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ABSTRACT: Autosomal recessive polycystic kidney disease (ARPKD) is an early onset genetic disorder characterized by numerous renal cysts
resulting in end stage renal disease. Our study aimed to determine if metabolic reprogramming and tryptophan (Trp) metabolism via the kyn-
urenine pathway (KP) is a critical dysregulated pathway in PKD. Using the Lewis polycystic kidney (LPK) rat model of PKD and Lewis controls,
we profiled temporal trends for KP metabolites in plasma, urine, and kidney tissues from 6- and 12-week-old mixed sex animals using liquid and
gas chromatography, minimum n=5 per cohort. A greater kynurenine (KYN) concentration was observed in LPK kidney and plasma of 12-week
rats compared to age matched Lewis controls (P<.05). LPK kidneys also showed an age effect (P=.05) with KYN being greater in 12-week ver-
sus 6-week LPK. The metabolites xanthurenic acid (XA), 3-hydroxykynurenine (3-HK), and 3-hydroxyanthranilic acid (3-HAA) were significantly
greater in the plasma of 12-week LPK rats compared to age matched Lewis controls (P<.05). Plasma XA and 3-HK also showed an age effect
(P=<.05) being greater in 12-week versus 6-week LPK. We further describe a decrease in Trp levels in LPK plasma and kidney (strain effect
P=<.05). There were no differences in KP metabolites in urine between cohorts. Using the ratio of product and substrates in the KP, a significant
age-strain effect (P=<.05) was observed in the activity of the KYN/Trp ratio (tryptophan-2,3-dioxygenase [TDO] or indoleamine-2,3-dioxygenase
[IDO] activity), kynurenine 3-monooxygenase (KMO), KAT A (kynurenine aminotransferase A), KAT B, total KAT, total KYNU (kynureninase),
KYNU A, KYNU B, and total KYNU within LPK kidneys, supporting an activated KP. Confirmation of the activation of these enzymes will require
verification through orthogonal techniques. In conclusion, we have demonstrated an up-regulation of the KP in alignment with progression of

renal impairment in the LPK rat model, suggesting that KP activation may be a critical contributor to the pathobiology of PKD.
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Introduction

Polycystic kidney disease (PKD) is a genetically heterogenous
class of kidney disease with diverse clinical manifestations, com-
monly characterized by progressive development of renal cysts.!2
These diseases manifest as early as in utero or remain dormant
until their presentation in adulthood, ultimately resulting in
renal failure.3 Broadly, the spectrum of symptoms of PKD
includes hypertension, polydipsia, polyuria, proteinuria, abdomi-
nal/flank pain, nephrolithiasis, and electrolyte imbalance, along-
side a heterogenous combination of additional presentations
depending on if the disease is inherited in an autosomal domi-
nant (adult onset) or autosomal recessive (in-utero/childhood
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onset) fashion.! Alternatively, it is a part of a syndromic presen-
tation resulting from ciliopathies (diseases of cilia).*> As renal
function diminishes with increase in number/size of cysts, accu-
mulation of uremic toxins further deteriorates the health of
affected individuals.® Disease management strategies are primarily
palliative, with no cure or course of reversal. Tolvaptan, a vasopres-
sin receptor 2 antagonist has recently been approved by the US
FDA as a drug to slow cystogenesis, thereby retarding disease pro-
gression.”® However, due to notable side effects it is recommended
to be prescribed in short courses and to individuals with rapid
cystic progression.! For PKD patients, once end stage renal disease
(ESRD) is reached, a regime of highly invasive renal replacement
therapy (RRT) including dialysis and renal transplants remains
the only therapeutic modalities.
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PKD is classified as autosomal dominant PKD (ADPKD),
mainly caused by mutations in PKDJ and PKD2' and autoso-
mal recessive PKD (ARPKD), predominantly caused by muta-
tions in PKHDI1.23 Nephronophthisis (NPHP) is another
form of cystic kidney disease. It can present as isolated renal
pathology or as part of a syndromic condition such as Bardet—
Biedl, Joubert, and Meckel syndrome?® and is the most com-
mon genetic cause of renal failure in children.’ There are over
21 genes known to cause NPHP.!® Mutations in the NIMA
related kinase 8 (Nek8) gene is causative of NPHP9. In humans,
Nek8 mutations in loci H425Y, A497P, and L330F have been
reported clinically™ and 2 prominent animal models harboring
Nek8 mutations are the juvenile cystic kidney (jc£) mouse har-
boring a G448V mutation'? and the Lewis Polycystic Kidney
(LPK) rat model with a mutation at the R650C locus of
Nek8.13,14

Although PKD is a genetic disease, studies indicate that
aberrations in cellular metabolism is an integral component of
disease pathogenesis.’® This includes disturbances in central
metabolic pathways such as glucose metabolism, lipid metabo-
lism and OXPHOS pathways.’»17 While there are several
studies focused on the metabolic aberrations of ADPKD,18-23
very few profile ARPKD. Metabolic profiling of the ARPKD
cpk mouse model, harboring a mutation in the CysI gene,
revealed glutamine dependent overproduction of oncometabo-
lite 2-hydroxyglutarate.?* Studies on models harboring the
NPHP9/Nek8 mutation include the seminal metabolomic
study by Taylor et al who reported a global, temporal, metabo-
lomic profile of the urine from the je& mouse model.?> Two
other studies by Abbiss et al incorporated a global metabo-
lomic profile of the urine, kidney, and liver tissue of the LPK
rat.?027 In each of these rodent models, tryptophan (Trp) levels
were found to be dysregulated.

