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Abstract

The gene CNDP1 was associated with the development of diabetic nephropathy. Its enzyme carnosinase 1 (CN1) primarily
hydrolyzes the histidine-containing dipeptide carnosine but other organ and metabolic functions are mainly unknown. In
our study we generated CNDP knockout zebrafish, which showed strongly decreased CN1 activity and increased intracel-
lular carnosine levels. Vasculature and kidneys of CNDP1~/~ zebrafish were not affected, except for a transient glomerular
alteration. Amino acid profiling showed a decrease of certain amino acids in CNDPI~/~ zebrafish, suggesting a specific func-
tion for CN1 in the amino acid metabolisms. Indeed, we identified a CN1 activity for Ala—His and Ser—His. Under diabetic
conditions increased carnosine levels in CNDP1~/~ embryos could not protect from respective organ alterations. Although,
weight gain through overfeeding was restrained by CNDP] loss. Together, zebrafish exhibits CN1 functions, while CNDP1
knockout alters the amino acid metabolism, attenuates weight gain but cannot protect organs from diabetic complications.
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CARNS1 Carnosine synthase

CN1 Carnosinasel (enzyme)

CNDPI Carnosinasel (gene)

CN2 Carnosinase?2 (enzyme)

CNDP2 Carnosinase?2 (gene)

DN Diabetic nephropathy

MG Methylglyoxal

pdx1 Pancreas and duodenal homeobox 1
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Introduction

Worldwide diabetes mellitus is one of the leading meta-
bolic diseases with a continuously increasing number of
patients [1]. As a consequence thereof, diabetic patients
carry the risk to develop diabetic late complications, such
as diabetic nephropathy (DN), diabetic retinopathy and
diabetic neuropathy. DN evolved to be the most frequent
cause of end-stage renal kidney disease in most countries
[2]. A risk factor for diabetic patients to develop DN is
their genetic profile. In meta-analysis studies various genes
were identified to be associated with the development of
DN [3]. In a subgroup analysis, the gene for carnosinasel
(CNDP1I) was identified as a factor to increase suscepti-
bility for DN in type 2 diabetic patients [4]. Carnosinases
are dipeptidases that are members of the M20/M28 met-
alloproteases family, which cleave histidine-containing
dipeptides [5]. So far, two forms of carnosinase enzymes
are identified; one is the serum carnosinase, CN1 (EC
3.4.13.20), the other the tissue or cytosolic nonspecific
carnosinase, CN2 (EC 3.4.13.18) [6-8]. CN1 cleaves spe-
cifically carnosine, anserine and homocarnosine, whereas
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CN2 is not limited to histidine-containing dipeptides,
degrades carnosine just under more alkaline conditions
and does not degrade homocarnosine [7, 9]. Carnosine
(B-alanyl-L-histidine) is synthesized by carnosine synthase
(CARNS, EC 6.3.2.11) from p-alanine and L-histidine
and exerts a variety of beneficial functions [10, 11]. This
includes scavenging of reactive carbonyls as mediators of
diabetic organ damage [12, 13], inhibition of glycation
[14] and protection from oxidative stress [15]. Impor-
tantly, carnosine acts as a sensitizer for insulin secretion
and glucose metabolism [16-18] because administration of
carnosine to diabetic mice improved blood glucose levels,
increased insulin, reduced albuminuria and vascular per-
meability and restored glomerular ultrastructure [18, 19].

Considering these positive actions of carnosine on organ
function, the degradation of carnosine by CN1 appears to
be an unsolved problem and CN1 deficient animal models,
which may help to explain this, do not exist. Thus, the physi-
ological and pathophysiological function of CN1 remained
unknown thus far. Under diabetic conditions, CN1 activity
is increased which can at least be partially induced via post-
translational modification by reactive metabolites and leads
to an increased cleavage of its protective substrate carnosine
[20]. Interestingly a homozygote allelic variant (“CNDP1
Mannheim allele”) of this gene was discovered, coding for a
leucine repeat, which causes lower serum carnosinase levels
and was more common in the absence of DN [21].

The carnosine-carnosinase system is evolutionary
highly conserved, but generally found in vertebrates [5].
In zebrafish (Danio rerio), two carnosinase-like genes
can be identified based on their sequences. These genes
are located on two different chromosomes, which is dif-
ferent to mouse and human where CNDPI and CNDP2
are in close proximity to each other on one chromosome.
One of the genes in zebrafish is annotated as CNDP2
(ENSDARGO00000003931). The second gene is found
under the annotation ENSDARG00000069583 and was
named CNDPI until reannotation of the gene number
due to changed Ensemble naming policy for orthologue
genes. However, it has not been reported if the enzyme
resembling CN1 in zebrafish can degrade carnosine or
other dipeptides. Recently, carnosine-like peptides were
identified in zebrafish embryos and adults [22] and were
located in eyes and neuronal areas for olfactory sensation,
suggesting a function in visual and olfactory physiology.
Together, the available data have reported the existence
of the carnosine—carnosinase system in zebrafish but
its function in organ development and disease processes
remained unclear. Besides the recent description of car-
nostatine as a selective CN1 inhibitor [23], genetic loss
of function animals for CNDPI are missing. However, in
this study carnostatine was not tested on physiological
and pathophysiological organ functions and it therefore
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remained unknown, what are the functional consequences
of a knockdown or knockout of CNDPI in an animal
model.

