares discriminant
analysis shows the overall variance between the groups divided into
3 vectors (principal components 1–3). Eighteen amino acids had
variable importance in projection scores $1.0 (in decreasing order:
Hcys, Glu, His, Tyr, Kyn, Car, Cys, Met, Gly, Cth, Lys, Phe, Aaa, Orn,
Dap, Ser, DA, Ala), which is considered a significant contribution to
discrimination.
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no relevant information for diagnosing low eGFR, pro-
teinuria, or hematuria (Table 4).

Overrepresentation analysis was used to gain insight
into the underlying biological mechanisms and func-
tional implications of the statistically significant metab-
olites discovered. Methionine metabolism was most
significantly different from the background set (P ¼
0.00001, FDR ¼ 0.0008) and had a 9.8-fold enrichment (6
significant metabolites found while only 0.612 expected
by chance). Catecholamine biosynthesis had the highest
enrichment (15.6-fold), but there were also other highly
enriched metabolite sets: glycine, serine, and threonine
metabolism (9.0-fold), ammonia recycling (8.7-fold),
glutathione metabolism (11.8-fold), and histidine meta-
bolism (10.6-fold). See Supplementary Table S2 and
Supplementary Figure S1 for further details.

Integrated pathway analysis displayed that several
metabolic pathways had significant overrepresentation of
differentially expressed genes combined with corre-
sponding changes in urine metabolites (Table 5). The
glycine, serine, and threoninemetabolismhad the highest
rank based on a combination of enrichment and topology
analysis. The enrichment analysis displayed a 2.0-fold
enrichment with a P value of 0.0004, showing that it is
very unlikely that so many significantly differing me-
tabolites and genes should occur in this pathway by
chance. The topology analysis displayed scores of 2.0,
indicating that very central metabolites and genes in this
pathway were up- or downregulated compared with the
other pathways. The phenylalanine, tyrosine, and
tryptophan metabolism was also significantly perturbed
Kidney International Reports (2019) 4, 321–333
(3.3-fold enriched with a topology score 2.1), and the
methionine metabolism showed similar results (1.8-fold
enrichment and topology score 3.3).

Figure 3 gives an overview of biologically inter-
esting parts of the top-3 pathways and their in-
teractions. Our metabolite and gene expression data are
indicated in the figure, and other well-documented
relevant findings from the kidney disease literature
are also integrated. Parts of the serine and the methi-
onine metabolisms are strongly connected via the folate
cycle into the so-called 1-carbon metabolism. Infor-
mation on metabolites and enzymes indicate that this is
downregulated in nephrosclerosis, which could lead to
disturbances in the methylation of DNA and protein
with correspondingly increased renal fibrosis and
atherosclerosis. Finally, the data also show reduced
substrate and gene expression consistent with reduced
intrarenal dopamine synthesis, which would strongly
impair natriuresis and blood pressure control. The ac-
tivity of main enzymes could even be reduced due to
reduced regeneration of their co-enzyme tetrahy-
drobiopterin, which represents a potential connection
with the downregulated folate cycle.
DISCUSSION

Patients with nephrosclerosis had lower expression of
genes related to amino acid and energy metabolism,
whereas there was increased expression of genes related
to immune response. Urinary metabolomics combined
with gene expression in kidney biopsies displayed
perturbations in several relevant pathophysiology
pathways in early hypertensive nephrosclerosis, such as
serine metabolism (endothelial dysfunction and oxida-
tive stress), methionine metabolism (cardiovascular risk
and fibrosis), and tyrosine metabolism (catecholamine
biosynthesis and natriuresis).

The diagnosis of nephrosclerosis has been disputed
for decades, and some argue that these patients display
only normal age-related kidney findings.31 Clearly, the
typical histopathological findings of arteriolar hyali-
nosis, glomerulosclerosis, and tubulointerstitial
fibrosis32 also can be found in kidneys from healthy
elderly subjects,5,33 but the findings are more pro-
nounced in nephrosclerosis.34–36 Several studies indi-
cate that high blood pressure and other cardiovascular
risk factors are also involved in the pathogenesis of
nephrosclerosis,37–39 but recent 3-dimensional micro-
scopy shows that nephrosclerosis is a small vessel
disease different from the traditional atherosclerotic
disease found in arcuate and larger renal arteries.40 The
underlying pathophysiological mechanisms are there-
fore still unresolved. Our findings point toward several
amino acid–based dysregulations in central metabolic
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pathways compared with age- and sex-matched con-
trols, which can both initiate and aggravate nephro-
sclerosis pathology.