Trp is an essential amino acid and is the least available of all
proteinogenic amino acids, so its availability is an important
factor in the control of protein biosynthesis.?® Apart from its
incorporation into proteins, Trp can be metabolized: (i)
through the serotonin pathway?’; (ii) through the glutarate
pathway®’; and mainly (iii) metabolized by enzymes though
the kynurenine pathway (KP),3! accounting for ~95% of Trp
degradation. The rate-limiting step in Trp metabolism
through the KP is the enzymatic conversion of Trp to
N-formylkynurenine by indoleamine-2,3-dioxygenase (IDO)1,
IDO2 and tryptophan-2,3-dioxygenase (TDO), which vary
in distribution, substrate affinity, and inducing factors.3?
Subsequently, N-formylkynurenine is transformed into
kynurenine (KYN), the central intermediate of the KP, by for-
mamidase. KYN can be metabolized to a number of metabo-
lites depending on the extent of the KP enzymes expression
and activity in a particular tissue or cell type. KYN may be
metabolized into anthranilic acid (AA) or kynurenic acid

(KYNA) by kynureninase (KYNU)

and  kynurenine

aminotransferases (KATs I, II, and III), respectively.
Additionally, kynurenine 3-monooxygenase (KMO) may
transform KYN into 3-hydroxykynurenine (3-HK) to produce
3-hydroxyanthranilic acid (3-HAA) by KYNU. 3-HAA in
turn, forms picolinic acid (PIC), quinolinic acid (QUIN) and
nicotinamide adenine dinucleotide (NAD+) though the
action of additional enzymes. 3-HK can also be metabolized
by KATs into xanthurenic acid (XA)333* (Figure 1).

The metabolization of KYN by these enzymes can have fun-
damental consequences on cellular function and survival. The
KP metabolites include compounds that have been identified as
neurotransmitter agonists or antagonists,®>¢ neurotoxins,?’
immunomodulators,® and pro- and/or antioxidants.3* The main
route of elimination of KYN and its metabolites is renal excre-
tion.*0 The kidney is able to uptake KYN and 3-HK from the
blood, which are metabolized and excreted in the form of KYNA
and XA, respectively.*! Thus, the impairment of kidney function
is likely to be associated with the accumulation of KP metabo-
lites. Indeed, abnormalities in Trp metabolism, such as a decrease
in serum Trp concentration with increased levels of KYN have
been reported in humans and rats with chronic renal insuffi-
ciency.**#8 Therefore, the measurement of KP metabolites in
body fluids may be a sensitive indicator of kidney disease severity
and/or progression. Furthermore, most of the metabolites of KP
show diverse biological activity. The temporal changes in con-
centration of these metabolites through the course of renal dis-
ease and their impact are not explored. Existing evidence of
aberrations in Trp metabolism in kidney disease sets the premise
for a targeted investigation of this pathway in a rodent model of
PKD. In the present study we evaluated Trp metabolism via the
KP by studying plasma, kidney tissues and urine using liquid and
gas chromatography techniques and quantifying KP metabolites
using the LPK rodent model.

Materials and Methods

Animals

Experiments were conducted with approval from Macquarie
University Animal Ethics Committee and in adherence to the
Australian Code of Practice for the Care and Use of Animals
for Scientific Purposes. Female and male Lewis and LPK rats
(Animal Resources Centre, Perth, Australia) were acclimatized
to their new environment upon arrival and group-housed (group
of 4 rats per cage) in a 12 hours light followed by 12 hours dark
cycle at the Central Animal Facility, Macquarie University. The
animals had access to standard laboratory rat chow and water ad
libitum.

Sample collection

Biospecimens used in this study were obtained from archival
samples of LPK and Lewis animals aged 6 and 12 weeks
(Supplemental Table S1). These time points were selected
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Figure 1. The kynurenine pathway. This schematic illustrates tryptophan (Trp) metabolism though the kynurenine pathway. Tryptophan 2,3-dioxygenase
(TDO), one of the rate-limiting enzymes of the kynurenine pathway is up-regulated by elevated glucocorticoids, glucagon and Trp. The kynurenine
pathway is also activated under inflammatory conditions. Inflammatory mediators also activate the tetrahydrobiopterin (BH4) pathway. Indoleamine
2,3-dioxygenase (IDO) and guanosine triphosphate cyclohydrolase | (GTPCH), the rate-limiting enzymes of the kynurenine and BH4 pathways,
respectively are activated in the presence of inflammatory mediators. Activation of the BH4 pathway results in the accumulation of the metabolite
neopterin, an established sensitive biomarker for inflammatory activation and a surrogate for IDO activation. Once activated, the kynurenine pathway
transforms the amino acid Trp into a series of intermediates through specific enzymes catalyzing each reaction in various cells/tissues. The metabolites

that were measured in the present study are highlighted in gray (Adapted and redrawn from Staats Pires et al®?).

Abbreviations: 3-HAA, 3-hydroxyanthranilic acid; 3-HAO, 3-hydroxyanthranilic acid 3,4-dioxygenase; 3-HK, 3-hydroxykynurenine;AA, anthranilic acid; ACMSD, 2-amino-3-
carboxymuconate-6-semialdehyde decarboxylase; GTP, guanosine triphosphate; KATs, kynurenine aminotransferases; KMO, kynurenine 3-monooxygenase; KYNA, kynurenic
acid; KYNU, kynureninase; NAD+, nicotinamide adenine dinucleotide; QPRT, quinolinate phosphoribosyltransferase; QUIN, quinolinic acid; SPR, sepiapterina reductase.
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being ages where animals have early and established renal dis- Analytical biochemistry to monitor kidney function

ease, respectively, but have not yet progressed to end stage in animals

renal failure.’3> A minimum of 7z =5 animals was used for each .. . .
Plasma urea, creatinine, and the ratio of blood urea nitrogen

(BUN) to creatinine (BUN/Crea) were determined using an

biospecimen. While attempts were made to sex match this

was not achieved in all cases due to archival tissue sample
availability.

For urine, animals were placed in a metabolic cage for ~4
hours for sample collection. Urine was then spun and stored at
-80°C until further use. Plasma and kidney tissue samples
were collected immediately after euthanasia, which was per-
formed using either sodium pentobarbitone (Thiobarb, Jurox,
Rutherford, Australia; intraperitoneal injection (100 mg/kg))
or exposure to isoflurane gas (5% in 100% O,) until breathing
ceased. Blood was collected via cardiac puncture into K,-
EDTA tubes, then centrifuged, plasma separated, collected
and stored at -80°C until further use. The left kidney was
snap-frozen and stored at -80°C.