Thus, the aim of the study was to generate the first
CNDP] knock out animal model. Subsequently, we aimed
to provide a detailed characterization of organ develop-
ment and function in CNDP1 knockout zebrafish under
physiological conditions as well as to address the ques-
tion if the permanent loss of CN1 leads to impairing
effects under disease conditions, specifically focusing
on the development of late diabetic complications. We
used zebrafish as a model in diabetic late complications
research, because of its advantages in imaging due to the
transparency of zebrafish embryos, easy genetic manipula-
tion and characterized diabetic pathologies, giving excel-
lent opportunities to analyze organs under diabetic condi-
tions and accompanying metabolic alterations [24, 25]. To
the best of our knowledge this study represents the first
characterization of a CNDPI knockout organism, show-
ing that the loss of carnosinase 1 does not impair organ
development and function. However, CNDPI knock out
zebrafish showed metabolic alterations of their amino acid
metabolism.

Materials and methods
Zebrafish lines and husbandry

All experimental procedures on animals were approved
by the local government authority, Regierungsprasidium
Karlsruhe (license no.: 35-9185.81/G-98/15) and carried
out in accordance with the approved guidelines. Embryos of
the Tg(wtlb:EGFP) [26] and Tg(flil:EGFP) [27] line were
raised and staged as described according to hours post-fer-
tilization (hpf) [28]. Embryos/larvae were kept in egg water
with 5-10% methylene blue at 28.5 °C with 0.003% PTU
to suppress pigmentation. Adult zebrafish were kept under
13 h light-11 h dark cycle and fed with living shrimps and
fish flake food.

Inhibitors and reagents

Proteinase K (10 mg/ml stock) was utilized for embryo
digestion and to finish the linearization of plasmids (Roche
Recombinant PCR grade). Methylglyoxal (Sigma Aldrich)
was used for embryo incubation. 0.003% 1-phenyl-2-thio-
urea (PTU) (Sigma) was always added to the egg water to
suppress pigmentation. Texas-Red™ tagged 70 kDa dextran
(Molecular Probes, Life Technologies) was used for renal
functional assay [29].
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Morpholinos and morpholino injection

SB-pdx1-Mo: 5'-GATAGTAATGCTCTTCCCGATTCA
T-3'; targets the zebrafish pdx] translation start site.
Sequence of the control-MO: 5-CCTCTTACCTCAGTT
ACAATTTATA-3' [30] (GENE TOOLS, LLC). Pdx1 and
control morpholinos were diluted to 6 pg/ul in 0.1 M KCI.
One nanoliter of morpholino was injected into the yolk
sack of one-cell or two-cell stage embryos [29].

Protein sequence alignment

The amino acid sequences of the CN1 proteins from
zebrafish (XIWHB9_DANRE), human (CNDPI1_
HUMAN) and mouse (CNDP1_MOUSE) were accessed
from the UniProt Database (http://www.uniprot.org/). For
the comparison, the genes were selected and aligned with
the UniProt-own alignment tool (http://www.uniprot.org/
align/).

Zebrafish embryo collection and preparation
of kidney and brain tissue for CN1 activity assay
and carnosine/anserine determination

Zebrafish embryos were anesthetized with 0.003% tricaine,
collected and directly frozen in liquid nitrogen. For organ
preparation adult zebrafish were euthanized with tricaine of
a concentration of 0.31 mg/ml until the operculum move-
ment stopped entirely. The fish were decapitated behind the
operculum and the head was transferred into ice cold 1 X
PBS. To obtain the brain, the skull was opened and all nerve
connections were detached with tweezers. For preparation of
the kidney, the body was cut open and transferred to ice cold
1 X PBS to remove internal organs and expose the kidney,
which was isolated quickly using tweezers. Both organs were
immediately frozen in liquid nitrogen after isolation.

Carnosinase activity

CN1 activity was assayed according to the method
described by Teufel and co-workers [7]. Briefly, the reac-
tion was initiated by addition of the histidine-containing
dipeptides (carnosine, serine-histidine, alanine—histidine
and histidine—alanine) to homogenized embryos or tissue
at pH of 7. The reaction was stopped after defined periods
by adding 1% trichloracetic acid (final concentration in
the test 0.3%). Liberated histidine was derivatized by add-
ing o-phthaldialdehyde (OPA) and fluorescence was read
using a MicroTek late reader (g, 360 nm; Ag,. 460 nm).