Serine is a nutritionally nonessential amino acid, but
it is metabolically indispensable and has received
increasing attention over the past years. Twenty-five
percent of serine comes from protein breakdown, and
the remaining 75% is from de novo synthesis.41 Both rat
and human studies show that the kidney is the main
site of serine production.42 Although some serine is
produced by regeneration from glycine (15%), most
(>50%) comes from TCA-cycle intermediates that are
converted into phosphoenolpyruvate by phospho-
enolpyruvate carboxykinase.41 Serine is required for
cellular and tissue growth in general and for the ner-
vous system in particular.43 It acts as neurotransmit-
ters, is important for the catalytic activity of many
enzymes, and is an important building block of many
lipids. More recently, kidney-relevant properties have
also been disclosed; for example, serine is a major
methyl group provider,44 and it also has direct blood
pressure–lowering effects.45

Methionine is an essential amino acid produced in
plants only from TCA-cycle intermediates. It plays, in
addition to general protein synthesis, critical roles in
important human metabolic processes, including
transmethylation reactions, the tetrahydrofolate asso-
ciated 1-carbon metabolism, and as a precursor for
other sulfur compounds. Methionine is converted into
homocysteine via a 3-step process in which demethy-
lation of s-adenosyl-methionine to s-adenosyl-homo-
cysteine (SAH).46 This step is the major provider of
methyl groups in all human cells and is used for
methylation of DNA to regulate transcription (epige-
netics) and for methylation of proteins to modify their
function (e.g., posttranslational regulation of the
folding of proteins). Homocysteine must then be re-
methylated to methionine by combining with 5-
methyl-tetrahydrofolate, which depends on serine to
be regenerated, or with betaine, or it can be metabo-
lized to cysteine for further degradation or urine
excretion.

Tyrosine is a nonessential amino acid that can be
synthesized from plant-derived phenylalanine and then
used for catecholamine synthesis. In general, the first
step from tyrosine to L-DOPA, which is catalyzed by
tyrosine hydroxylase, is regarded as the rate-limited
step in this process. However, for the much higher
levels of intrarenal dopamine, expression of L-DOPA-
decarboxylase as well as availability of L-DOPA sub-
strate, could be of additional importance.47 Intrarenal
dopamine has been found to account for more than 50%
of the kidney’s salt excretion ability and is therefore of
great importance for blood pressure control.48,49
Kidney International Reports (2019) 4, 321–333



Table 5. Integrated pathway analysis combining significant genes and metabolites in clinical nephrosclerosis versus healthy controls