IDEXX VetTest” analyzer (IDEXX, NSW Australia) to estab-
lish disease condition in the animals. Urinary creatinine and
urine protein creatinine ratio (UPC) was also measured using
IDEXX kits to monitor decline in renal function, however a
more sensitive colorimetric creatinine assay was used to nor-
malize metabolite concentrations in urine samples (elaborated
in subsequent sections). Creatinine clearance in plasma was
calculated using the formula:

.. .11
Creatinine clearance (mL min ) =

. .. -1 . .-l
urinary creatinine (umol ) X urine rate (mL min )

plasma creatinine ( umol’l)



International Journal of Tryptophan Research

Protein determination

The protein content in the kidney samples were determined by
the Pierce bicinchoninic acid (BCA) protein assay, using a
commercial kit (Thermo Scientific Pierce BCA Protein Assay
Kit, Rockford, USA) and following the manufacturer’s techni-
cal recommendations. The protein content estimated in this
assay was used to normalize the KP metabolites in kidney
samples.

Creatinine determination for metabolite
normalization

The urinary creatinine concentrations were determined by col-
orimetric assay using a commercial kit (Abcam, Cambridge,
MA) and following the manufacturer’s technical recommenda-
tions. The creatinine estimated in this assay was used to nor-
malize the KP metabolites in urine samples.

Kidney sample processing

Snap frozen sections of kidney were weighed and homoge-
nized with addition of sodium acetate (100mM, pH 4.65)
using a Precelly 24-dual homogenizer (Bertin Instruments,
Montignyle-Bretonneux, France) in accordance with the
manufacturer instructions. Supernatants were transferred to a
fresh microtube, and the samples were deproteinised by add-
ing 1 vol. of 10% trichloroacetic acid containing 6.5 mM dithi-
oerythritol. Afterward, samples were centrifuged at 12000X g
at 4°C for 20 minutes and the supernatant concentrated using
a Savant SpeedVacH Concentrator (Thermo Scientific, MA,
USA). Dried samples were resuspended in 10% trichloroacetic
acid and filtered through a 0.20um PTFE syringe filter
(Merck-Millipore, CA, USA). Samples were then transferred
to high performance liquid chromatography (HPLC) vials for
analysis.

Plasma and urine sample processing for KP analysis

Plasma and urine samples were deproteinised by adding 1 vol.
of 10% trichloroacetic acid containing 6.5 mM dithioerythritol.
Afterward, samples were centrifuged at 12000X g at 4°C for 15
minutes and filtered through a 0.20um PTFE syringe filter
(Merck-Millipore, CA, USA). Supernatants were transferred to
HPLC vials for analysis. The urine samples were further diluted
in ultrapure water prior the HPLC analysis when necessary.

Sample derivatization

Deproteinised samples and deuterated internal standards were
dried under vacuum and derivatized with trifluoroacetic anhy-
dride for 10 minutes at 60°C followed by 1,1,1,3,3,3-hex-
afluoroisopropanol for extra 10 minutes at 60°C. Fluorinated

esters were then extracted into toluene and washed with 5%
sodium bicarbonate. The upper organic layer was collected
and washed with 1 mL MilliQ water, and dried using sodium
sulfate packed pipette tips. Samples were then transferred to
gas chromatography/mass spectrometry (GC/MS) vials for
analysis.

Samples’ concentration of XA, Trp, KYN, 3-HK, 3-HAA,
and AA were determined by HPLC and quantified using a
sequential diode-array UV and fluorescence detection as previ-
ously described.*” The HPLC analysis was carried out in an
uHPLC system (Agilent 1290 Infinity, CA, USA) by using an
Agilent ZORBAX Rapid Resolution High Definition C18,
reversed phase column (2.1X150mm, 1.8pum, Agilent
Technologies, CA, USA). The temperature of the column
compartment was set at 38°C. Injection volume was 20 pLL and
the autosampler tray temperature was set at 4°C to prevent
sample degradation. The flow rate was set at 0.75mL/min
with an isocratic elution of 100% of 100mM sodium acetate,
pH 4.65. The identification and quantification of XA, KYN,
and 3-HK were performed by a UV detector (G4212A,
Agilent, CA, USA) with absorbance at 250 nm and a reference
signal at 350 nm for XA: and with absorbance at 365nm and a
reference signal off for KYN and 3-HK. The identification and
quantification of Trp, 3-HAA, and AA were performed by a
fluorescence detector (G1321B xenon flash lamp, Agilent, CA,
USA) with emission wavelength of 438 nm and an excitation
wavelength of 280 nm for Trp and 320 nm for 3-HAA and AA.
The results were calculated by interpolation using a 6-point
calibration curve and expressed as pmol/L or nmol/L for
plasma, as pmol/mmol creatinine or nmol/mmol creatinine for
urine and as pmol/g or nmol/g protein for kidney samples.

Neopterin (NEO) concentrations in samples were deter-
mined as previously described by Staats Pires et al.’ The same
HPLC system and column described previously were used
with a mobile phase of 100% of 15 mM potassium phosphate
buffer, pH 6.4. The flow rate was set at 0.7 mL/min with an
isocratic elution. The identification of NEO was performed by
a fluorescence detector (G1321B xenon flash lamp, Agilent,
CA, USA) with emission wavelength of 438 nm and an excita-
tion wavelength of 355nm. The results were calculated by
interpolation using 6-point calibration curve. Levels of NEO
were calculated and expressed as nmol/L for plasma, as nmol/
mmol creatinine for urine and as nmol/g protein for kidney
samples.

KYNA concentrations in samples were determined by
HPLC (Agilent 1260 Infinity, Agilent, CA, USA) and an
Agilent ZORBAX Rapid Resolution High Definition C18,
reversed phase (4.6 X100mm, 3.5 pm, Agilent Technologies,
CA, USA). Mobile phase consisted of 95% of 50 mM sodium
acetate and 50 mM zinc acetate, pH 5.2 and 5% HPLC grade
acetonitrile. The flow rate was set at 1.00 mL./min with an iso-
cratic elution. The identification of KYNA was performed by a
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Table 1. Analytical biochemical profiles of parameters determining kidney function in 12-week Lewis and LPK animals.