For the validation of our CNDP1 knockout we used the
brains of adult animals, because the CN1 activity in this

tissue is higher so that we could display the loss of the
enzyme clearer.

Anserine and carnosine concentrations

The detection of anserine and carnosine was measured fluoro-
metrically using high-performance liquid chromatography as
previously described [31]. Frozen Zebrafish embryos or tissue
was homogenized in cold buffer containing 20 mM HEPES,
1 mM ethylene glycol-tetra-acetic acid (EGTA), 210 mM
mannitol and 70 mM sucrose per gram tissue, pH 7.2. The
homogenate was centrifuged at 1500 g for 5 min at 4 °C,
and the supernatant was kept at — 80 °C until analysis. The
homogenate was diluted with sulfosalicylic acid to precipitate
the proteins. After the samples were derivatized using carba-
zole-9-carbonyl chloride, they underwent liquid chromatogra-
phy and quantification using fluorescence. The retention time
of each component was determined by spiking the sample with
purified carnosine or anserine.

CRISPR/Cas9 zebrafish mutant generation

The CRISPR target site for CNDPI was identified and selected
using ZiFiT Targeter 4.1 (http://zifit.partners.org/ZiFiT/Choic
eMenu.aspx) for CRISPR/Cas Nucleases. The CRISPR target
site is displayed in Fig. 2a (CNDP] resembles the gene with
Gene ID ENSDARG00000069583). Cndp1-CRISPR-for#1
‘TAGGACGTCCAGCCCGCCAAGA’, was synthesized by
Sigma Aldrich. Oligonucleotides were cloned into the pT7-
gRNA plasmid (Addgene). BamHI-HF (Biolabs) was used
for linearization. Cas9 mRNA was synthesized from pT3TS
plasmid (Addgene) [32] after linearizing with Xbal (Biolabs).
Plasmids were purified with a PCR purification kit (Qia-
gen). CRISPR gRNA in vitro transcription was done by T7
MEGAshortscript kit and mMESSAGE MACHINE kit for
Cas9 mRNA (Invitrogen). Purification of RNA after TURBO
DNAse treatment was done with the MiRNeasy Mini (gRNA)
and RNeasy Mini (Cas9 mRNA) kits (Qiagen). CNDP1 gRNA
and Cas9 mRNA was diluted to 150 pg/nl in 0.1 M KCI and
mixed. One nanoliter of the RNA mixture was injected directly
into the first cell of one-cell embryos. To identify mutant ani-
mals, genomic DNA was extracted from embryos or fin clips
of adult animals by proteinase K treatment. Afterwards gene
specific PCR was done (Primers: Cndp1#1_Genot-forward
‘TGTGTGTGTCTCCTTCAGCT”’, Cndpl1#1_Genot-reverse
‘AAACTCTTGGCGGGCTGGACGT”) and purified, followed
by Sanger sequencing, using the forward primer.

Preparation of retinal vasculature
Adult zebrafish were euthanized, decapitated and heads

fixed in 4% PFA/PBS over night at 4 °C. The preparation
of zebrafish retinas was done as previously described [33].
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Histology

Before fixation, euthanized adult zebrafish were opened ven-
trally to remove liver, spleen, intestines and reproduction
organs. Kidneys remained in the body and were fixed in
4% PFA/PBS over night at 4 °C. Afterwards kidneys were
prepared and embedded in paraffin (Sigma Aldrich). With a
Leica RM2235 microtome, paraffin sections were cut with
a thickness of 4 um. Periodic acid Schiff reaction (Schiff’s
reagent by Merck, periodic acid and sodium disulfite by
Roth) of the sections was done after de-paraffinization, using
Tissue-Clear® (Tissue-Tek®) as xylene substitute.

Ultrafiltration assay

At 72 hpf, 5 nl of Texas-Red™ labeled 70 kDa dextran
(2 ng/ml in PBS) were injected into the heart of zebrafish
embryos. Embryos were kept in 96-well plates in eggwater
with PTU. Images of the living embryos were taken 1, 24,
and 48 h post-injection (hpi) using an inverted microscope
(Leica DMI 6000 B) with a camera (Leica DFC420 C) and
the Leica LAS application suite 3.8 software [29]. Decrease
of maximum fluorescence intensity in the heart area was
measured using NIH’s ImageJ2 application [34]. The fluo-
rescence values were compared in relative units of bright-
ness for each fish.