Pathway/metabolism

Enrichment analysis

Topology analysis RankTotal No. expected No. found P Fold-change

Glycine, serine, threonine 68 11.36 23 0.0004 2.02 3.70 7.50

Phenylalanine, tyrosine, tryptophan 9 1.50 5 0.0089 3.32 2.06 6.85

Methionine and homocystein 63 10.53 19 0.0053 1.80 3.31 5.98

Glycerolipid 72 12.03 20 0.0116 1.66 2.60 4.31

One-carbon pool by folate 28 4.68 10 0.0116 2.14 1.71 3.65

Arginine and proline 102 17.05 30 0.0008 1.76 2.00 3.52

Glycolysis/gluconeogenesis 91 15.21 23 0.0224 1.51 2.27 3.44

N-Glycan biosynthesis 50 8.36 15 0.0134 1.80 1.40 2.51

Phenylalanine 29 4.85 13 0.0003 2.68 0.88 2.35

Butanoate 47 7.85 17 0.0009 2.16 0.88 1.89

Beta-alanine 50 8.36 19 0.0002 2.27 0.76 1.73

Linoleic acid 34 5.68 15 0.0001 2.64 0.57 1.51

Note: Pathways are ranked according to their combined enrichment and topology using multiplication.84 The analysis is using hypergeometric test for enrichment and betweenness
centrality for topology. Enrichment analysis tests if compounds involved in a particular pathway are represented more often than expected by chance, and data are presented as fold
enrichment. Topology analysis takes the pathway structure into consideration when determining which pathways are more likely to be involved in the conditions under study with
changes in key positions of a network triggering more severe impact on the pathway than changes on marginal or relatively isolated positions. Analyses were done using MetaboAnalyst
3.0.
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Renal fibrosis and atherosclerosis are often found in
nephrosclerosis, although the latter is more likely an
associated finding and not a cause of the disease. In early
nephrosclerosis, we demonstrate pathophysiological
Figure 3. Major disturbances connecting the major perturbed pathways in
figures are data from the current study, circles are metabolites, and recta
findings in nephrosclerosis. Red is increased/upregulated, green is normal
dimethylarginine; AHCY, adenosylhomocysteinase; BHMT, betaine-homocy
catechol-O-methyltransferase; CTH, cystathionase; DHFR, dihydrofolate r
transferase; DOC; deoxycorticosterone; eNOS, endogenous nitric oxide s
oxidase A/B; MAT, methionine adenosyl-transferase; MS, methionine syn
oxide; n.s., not significant; PAH, phenylalanine-hydroxylase; PEPCK, phosp
tyrosine hydroxylase.
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perturbations in both serine and methionine meta-
bolism, which are closely connected and could cause
both renal fibrosis and general atherosclerosis. Hyper-
homocysteinemia has long been studied as a risk factor
nephrosclerosis: tyrosine, serine, and methionine metabolism. Filled
ngles are enzymes. Colored but open figures are based on literature
/unchanged, and blue is reduced/downregulated. ADMA, assymetric
steine methyl-transferase; CBS, cystathionine beta-synthase; COMT,
eductase; DHPR, dihydropteridine reductase; DNMT, DNA methyl-
ynthase; L-DOPA, L-dihydroxyphenylalanine; MAO-A/B, monoamine
thase; MTHFR, 5,10-methylene-tetrahydrofolate reductase; NO, nitric
hoenolpyruvate carboxykinase; RNLS, renalase; TCA, citric acid; TH,
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of cardiovascular disease,50,51 and it has also been sug-
gested as a risk factor for hypertension52 and incident
CKD.53–57 Oxidative stress58,59 and upregulated inflam-
mation60,61 have been suggested as direct effects of the
high homocysteine levels. Furthermore, several studies
have shown an association between hyper-
homocysteinemia and DNA hypomethylation in CKD62;
however, it is more likely that the methylation distur-
bances are due to the accumulation of SAH. Plasma SAH
levels are often more strongly increased with reduced
kidney function than homocysteine levels,63,64 and SAH
acts as a strong inhibitor of most methylation re-
actions.65 We have previously found that TCA-cycle
activity is downregulated in nondiabetic CKD,66 and
in the current study we find reduced renal expression of
phosphoenolpyruvate carboxykinase in nephrosclerosis.
This combination could lead to reduced serine produc-
tion and a state of reduced substrate for the tetrahy-
drofolate cycle. We also demonstrate reduced renal
expression of 5,10-methylene-tetrahydrofolate reduc-
tase, methionine synthase, and betaine-homocysteine
methyl-transferase, which are key enzymes for the
remethylation of methionine, and consequently reduce
methionine levels. Unfortunately, we do not have data
on s-adenosyl-methionine and SAH in nephrosclerosis,
and the interpretation of the related epigenome litera-
ture is also difficult. Several reports indicate that there is
a global hypomethylation in CKD,67 and our data show
that patients with nephrosclerosis also have the pre-
requisites for such an epigenetic change. Global hypo-
methylation has been found in both blood cells and in
vascular lesions of patients with atherosclerosis,68,69 and
it is also associated with aging in general.70 However,
whether it is a direct facilitator for harmful effects or
merely a marker of a generalized epigenetic dysregula-
tion is not well studied. Site-specific and organ-specific
information on methylation in various candidate genes
is clearly needed, and several studies show that
both hyper- and hypomethylation coexist in various
diseases.71,72