PLASMA

Lewis (X* SD; n=6)

Plasma creatinine pmol/L* 15.67 +2.94
Plasma urea (mmol/L)* 6.817 =115
BUN/Crea* 32.67 +9.20
Creatine clearance rate* (mL/min) 3.545+1.06

LPK (X+SD; n=8) Adj. P-value
56.25 +20.47 .0005
20.53+5.71 <.0001
65.17 =8.56 <.0001
1.115+0.93 .0007

URINE

Lewis (X*=SD; n=6)

Urine creatinine (g/L)* 5.42 +1.65

upC* 0.16+0.07

LPK (X = SD; n=5) Adj. P-value
110+ 0.21 .0003
7.81+4.18 0014

All data are presented as mean * standard deviation (X = SD). * indicates significant (P-value < .05) using unpaired Student’s t-test.

fluorescence detector (G1321B xenon flash lamp, Agilent, CA,
USA) with emission wavelength of 388nm and an excitation
wavelength of 344 nm. The results were calculated by interpo-
lation using a 6-point calibration curve. Levels of KYNA were
calculated and expressed as nmol/L for plasma, as pmol/mmol
creatinine for urine and as nmol/g protein for kidney samples.

Metabolites quantification by GC/MS

QUIN and PIC concentrations in samples were determined
using an Agilent 7890 gas chromatograph coupled with an
Agilent 5975 mass spectrometer following a protocol previ-
ously described.* Briefly, samples were injected under a split-
less mode onto a HP-5MS GC capillary column (Agilent, CA,
USA) and the analysis was carried out with the MS operating
in negative chemical ionization mode. Selected ions (m/z 273
for PIC, m/z 277 for 4-PIC, m/z 467 for QUIN, and m/z 470
for d3-QUIN) were simultaneously monitored. GC oven set-
tings were as follows: oven temperature was held at 75°C for 3
minutes and then ramped to 290°C at a rate of 25°C/min and
held at 290°C for 4 minutes for a total run time of 15.6 min-
utes. Quantification was achieved through normalization with
respect to the internal standards and interpolation using
6-point calibration curves for each metabolite. Levels were cal-
culated and expressed as nmol/L for plasma, as nmol/mmol
creatinine for urine and as nmol/g protein for kidney samples.

Statistical Analysis

Statistical significance of kidney function parameters such as
plasma urea, plasma creatinine, BUN/Crea, creatinine clear-
ance rate, urinary creatinine and UPC was evaluated using
(Prism 8.0.2, GraphPad Software Inc.). Concentration of KP

metabolites in the studied cohorts were subjected to a

preliminary analysis (IBM Statistical Package for the Social
Sciences [SPSS], v25) to identify age, strain and sex effects
using a univariate general linear model. No sex effect was iden-
tified for any of the variables and subsequent analysis was
undertaken with age and strain as the identified fixed factors
(Two-way ANOVA). Levene’s Test of Equality of Variances
was used to test for sample variance (equal variances assumed if
median P>.05). Multiple comparisons of age-strain groups
were performed using Bonferroni post-hoc analysis (when
equal variances assumed), or a Dunnett’s T3 test (when equal
variances not assumed). An adjusted P=<.05 was considered
significant for all analyzes.

Results

Plasma urea and creatinine concentrations in Lewis

and LPK cohorts

The analytical biochemical parameters plasma urea, creati-
nine, BUN/Crea ratio, urinary creatinine, UPC and creati-
nine clearance rate for Lewis and LPK rats at 12 weeks were
evaluated to establish the presence of renal disease in the
LPK model.

Table 1 shows significant increase in plasma creatinine, urea,
BUN/Crea ratio and UPC and decrease in urine creatinine and
creatinine clearance rate in LPK as compared to Lewis rats.

Temporal profile of the KP metabolite levels in
plasma of LPK and Lewis groups

Figure 2 shows the temporal differences in KP metabolites in
plasma from LPK and Lewis rats from 6 to 12 weeks of age.
There was a significant age-strain effect on the levels of KYN,
XA, 3-HK, and 3-HAA. In the case of XA, 3-HK, 3-HAA these
effects were driven by the significantly high levels of metabolites
in the 12-week LPK in comparison to all other groups. Similarly,
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Figure 2. Levels of kynurenine pathway metabolites and neopterin in the plasma of LPK and Lewis control groups: plasma levels of (A) kynurenine, (B)
tryptophan, (C) 3-hydroxykynurenine, (D) xanthurenic acid, (E) kynurenic acid, (F) 3-hydroxyanthranilic acid, (G) anthranilic acid, (H) picolinic acid, (I)
quinolinic acid, and (J) neopterin in LPK rats and Lewis control rats. All data are presented as mean = SEM. Green represents the Lewis rats, while blue
represents LPK rats. Each dot represents a single male rat, and each triangle represents a single female rat.

Abbreviation: LPK: lewis polycystic kidney; wk: weeks.

the 6-week Lewis animals showed significantly higher KYN in
comparison to all other groups. Trp and KYNA showed only a
significant strain effect, with lower Trp, (FC=0.85, P-value=.015)
and higher KYNA levels (FC=2.1, P-value=.003) in LPK when
compared to Lewis. For circulating levels of NEO there was a
statistically significantly age (higher in 12-week-old animals;
FC=2.16, P-value=.04) and strain (higher in LPK animals;
FC=2.29, P-value=.02) effect, however a combined age-strain
effect was not evident after performing post-hoc analysis.
Complete KP metabolite plasma profile and statistical analysis
from multiplex comparisons can be found in the supplemental

information (Supplementary Table S2).