Microscopic analysis and quantification

Zebrafish embryos and larvae were anesthetized with 0.003%
tricaine. Phenotyping of Tg(flil : EGFP) trunk vasculature in
zebrafish larvae was carried out on an inverted microscope
(Leica DMI 6000 B) with a camera (Leica DFC420 C) and
the Leica LAS application suite 3.8 software at 96 hpf. In the
analysis the development of new blood vessels, here referred
to as ‘hyperbranches’, and altered blood vessels that either
miss connections to others or show slight malformations
were grouped as ‘partially normal’ and counted. Confocal
imaging of Tg(flil:EGFP) larvae and adult retinal vascula-
ture was performed using a TCS SP5 system (Leica). Images
were taken with 600 Hz, 1024 x 512 (trunk vasculature) or
1024 x 1024 pixels (retina vessels) and z-stacks were 1 pm
(trunk vasculature) or 1.5 um (retina vessels) thick. For
the quantification of the retina the entire vascular area was
divided into three smaller different areas according to vascu-
lar density (Fig. 3b). One quarter was characterized by low,
the other quarter by high vessels density, while two quarters
showed middle vessel density. Images were cut to the size
of 350 X350 um. The lowest number of obtained squares
per condition was taken as reference to adjust the number
of images per condition and group to the mentioned ratio of
1(high):2(middle): 1(low). Images were selected by random
selection (research randomizer—http://www.randomizer
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.org). Within the areas new blood vessels without a lumen
formed by neoangiogenesis were counted and addressed
as ‘hyperbranches’. Additionally, new blood vessels with a
lumen, but no connection to other vessels were counted as
‘protrusions’, while vessels between two arcades that showed
a lumen were counted as ‘branches’.

For in vivo imaging of pronephric structures, embryos
were embedded in 1% low melting point agarose (Pro-
mega) dissolved in E3 Medium at 48 hpf age. Images of
Tg(wtlb:EGFP) embryos were taken with a Leica DFC420
C camera, attached to a Leica MZ10 F modular stereo micro-
scope. Alterations in pronephric structures were measured
and quantified by measuring the size of glomerular length,
width and neck, using Leica LAS V4.8 software.

Bright field images of histological kidney slides (PAS
stained) were taken, using the same microscope and software
as for the phenotyping of the vasculature in zebrafish lar-
vae. Per animal 20 Glomeruli were analyzed by a veterinary
pathologist using a Leica DM 2000 microscope, checking for
pathological changes, like glomerular hypertrophy, mesan-
gial expansion, matrix deposition, glomerular hyalinosis
and sclerosis, as well as cystic Bowman’s spaces. Further
changes as tubular atrophy and proteinaceous casts were
considered. Changes were semiquantitatively categorized
in four groups: 0, no significant changes; +, mild changes;
++, moderate changes; +++, significant (severe) changes.

Detection of metabolites

Detection was done in cooperation with the Metabolomics
Core Technology Platform from the Centre of Organismal
Studies Heidelberg. Zebrafish larvae of 96 hpf age were
anesthetized with 0.003% tricaine and 40-50 were col-
lected for the analysis. Muscle tissue of euthanized adult
zebrafish was collected after overfeeding in ice cold 1%
PBS with tweezers from the sides of the body, residual fluid
removed and immediately frozen away. Adenosine com-
pounds, thiols and free amino acids were extracted from
the larvae with 0.3 ml of 0.1 M HCI in an ultrasonic ice-
bath for 10 min. The resulting homogenates were centri-
fuged twice for 10 min at 4 °C and 16,400g to remove cell
debris. Adenosines were derivatized with chloroacetalde-
hyde as described in Biirstenbinder et al. [35] and separated
by reversed phase chromatography on an Acquity BEH C18
column (150 mm X 2.1 mm, 1.7 um, Waters) connected to
an Acquity H-class UPLC system. Prior separation, the col-
umn was heated to 42 °C and equilibrated with 5 column
volumes of buffer A (5.7 mM TBAS, 30.5 mM KH,PO, pH
5.8) at a flow rate of 0.45 ml/min. Separation of adenosine
derivates was achieved by increasing the concentration of
buffer B (2/3 acetonitrile in 1/3 buffer A) in buffer A as
follows: 1 min 1% B, 1.6 min 2% B, 3 min 4.5% B, 3.7 min
11% B, 10 min 50% B, and return to 1% B in 2 min. The
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separated derivates were detected by fluorescence (Acquity
FLR detector, Waters, excitation 280 nm, emission 410 nm,
gain 100) and quantified using ultrapure standards (Sigma).
Determination of amino acid levels was done as described
in Weger et al. [36].