Blood pressure control could be substantially
impaired by the dopamine and serine disturbances
described in our study. Urine tyrosine has previously
been found to be reduced in early CKD16,73 and in pa-
tients with end-stage renal disease,74,75 and this is
caused by reduced phenylalanine-hydroxylase enzyme
activity,45 also demonstrated in our study. Even though
we found no change in renal expression of tyrosine
hydroxylase, which is considered the rate-limiting
enzyme in catecholamine synthesis, production of
L-DOPA could still be hampered in CKD. Tetrahy-
drobiopterin is an essential cofactor for all amino acid
hydroxylases (e.g., phenylalanine-hydroxylase and
tyrosine hydroxylase) and nitric oxide synthases.
330
Regeneration of tetrahydrobiopterin from dihy-
drobiopterin is reduced in CKD leading to reduced
tetrahydrobiopterin-dihydrobiopterin ratios,76 which
probably are the best functional measures of the tetra-
hydrobiopterin. We found a significantly reduced
expression of dihydropteridine reductase, the main
enzyme for regeneration, in nephrosclerosis. Further-
more, regeneration is also connected with the folate
cycle, which we also found to be suppressed. The
expression of L-DOPA-decarboxylase for conversion of
L-DOPA to dopamine was also strongly downregulated
in our patients with nephrosclerosis, and mice with
reduced renal expression of L-DOPA-decarboxylase
demonstrate reduced renal and urine dopamine con-
centrations, leading to reduced salt and water excretion,
activation of renin-angiotensin system, and increased
blood pressure.47

Taken together, our data suggest that enzymatic
downregulation and metabolite deficiency in the
phenylalanine-tyrosine-dopamine axis is found in early
hypertensive nephrosclerosis. Disturbances in renal
dopamine are linked to hypertension, both by reduced
renal L-DOPAuptake or conversion to dopamine,77,78 and
disturbed dopamine D1-like receptor function.79 In
humans, a defect in the tubular D1 receptor has been
shown in salt-sensitive hypertension.80 The renal dopa-
mine system has also been shown to interact with the
renin-angiotensin-aldosterone system in sodium homeo-
stasis and blood pressure regulation in normotensive
individuals.81

There are, however, some limitations that need to be
discussed. First, although urine is produced in very
close proximity to kidney parenchyma, intracellular
metabolic changes are not necessarily reflected in urine
concentrations. However, recent experimental and
clinical studies found the same metabolic perturbations
whether using urine samples or kidney cell extracts,
and especially amino acids show good correlation be-
tween the 2 media.66,82,83 Likewise, urine excretion of
small molecules, like creatinine and amino acids, is not
influenced by reduced GFR per se until the advanced
CKD stages. Second, we have defined hypertensive
nephrosclerosis from a set of clinical and laboratory
criteria known to be rather unspecific, rather than by
histological definition based on renal biopsy findings.
Third, we could not decide whether our findings were
caused by hypertension, reduced GFR, or the combi-
nation, but typically patients with nephrosclerosis
display both characteristics. This study was exploratory
in its nature, focusing on data-based pathway and gene-
metabolite enrichment analysis rather than a predefined
hypothesis. As such, its strengths lie in hypothesis
generation and elucidation of possible pathophysiolog-
ical disturbances. For definite mechanism, additional
Kidney International Reports (2019) 4, 321–333
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animal experiments with a more focused view are
needed.

In conclusion, renal gene expression analysis
showed reduced amino acid catabolism and synthesis
in patients with nephrosclerosis. Urine samples from
clinically diagnosed cases with well-preserved eGFR
showed significantly reduced excretion of 11 amino
acids, among them tyrosine, phenylalanine, dopamine,
homocysteine, and serine. Metabolite pathway enrich-
ment analysis revealed downregulation of the
phenylalanine-tyrosine-dopamine axis, which regulates
natriuresis and blood pressure, due to enzymatic
downregulation and metabolite deficiency. We also
found disturbances in methionine/homocysteine and
serine metabolism, involved in methylation status,
endothelial dysfunction, inflammation, and atheroscle-
rosis. Albeit explorative in nature, our combined
genomic and metabolomic analysis highlights patho-
logically perturbed pathways in early-stage hyperten-
sive nephrosclerosis.
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