Temporal profile of the KP metabolite levels within
kidney tissues of LPK and Lewis groups

Figure 3 shows the levels of Trp and KP metabolites in the
kidney of the LPK and Lewis rats at 6 and 12 weeks of age.
KYN levels showed a significant age and strain effect. XA
(FC=28.31, P-value=.01), KYNA (FC=23.54, P-value=.01),
3-HAA (FC=19.92, P-value=.01), AA (FC=13.70, P-value
=.01), and QUIN (FC=12.05, P-value=.01) demonstrated a
significant strain effect only, being significantly higher in the
LPK animals when compared to Lewis. Trp concentration in
kidneys showed a significant age effect and strain effect, with
Trp levels lower in 12-week-old and LPK animals, respectively.
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Figure 3. Levels of kynurenine pathway metabolites and neopterin in the kidney of LPK and Lewis control groups: kidney levels of (A) kynurenine, (B)
tryptophan, (C) 3-hydroxykynurenine, (D) xanthurenic acid, (E) kynurenic acid, (F) 3-hydroxyanthranilic acid, (G) anthranilic acid, (H) picolinic acid, (1)
quinolinic acid, and (J) neopterin in LPK rats and Lewis control rats. All data are presented as mean = SEM. Green represents the Lewis rats, while blue
represents LPK rats. Each dot represents a single male rat, and each triangle represents a single female rat.

Abbreviation: LPK: lewis polycystic kidney; wk: weeks.

However, a combined age-strain effect was not evident after
performing post-hoc analysis. The complete kidney tissue pro-
file of KP metabolites and statistical results from various com-
parisons can be found in the supplemental information

(Supplemental Table S3).

Temporal profile of the KP metabolite levels in
urine of LPK and Lewis groups

An analysis of levels of KP metabolites in the urine identified an
age effect for KYN but no strain effect (Figure 4), with levels
being lower in the 12-week (FC=0.45, P-value=.01) in

comparison to 6-week-old animals. While 3-HAA and NEO
showed a significant age effect and strain effect, a combined age-
strain effect was not evident in the post-hoc analysis. The full
urinary KP metabolite profile with statistical analysis can be
found in the supplemental information (Supplemental Table S4).

KP enzyme activity in plasma, kidney tissue, and
urine of LPK and Lewis groups

An indirect analysis of the activity of the other downstream KP
enzymes in plasma, kidney tissue and urine were estimated by
the product/substrate ratios. Table 2 lists the significant
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Figure 4. Levels of kynurenine pathway metabolites and neopterin in the urine of LPK and Lewis control groups: urine levels of (A) kynurenine, (B)
tryptophan, (C) 3-hydroxykynurenine, (D) xanthurenic acid, (E) kynurenic acid, (F) 3-hydroxyanthranilic acid, (G) picolinic acid, (H) quinolinic acid, and (I)
neopterin in LPK rats and Lewis control rats. All data are presented as mean = SEM. Green represents the Lewis rats, while blue represents LPK rats.
Each dot represents a single male rat, and each triangle represents a single female rat.

Abbreviation: LPK: lewis polycystic kidney; wk: weeks.

changes in KP enzyme activities across these biospecimens
(noting that none of the enzymes were found to have a signifi-
cant change in urine). A significant age-strain effect driven
by the significantly elevated levels of plasma 3-HAA/AA ratio
in 12-week LPK animals was observed in comparison to all
other groups.

A similar significant age-strain effect was also seen in kid-
ney KYN/Trp ratio (indicating TDO or IDO activity), KMO,
KAT A, KAT B, total KAT, KYNU A, KYNU B, and total
KYNU. Post-hoc analysis indicated that the changes in IDO/
TDO were driven by elevated KYN/Trp ratio in the 12-week
LPK animals in comparison to all other groups where as KMO
was driven by elevated 3-HK/KYN in 12-week Lewis animals
in comparison to all other groups. Indirect estimated enzyme
activity of KAT A, KAT B, total KAT, KYNU A, KYNU B,
and total KYNU in kidneys were all found to be significantly
high in the 6-week LPK animals in comparison to all other
groups, explaining the observed age-strain effect.

The complete experimental data set is provided in the
Supplementary Data. Detailed individual animal data for
each cohort is provided in Supplementary Data SD1.
The extended values of urea and creatinine values across the
various samples can be found in Supplementary Data SD2.

The extended values of normalized data for KP metabolites
in plasma and statistical analysis of KP metabolites in plasma
can be found in Supplementary Data SD3 and SD4, respec-
tively. The extended values of normalized data for KP metab-
olites in kidney and statistical analysis of KP metabolites in
kidney can be found in Supplementary Data SD3 and SD4,
respectively. The extended values of normalized data for KP
metabolites in urine and statistical analysis of KP metabolites
in urine can be found in Supplementary Data SD5 and SD6,
respectively.

Discussion

There are numerous studies associating disturbances in Trp
metabolism and the accumulation of KP metabolites to neuro-
logical disorders, impaired lipid metabolism and uremia, as well
as vascular endothelial dysfunction leading to atherosclerosis
and cardiovascular incidents.>! While the effects of KP metabo-
lites on renal function are unexplored, the results observed in
our study provide novel insights on trends of KP metabolites
and its possible implication in renal function contributing to
cystic disease progression. The present study was performed on
the LPK rat model to assess changes in KP metabolism govern-
ing Trp metabolism. Plasma concentration of the uremic toxins
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Table 2. Temporal changes in KP enzyme activity* in plasma and kidney from 6- to 12-week Lewis and LPK animals.