Total glutathione was quantified by reducing disulfides
with DTT followed by thiol derivatization with the fluores-
cent dye monobromobimane (Thiolyte, Calbiochem). For
quantification of GSSG, free thiols were first blocked by
NEM followed by DTT reduction and monobromobimane
derivatization. GSH equivalents were calculated by sub-
tracting GSSG from total glutathione levels. Derivatization
was performed as described in Wirtz et al. [37]. UPLC-FLR
analysis was carried out using the system described above.
Separation was carried out using the above described UPLC-
FLR system with a binary gradient of buffer A (100 mM
potassium acetate, pH 5.3) and solvent B (acetonitrile) with
the following gradient: O min 2.3% buffer B; 0.99 min 2.3%,
1 min 70%, 1.45 min 70%, and re-equilibration to 2.3% B in
1.05 min at a flow rate of 0.85 ml/min. The column (Acquity
BEH Shield RP18 column, 50 mmXx2.1 mm, 1.7 um,
Waters) was maintained at 45 °C and sample temperature
was kept constant at 14 °C. Monobromobimane conjugates
were detected by fluorescence at 480 nm after excitation at
380 nm after separation. Data acquisition and processing
was performed with the Empower3 software suite (Waters).

Fatty acids and primary metabolites were determined by
semi-targeted gas chromatography-mass spectrometry (GC/
MS) analysis, for which all measured values were normal-
ized to the amount of detected ribitol in percent. For GC/MS
zebrafish larvae were extracted in 180 ul of 100% MeOH for
15 min. at 70 °C with vigorous shaking. As internal stand-
ard 5 pl Ribitol (0.2 mg/ml) were added to each sample.
After the addition of 100 ul chloroform samples were shaken
at 37 °C for 5 min. To separate polar and organic phases,
200 pl water were added and samples were centrifuged for
10 min at 11,000 x g. For the derivatization, 300 ul of the
polar (upper) phase were transferred to a fresh tube and
dried in a speed-vac (vacuum concentrator) without heating.
Pellets were re-dissolved in 20 pl methoximation reagent
containing 20 mg/ml methoxyamine hydrochloride (Sigma
226904) in pyridine (Sigma 270970) and incubated for 2 h
at 37 °C with shaking. For silylation, 32.2 ul N-methyl-N-
(trimethylsilyl)trifluoroacetamide (MSTFA; Sigma M7891)
and 2.8 pl Alkane Standard Mixture (50 mg/ml C,,—C,;
Fluka 68281) were added to each sample. After incubation
for 30 min at 37 °C, samples were transferred to glass vials
for GC/MS analysis. A GC/MS-QP2010 Plus (Shimadzu®)
fitted with a Zebron ZB 5MS column (Phenomenex®;
30 mx0.25 mm X 0.25 um) was used for GC/MS analy-
sis. The GC was operated with an injection temperature of
230 °C and 2 pl sample were injected with split mode (1:10).
The GC temperature program started with a 1 min hold at

70 °C followed by a 6 °C/min ramp to 310 °C, a 20 °C/min
ramp to 330 °C and a bake-out for 5 min. at 330 °C using
helium as carrier gas with constant linear velocity. The MS
was operated with ion source and interface temperatures of
250 °C, a solvent cut time of 6.3 min and a scan range (m/z)
of 40-1000 with an event time of 0.3 s.

CN2 western blot

CN2 protein amount in CNDPI knockout zebrafish and
wildtype controls was determined by the group of Dr. Verena
Peters in Heidelberg (Dietmar-Hopp-Stoffwechselzentrum).
Zebrafish embryos were collected as described in 4.2.3.8. 96
hpf old zebrafish embryos were briefly washed in PBS and
homogenized in RIPA buffer (150 mmol/l NaCl, 0.5% (w/v)
sodium deoxycholate, 0.1% (w/v) SDS, 50 mmol/l Tris/HCI
pH 8.0, 0.1% (v/v) Triton X 100). Samples were incubated
on ice for 30 min and centrifuged at 13,000g for 25 min. The
supernatant was separated by SDS-PAGE and proteins were
transferred onto a nitrocellulose membrane by semi-dry
blotting with 1 mA/cm?. The membrane was blocked over
night at 4 °C with 5% milk powder (w/v) in PBS with 0.05%
Tween 20 (PBS-T), following incubation at room tempera-
ture for 2 h with the primary anti-CN2 antibody (1:2000;
Rabbit polyclonal, 14925-1-AP, proteintech) in PBS-T with
5% milk powder. After washing, the blot was incubated
with a secondary horseradish peroxidase-conjugated anti-
body (1:20,000; A0545, Sigma-Aldrich) in PBS-T for 1 h at
room temperature. f-Actin antibody (1:2500; A2228, Sigma-
Aldrich) was used as internal control. Proteins were visu-
alized with ECL detection reagent (Biorad) and a western
blot detection system (Peqlab). In silico densitometry was
performed with ImageJ v1.15d (public domain).

Determination of methylglyoxal (MG)

The determination of MG by stable isotopic dilution analy-
sis via LC-MS/MS was described previously [38]. Briefly,
frozen zebrafish embryos (approx. 50) were treated with
precipitation solution (Trichloracetic acid 20% w/v in 0.9%
NaCl), incubated with an “heavy” internal standard and
derivatized with 1,2-diaminobenzene. Quantification was
carried out using a XEVO TQ-S tandem quadrupole mass
spectrometer (Waters®).

Incubation with MG
About 60 eggs were incubated at 28.5 °C in a 10 cm Petri

dish with 30 ml solution that was changed daily. The solu-
tion contained egg water, 500 uM MG and 0.003% PTU.
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Determination of glucose

Embryos were lysed in sodium phosphate buffer (100 mM;
pH 7.4 + 0.1% Triton X) by sonication (Biodisruptor™)
30 s. on/off for a total of 20 cycles. Samples were then cen-
trifuged (5 min; 4 °C; 14,000 rpm) and supernatants were
collected. Supernatant was deproteinized with the depro-
teinizing sample preparation kit (Biovision) according
to the manufactures protocol. Glucose measurement was
performed with the Amplex™ Red Glucose/Glucose Oxi-
dase Assay Kit (Invitrogen) following the manufacturer’s
protocol.

Overfeeding of adult zebrafish

Adult male zebrafish were set in groups according to geno-
type and feeding. The feeding procedure was adapted from
Oka 2010 [39]. For normal feeding: each fish received one
time a normal amount of artemia (5 mg dry weight arte-
mia cysts/day) in the morning and one-time dry food in the
afternoon. For overfeeding: fish were overfed by receiving
three times artemia (3 X 20 mg dry weight artemia cysts/day)
with 2 h break between the feedings and one-time dry food
in the afternoon. This protocol was followed over 8 weeks.
Afterwards animals were killed for experiments.

Computer programs and statistics

Determination of fluorescence intensity in the ultrafiltration
assay was done using ImageJ2 application [34]. Analysis of
retinal vasculature was carried out using LAS AF Lite Soft-
ware from Leica for taking screen shots, Gimp2 for image
cutting and ImageJ2 for quantification (see Wiggenhauser
et al. [33]). For GC/MS analysis the “GCMS solution” soft-
ware (Shimadzu®) was used for data processing. Results are
expressed as mean with standard deviation (mean + SD).
Statistical significance between different groups was ana-
lyzed using Student’s ¢ test, Mann—Whitney U test, one-way
ANOVA (either followed by Bonferroni’s Tukey’s or Sidak’s
multiple comparison) or Kruskal-Wallis test (followed by
Dunn’s multiple comparison) in GraphPad Prism 6.01. p
values of <0.05 were considered as significant: *p <0.05,
**p<0.01, #¥#p <0.001.

Results

Organ specific differences of the carnosinase system
in zebrafish

Besides the discovery of carnosine-like peptides in the

nervous system of zebrafish embryos [22], the presence of
its degrading enzyme CN1 has not been described before.
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Therefore, we aimed to analyze if CN1 activity is present in
zebrafish. Previous studies could already show differences
between human and rodents, e.g., CN1 expression is specific
in human brain tissue and kidney, whereas in mice and rats
it is solely found in the kidney [7, 31]. In a first step we
performed an amino acid sequence alignment to compare
CN1 proteins of zebrafish, mouse and human. The align-
ment indicated high similarities between the species for the
active catalytic domain, metal binding sites and peptidase
dimerization domain. A signal peptide sequence was also
identified in zebrafish CN1 which is similar to human CN1,
but is not present in mouse CN1 (Fig. 1a). To investigate
potential differences of CN1 activity in various tissues, we
isolated brain and kidney tissue of adult zebrafish of both
sexes. It was identified that CN1 activity is present in the
kidney and brain of adult zebrafish, where the brain exhib-
its a significantly higher CN1 activity (Fig. 1b); yet, the
sex has no influence on CN1 activity. Carnosine as one of
the substrates of CN1 was detected in brain and kidney of
adult zebrafish (Fig. 1c). The concentrations of anserine as
another substrate for CN1, were higher in the kidney than in
the brain of female fish (Fig. 1d). Taken together, the data
identified CN1, carnosine and anserine in zebrafish organs,
with higher dipeptide contents in the kidney.