PLASMA
\[o} ENZYME#* WEEK 6 WEEK 12 2-WAY ANOVA
LEWIS (N=6) LPK (N=6) LEWIS (N=6) LPK (N=8) ADJ. P-  ADJ.
- = _— o .- - .- VALUE P-VALUE
MEAN SD MEAN MEAN SD MEAN SD (AGE) (STRAIN)
1 3-HAA/AA 0.14 0.04 0.22 0.09 0.39 0.07 0.86 0.33 .01 .01
ratio*
2 TDO or IDO 5.25 1.2 2.95 1.39 1.65 0.27 3.94 1.64 .01 .49
(KYN/Trp
ratio [X100])
3 KMO (3-HK/ 0.34 0.1 0.93 0.27 1.29 0.57 2.73 1.21 .01 .01
KYN ratio
[x100])
4 KAT A 117 0.24 2.25 0.71 1.64 0.74 4.01 1.89 .02 .01
(KYNA/KYN
ratio [X100])
5 KAT B 10486.55 2912.58 16932.13 11738.8 8531.68 7406.52 9403.6 5989.33 .22 .29
(XA/3-HK
ratio [X100])
6 total KAT 10487.71 2912.8 16934.38 11738.41 8533.32 7406.74 940715 5990.53 .22 .29
(KAT A +
KAT B)
7 KYNU A 3.23 0.76 6.02 1.97 5.08 0.78 5.36 3.01 46 .01
(AA/KYN
ratio [X100])
8 KYNU B 135.6 52.7 134.68 37.87 177.86 75.3 153.14 107.95 .22 .78
(3-HAA/3-
HK ratio
[x100])
9 total KYNU 138.82 52.22 140.7 38.49 182.94 75.88 158.04 109.43 .22 .83
(KYNU A +
KYNU B)
KIDNEY
\[o} ENZYME* WEEK 12 2-WAY ANOVA
LPK (N=6) LEWIS (N=6) LPK (N=9) ADJ. P-  ADJ.
MEAN MEAN SD MEAN VLTSS S
(AGE)  (STRAIN)
1 3-HAA/AA 0.7 0.25 0.71 0.35 0.65 0.32 1.05 0.49 .04 .01
ratio
2 TDO or IDO 0.76 0.42 1.67 0.57 0.6 0.33 10.06 6.95 .01 .01
(KYN/Trp
ratio
[x100])*
3 KMO (3-HK/ 4.01 2.58 0.79 0.8 23.23 19.7 7.65 3.66 .01 .01
KYN ratio
[x100])*
4 KAT A 42.52 19.03 536.43 157.84 19.49 4.43 90.28 33.75 .01 .01
(KYNA/KYN
ratio
[x100])*
5 KAT B 904.62 508.11 152127 144804.5 282.74 142.84 245213 1240.33 .01 .01
(XA/3-HK
ratio
[x100])*
6 total KAT 94714 511.7 152663.4 1448951 302.22 143.01 25424 1259.91 .01 .01
(KAT A +
KAT B)*

(Continued)
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Table 2. (Continued)

ENZYME*

LPK (N=6)

MEAN

7 KYNU A 23.18 12.54 157.74 36.47

(AA/KYN
ratio
[x100])*

8 KYNU B 42718 161.38
(3-HAA/3-
HK ratio
[x100])*

9 total KYNU 450.36 169.65
(KYNU A +
KYNU B)*

25181.33

25339.06

15472.86

15483.44

WEEK 12 2-WAY ANOVA
LEWIS (N=6) LPK (N=9) ADJ.P-  ADJ.
———————— ———— VALUE P-VALUE
MEAN SD MEAN GeE  (EEaT)
20.96 5.99 46.7 20.64 .01 .01
159.56  163.36  653.45 32949 .01 .01
180.51 16673  700.14 32505 .01 .01

#Activity of the other downstream KP enzymes in the plasma and kidney, estimated indirectly though the ratio of product/substrate. Activities of these enzymes were not
significant in the urine. * indicates significant (P-value < .05) age-strain interaction effect in post-hoc analysis.

Abbreviations: 3-HAA, 3-hydroxyanthranilic acid; 3-HK, 3-hydroxykynurenine; AA: anthranilic acid; IDO, indoleamine-2,3-dioxygenase; KAT: kynurenine aminotransferase;
KMO: kynurenine 3-monooxygenase; KYN, kynurenine; KYNA, kynurenine acid; KYNU: kynureninase; LPK: Lewis polycystic kidney; TDO, tryptophan-2,3-dioxygenase;

Trp, Tryptophan; XA: xanthurenic acid.

urea and creatinine, determination of creatinine clearance, along
with urinary creatinine levels and urine protein creatine ratio
levels were used to assess renal function in LPK animals relative
to the control Lewis strain. Renal function was significantly
impaired, which is in accordance with our previous studies that
establish a clear progression of disease over the ages of 6-12
weeks.!3 Trp metabolites generated via the KP have been pro-
filed in chronic kidney diseases, with dysregulation of Trp
metabolism reported to be causative of fatigue, proteinuria, and
uremic symptoms present in these patients.’>>* The metabo-
lites of the KP, individually, have however, never been profiled in
subjects with cystic kidney disease, to the best of our knowledge.
Aberrations in Trp metabolism have been shown previously
using global metabolomics approaches in PKD models?4%
including the LPK 2627 Our study extends this work by dissect-
ing and profiling the metabolites of the KP in cystic disease
phenotypes using a targeted metabolomic approach.

Major findings of the present study are i) a simultaneous
decrease in Trp level alongside increased KP metabolites in
12-week-old LPK kidneys, and ii) a temporal increase in KP
metabolites in LPK plasma.

i. Regarding the increase of KP metabolites as observed
across temporal profiles of LPK biospecimens, this sug-
gests an activation of TDO or IDO triggering Trp
metabolism via this pathway. This is further supported
by our observed increase in KYN to Trp ratio, an index of
TDO/IDO activity, in both 12-week plasma and kidney
tissue from LPK rats. Since TDO and IDO are regu-
lated by different mechanisms,” increased plasma and
kidney levels of KP metabolites might result from activa-
tion of either enzyme. TDO expression levels are regu-
lated mostly by systemic levels of Trp, glucagon and

corticosteroids,’® whereas the expression and activity of
IDO are induced mainly by the pro-inflammatory
cytokines.”” Under inflammatory conditions, the rate-
limiting enzyme of tetrahydrobiopterin biosynthesis,
guanosine triphosphate cyclohydrolase I, is upregulated
while downstream enzymes of this pathway remain just
slightly increased. This metabolic blockage results in the
accumulation of neopterin, an established sensitive bio-
marker for inflammatory activation.>® Inflammatory fac-
tors, and not glucagon/stress hormones, concurrently
with IDO stimulate the rate-limiting enzyme of pteri-
dines pathway with consequent formation of neopterin
(Fig. 1). Assessment of neopterin levels thereby help in
differentiating between TDO and IDO-induced eleva-
tion of KYN. Without assessment of neopterin levels, it
is difficult to attribute the observed differences in KYN/
Trp ratio to activation of TDO or IDO.%8 In the present
study, the neopterin levels were not significantly different
between the groups analysed at any age across all bio-
specimens analysed. Therefore, our results suggest that
TDO may more likely drive the increased Trp metaboli-
zation through the KP.