Generation and validation of CNDP1~/~ zebrafish

Since CNDPI knock out animal models do not exist thus
far and to analyze the function of CN1 in zebrafish devel-
opment, we used the CRISPR-Cas9 technology to generate
knockout animals. Therefore, we used a gRNA to specifi-
cally target the gene that resembles CNDP! in zebrafish
(Gene ID ENSDARG00000069583). Following the injec-
tion of the gRNA together with Cas9 mRNA, we identified
three different frame-shift mutations in knockout animals
and all mutations lead to the formation of a Stop-codon
(Fig. 2a). CNDPI~’~ knockout embryos are viable and
developed without obvious alterations (Fig. 2b). To assess
if the respective mutations cause the translation of a non-
functional CN1 protein, we measured the CN1 activity by
detecting the degradation of carnosine along with the con-
centrations of carnosine and anserine in mutant animals. In
CNDPI~'~ animals, degradation of carnosine was strongly
reduced (Fig. 3a), with significantly increased carnosine
concentrations, whereas anserine concentrations remained
unaltered (Fig. 3b). Thus, the data have proven a successful
generation of CNDP1 knockout zebrafish.

Normal vascular development and maturation
in CNDP17/~ zebrafish

The early development of the vascular system is essen-
tial for zebrafish to ensure a normal development of the
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Fig. 1 Sequence alignment of carnosinases across different species
and detection of CNI1 activity and its substrates in adult zebrafish
organs. a Amino acid alignment showed a high similarity between
the different species of the active (arrow head), metal binding
sites (arrow) and of peptidase dimerization domain (yellow); zCN
zebrafish carnosine dipeptidase, #CNI human carnosinasel, mCN/
mouse carnosinasel. b CNI activity in adult zebrafish was higher in

entire organism. Likewise, alterations of the vasculature
are often causes of organ damage in several disease condi-
tions [40]. To address the question if the loss of CNDPI
impairs vascular development, we generated animals with
a Tg(flil:EGFP) background. In these animals, EGFP is
expressed under the control of the fli/ promotor and thus
labels the entire vasculature through the whole lifetime [27].
Subsequently, the vascular system in CNDPI~'~ animals was
analyzed in early development and in adult organs. At 96
hpf CNDP1~'~ zebrafish larvae showed a normal vascula-
ture consisting of the dorsal aorta, posterior cardinal vein,
intersegmental vessels, and parachordal lymphangioblast.
In the quantification of the vascular architecture no signifi-
cant differences between wildtype and knockout larvae were
visible (Fig. 4). To analyze the mature vasculature in adult
CNDP] knockout animals, we dissected the retinal vascu-
lature according to a recently published protocol [33]; yet,
vascular structures in the retina of adult animals remained
unaffected (Fig. 5), indicating that the knockout of CNDP1
has no impairing effect on vascular development and matura-
tion in zebrafish.
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brain than in kidney tissue. CN1 activity was determined by measur-
ing the degradation of carnosine; ¢ carnosine and d anserine concen-
trations were higher in kidney than brain tissue with similar concen-
trations in males and females. Carnosine and anserine concentrations
were measured by HPLC, data were analyzed using Student’s 7 test,
*p<0.05, b males n=7, females n=6-7, ¢ males n=10, females
n=6-8, d n=8 per group, mean+SD

CNDP1 knockout causes minor alterations
in zebrafish kidney development which does
not persist in adulthood

The published data on the function of carnosine and kid-
ney function under diabetic conditions have suggested a
protective function for carnosine in these pathologies, since
external administration of carnosine to mice improved glu-
cose homeostasis and improved symptoms of DN in dia-
betic animals [16, 18, 19, 39]. Yet, is has not been stud-
ied before if an increase of carnosine could interfere with
kidney development by itself. Thus, we took advantage of
the CNDPI7'~ zebrafish which show enhanced carnosine
concentrations (Fig. 3). For the morphological analysis of
the embryonic kidney (pronephros), CNDP1~'~ animals
with Tg(wtlb:EGFP) background were generated. Those
animals show a pronephros-specific GFP-expression,
labeling the glomerulus, the neck and the tubular struc-
tures that together form the pronephros [26]. In 48-hpf-old
CNDPI~'~ zebrafish embryos the glomerular length was
reduced (Fig. 6a); though, the function of the pronephros
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Fig.2 Generation of CNDP] A
knockout animals. a Binding

site of the Cndp1-CRISPR

gRNA in exon 4 [exon—intron

E1 E2

24,27 kb

E3 E4 E5

4
EGE7E8 E9 E10 E11 E12

illustration modified from the
Ensembl database]. Three dif- -
ferent mutations were identi-

v

fied, all leading to frameshift
mutations and showing no CN1

5% GGACGTCCAGCCCGCCAAGA 30

activity. Heterozygous muta-
tions are shown as sequenc-
ing chromatogram. Angular
brackets indicate deletions
or indels, Stop codons are in
black, italic and underlined;