Existing studies on the role of both these enzymes
(TDO and IDO) in Trp metabolism are conflicting.
Initially, the main enzyme responsible for the conver-
sion of Trp to KYN under a range of pathological condi-
tions was assumed to be IDO, while the role of TDO
was restricted to physiological situations.> Interestingly,
IDO has also been implicated in a rat model of renal
fibrosis subjected to unilateral ureteral obstruction
though TDO status was not studied in that model.®®
IDO activity has also been associated with chronic
kidney disease and psychological/cognitive disease.®!
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Conversely, there are studies that report increased TDO
in rats with chronic renal insufficiency, but no change in
IDO levels.#4 According to these studies, some key
factors in TDO induction could be the increased levels
of glucagon and/ or glucocorticosteroids, whose levels
increase during the course of renal failure and uremia.
These can act as endogenous activators of TDO.46:62,63
These putative TDO inductors were not analysed in the
present study. Tankiewicz et al. studied TDO and IDO
activity in liver and kidney tissue samples from rats with
end-stage chronic kidney disease.”> They report a
decrease in Trp and increase in KYN levels in plasma as
well as kidney tissues, which were attributed to the
increased TDO activity observed in liver of diseased
rats. Similarly, Pawlak et al. reported that liver TDO
activity is enhanced in rats with experimental chronic
renal failure, whereas IDO activity in extrahepatic tis-
sues remained unchanged. Therefore, while the litera-
ture indicates varied reports of TDO or IDO as
underlying linchpins for Trp metabolism in cohorts
with chronic renal disease, our study on the LPK rat
indicate Trp metabolism via KP through TDO activa-
tion due to the lack of accumulated neopterin.
Considering the biological function of IDO and its
role in diseases®, it might seem surprising we did not
find an increased activity of this enzyme in a model of
PKD that presents with renal fibrosis, inflammation,
reduced renal function and evidence of uremiald.
Perhaps the hypothesis proposed by Tankiewicz et al.,
could shed some light into the complexities of the feed-
back mechanisms governing the KP in chronic kidney
diseases under such an immune response.®® Specifically,
Tankiewicz et al. hypothesize that the rise in concentra-
tion of interferon-y (INF- v) in individuals with chronic
kidney diseases could lead to an induction of IDO as
well as nitric oxide (NO) synthase.>> However, NO syn-
thase (NOS) activity would in turn facilitate a rise in
NO levels which bears an affinity for the heme moiety
in IDO, thereby decreasing its activity.®¢7 Huang et al.
detected iNOS in cystic epithelial cells, stromal cells and
macrophages, providing a physiological premise for fur-
ther investigation into this pathway and its link to KP
metabolites, especially because BH4 is a mandatory co-
factor for all isoforms of NOS including iNOS.68:69
ii. With regards to a temporal increase in KP metabolites,
this agrees with previously published studies that show
increased KP metabolites in blood and peripheral tissues
from patients and animal models with renal disease.*>-#
Taylor et al used the jc& model of PKD with a Nek8
mutation and reported a decrease across 5 metabolites
associated with Trp metabolism; Trp itself, indole-3-lac-
tate, indole-3-acetate, 3-hydroxy-3-indoleacetic, and
2-ketoadipic acid.*® In contrast to the current study,
Abbiss et al detected Trp in 16-week kidney

tissue samples of LPK rats but did not detect Trp in
Lewis control animals.?” The cause of this discrepancy
between our and the Abbiss et al dataset is unclear but
might be a result of methodological differences. We sus-
pect the absence of kidney Trp observed by Abbis et al
could be due to the non-targeted method applied in their
study.

The significant decrease in Trp in LPK rats at week-12
compared to Lewis controls is in line with other reports, which
demonstrate similar changes in the concentration of this amino
acid in the blood from patients with uremia and animal models
of chronic renal insufficiency.”%! Several putative mechanisms
of this aminoacidopathy have been proposed, including dimin-
ished intake of Trp with food.”? The blood concentration of
Trp depends on its supply with food, the activity of specific
enzymes as well as its urine elimination.*>70 Although changes
in food intake were not assessed in the present study, the ani-
mals had permanent, unlimited access to granulated food and
tap water. Furthermore, a reduced supply of a substrate nor-
mally results in a proportional reduction of its product, there-
fore, a decreased Trp supply would imply a decrease in KYN
concentration. However, our results clearly demonstrate an
overall increase in KYN and/or KP metabolite levels in kidney
and plasma from LPK rats at week-12. Therefore, we propose
that the decrease in the Trp levels in the LPK model is due to
the increased metabolization of this amino acid through KP
pathway.

The chief metabolite of the KP that is, KYN, can be metab-
olized to several downstream metabolites depending on the
expression of KP enzymes and their activity within a given tis-
sue or cell type. The kidneys have a substantial influence on KP
metabolism due to their abundant expression of KP enzymes.
Specifically, kidney tissue uptakes KYN and its metabolite
3-HK from circulating blood, and after metabolism, excretes
them in the form of KYNA and XA respectively.#! Circulating
levels of 3-HK, XA and KYNA was found to be substantially
elevated in 12-week LPK animals. Furthermore, we observed a
significant increase in the levels of KYN in the 12-week LPK
kidney which was in accordance with the trend of circulating
KYN in 12-week LPK plasma. Similar results were observed in
an animal model of renal insufficiency that showed KP metab-
olite excretion in urine despite decline in renal function.*? The
main route of eliminating KP metabolites is urine,** however
we did not observe any significant change in the levels of KP
metabolites in the urine, with the exception of decreased KYN
in the urine of LPK animals, that could be attributed to renal
impairment observed in these animals that changed with dis-
ease progression. It must be noted however, that failure to
excrete KP metabolites would evidently lead to its accumula-
tion in tissues and circulation which has been proposed to
result in uremic syndromes.* This has been demonstrated in
this study using the LPK model as well, wherein we observe an
elevation of KP metabolites in the plasma but lack of
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significant changes in metabolites (excepting KYN) in the
urine. Therefore, the decrease in Trp along with increase in KP
metabolites observed in the LPK rats is suspected to be a result
of increased KP enzyme activity with no proportional increase
in KP metabolite elimination. Increased activity of the KP
enzymes alongside decreased KP metabolite excretion is
reflected by increased levels of KP metabolites in the kidney
and in the circulation.

In the present study, the urine was collected from the animals
using metabolic cages while the tissue samples were collected
after animal euthanasia. In terms of translatability if considering
collection and analysis of comparable human samples, the urine
samples can be considered as the most comparable biomarker
source as it was collected from free moving unrestrained animals
during the course of the study. In comparison, blood was col-
lected immediately after euthanasia using a high dose of anes-
thetic agent. This will have had potential impact causing likely
some variation from samples collected in an unanesthetized
and unrestrained state. The kidney tissue samples could be com-
pared to human samples collected via biopsy in humans but we
acknowledge such samples are much harder to acquire and
therefore not as translatable into clinical study or practice.
However, it is worthy to note that levels of the KP metabolites in
these 3 different biospecimens contribute to the understanding
of not only the local but also the systemic KP metabolism status.
For example, the combination of KP metabolites levels in urine
and plasma can provide an indication of the renal function, given
the fact that the main route of elimination of KYN and its
metabolites is renal excretion and renal impairment may result in
accumulation of KP metabolites in urine and/or plasma.*0
Therefore, the information about the simultaneous KP metabo-
lites levels in these different biospecimens are important as they
provide complementary information about KP metabolism in a
pathological condition such as cystic kidney disease.

Trp was the only compound observed to be different
between LPK rats and age matched Lewis controls in more
than 1 biospecimen, that is, kidney and plasma. This observa-
tion suggests that Trp may be a good marker for kidney dys-
tunction. However, it is important to note that under normal
conditions Trp alteration may result from increased metaboli-
zation of this amino acid through the KP (being the main
route for Trp metabolisation).’! Trp levels also depend on its
supply with food, the activity of specific enzymes as well as its
urine elimination.*>”® There is therefore a myriad of factors
that would need to be considered once a dysregulation of Trp is
observed. The analysis of a group of KP metabolites as bio-
markers, as performed in the present study, provides informa-
tion about Trp fate, that is, whether Trp is being metabolized
through the KP or not.

In summary, the increased levels of KP metabolites in our
LPK model can be hypothesized to be due to the activation of
the rate-limiting enzyme TDO governing the metabolism of

Trp though the KP. The renal impairment in the LPK model
with progression of the disease could be attributed to the accu-
mulation of metabolites of this pathway in the peripheral circu-
lation and body tissues. Indirect estimation of KP enzymes
(such as TDO, IDO, KMO, KATs) showed diverse temporal
profiles in the LPK rats across the various biospecimens stud-
ied. Whether these changes were driven through enhanced
expression of enzymes responsible for the biogenesis of metab-
olites and/or accumulation of the metabolites due to progres-
sive renal impairment is difficult to predict without monitoring
the expression of the enzymes. Dedicated studies on Trp sup-
plementation and the effect of accumulation of individual KP
metabolites such as KYN, XA, 3-HK, and 3-HAA are required
to further understand their role in the pathobiology of PKD as
observed in LPK rats. Future investigations on upstream driv-
ers responsible for Trp metabolism including effect of both
IDO and TDO alongside KP metabolite regulation in our
LPK model may shed light into the intricate processes govern-
ing PKD pathobiology and may build the foundation for
exploring novel therapeutic alternatives in the treatment of
genetic cystic kidney diseases.

Conclusion

Our research demonstrates an up-regulation of the KP, given
the temporal increase of KP metabolite levels in kidney and
plasma alongside no significant changes in these metabolites
in urine, the main route of KP metabolite elimination. These
results suggest that activation of the KP might be involved in
the pathophysiology of the renal impairment observed in LPK
rat model of PKD. Our research and others’ data encourage
turther studies exploring the role of KP metabolites in cystic

kidney diseases.

Study Limitations

The present study has some limitations that should be consid-
ered. First, we did not directly measure enzymatic activity of
TDO, IDO, and downstream KP enzymes. Our study evalu-
ated IDO/TDO activity indirectly by estimating the plasma
KYN to Trp ratio. Such an approach does not consider the low
circulating Trp levels that may arise from malnutrition, or
decreased renal excretion of KP products.”® Future studies
could target direct measurement of enzymes responsible for
conversion of metabolites to validate these findings. A second
limitation of this study was that the food intake was not meas-
ured. Decrease of food intake is not an unusual outcome in
chronic kidney disease animal models and it can be reflected in
changes of Trp levels.”? Additionally, the biospecimens for this
study were obtained from archival samples therefore plasma,
kidney and urine for each strain/age/sex cohort are not neces-
sarily from the same groups of animals. We acknowledge that
such limitation can increase the margin of error and reduce the
power of the study. Although a minimum 7=5 for each group
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of biospecimens were obtained from archival samples and
attempts were made to sex match all the biospecimens across
the groups, this was not achieved in all cases due to archival
tissue sample availability. Considering that sex hormones can
affect the activity of some KP enzymes and that KP metabolite
associations are reported to be distinct for females and males,”
sex is an important consideration in both the analysis and
interpretation of the data. Sex effects were therefore analyzed
in the statistical methods, but sex related differences for the KP
metabolites were not identified. However, we acknowledge that
a larger sample size may have highlighted these differences.
Future studies should be conducted including matched bio-
specimens from the same animal as well as sufficient female
and male cohorts in order to evaluate sex-related differences.
The present study therefore provides a strong foundation for
future work that could incorporate further control of these
variables and direct measurement of KP enzymes to strengthen
these findings.

Supplemental Material
Supplemental material for this article is available online.
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