90

100

0 110
TCCAGCCCGCCAAAAGGGAGAAGGGGGG AACCC

1Del TGGACGTCCAGCCCGCCA [-] GATGGAGGACGGGTGGAGCACTGAACCCTACGAGCTGA

PAM protospacer adjacent
motif. b CNDPI™'~ zebrafish
showed a normal development
in both transgenic back-
grounds (7g(flil:eGFP) and
Tg(wtlb:EGFP)). Bright field
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image of 96 hpf old larvae, 1Del+1Indel TGGACGTCCAGCCCGCCA[-]G[G] TGGAGGACGGGTGGAGCACTGAACCCTACGAGC TGA
black scale bar is 1 mm
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CCAGCCCGCCAAGAGGGAGAAGGGGT GG AGCCC
17Del TGGA[17 bases deletion] TGGAGGACGGGTGGAGCACTGA
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Fig.3 Validation of CNDPI knockout animals. a CN1 activity was
strongly reduced in brain tissue of adult CNDPI knockout animals.
CNI1 activity was determined by measuring carnosine degradation.
b Carnosine was increased in the brain tissue of adult CNDPI~~

remained unaffected (Fig. 6b). Based on this finding we
addressed the question if the pronephros developmental
impairments in CNDP1 ™~ zebrafish embryos persist in adult
animals and we therefore performed a histological analysis
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homozygous, while anserine levels were not altered; Carnosine and
anserine concentrations were measured by HPLC; Data were ana-
lyzed using Student’s ¢ test, *p <0.05, ***p <0.001, a n=8, b carnos-
ine n=4, anserin n=6, mean + SD

of adult CNDP17~~ kidneys. PAS stained paraffin sections
could not show obvious differences in CNDP1™~ mutants
focusing on glomerular and tubular structures as compared
to wildtype kidneys (Fig. 6c—h and Supporting information
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CNDP1+* CNDP1--

Fig.4 Vascular structures are unaltered in CNDPI™~ zebrafish lar-
vae. CNDP1™~ larvae showed no alterations in their trunk vascula-
ture compared to CNDPI** animals at 96 hpf. The trunk vascula-
ture was analyzed in Tg(flil:eGFP) embryos by fluorescence and

CNDP1**

Bl cnoP1t*

CNDP1™

Number of
alterations/larvae
N

JHD -

Partially
normal

Hyperbranches

confocal microscopy; white scale bar is 100 um; data were analyzed
using Mann—Whitney U test, CNDP1** =22, CNDP1~~ n=14,
mean +SD
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Fig.5 Retinal vasculature is unaltered in adult CNDP1™~ zebrafish.
CNDPI™~ animals showed a normal architecture of retinal ves-
sels compared to wildtype animals. Retinal vasculature was isolated
from adult CNDP1~~ Tg(flil :eGFP) animals and analyzed by confo-
cal microscopy; for quantification the vascular network was divided
in three different groups according to their naturally occurring vessel

Protrusion

Branches

density (according to Wiggenhauser et al. [33]). Every group is exem-
plarily shown: / hyperdense area, 2 middle dense area, 3 low dense
area; Each square is 350X 350 um; data were analyzed using Mann—
Whitney U test, n=4 animals per group (CNDPI1** n=64 petals,
CNDP17~ n=32), mean+SD
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Fig.6 CNDPI knockout embryos show minor pronephros altera-
tions, but adult kidney morphology is normal. a Glomerular length
was decreased in CNDPI™~ Tg(wtlb:EGFP) embryos at 48 hpf.
Glomerulus is indicated by dotted lines, white scale bar is 100 pm,
CNDP1** n=29, CNDP1™~ n=32 embryos; b CNDPI™~ lar-
vae showed no differences in the loss of fluorescence intensity after
intracardial injection of 70 kDa labeled dextran. CNDP1™* n=24,

Fig. S1). Thus, the knockout of CNDP1 in zebrafish results
in a transient developmental phenotype of the pronephros,
but normalizes during further ontogenesis.

Altered amino acid metabolism in CNDP1 knockout
zebrafish is not compensated by CN2

Considering the phenotypical normal appearance of
CNDPI™~ larvae and adults, we aimed to perform a
biochemical analysis of CNDPI™~ animals to identify
potential pathways where CN1 could be involved, apart
from its known function to cleave carnosine in zebrafish
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CNDP1™~ n=40; f-h renal structures of adult CNDPI~~ did not
show obvious alterations in kidney morphology compared to wildtype
(c—e) animals. Paraffin sections (4 um) were analyzed with light
microscopy after PAS-staining; n=4 animal each; DT distal tubule,
G glomerulus, PT proximal tubule, ¢, f scale bar is 100 um; d, e,
g, h scale bar is 50 um; data were analyzed using Student’s ¢ test,
*p<0.05, mean+ SD

(Fig. 1). Thus, we analyzed 96 hpf old zebrafish larvae via
a metabolomic screening, targeting amino acids, thiols,
adenosines, fatty acids and a set of primary metabolites.
Hereby we could show that no other pathways, except
for the amino acid metabolism, were affected by CNDPI
knockout (Supporting information Figure S2—-S6). Specifi-
cally, five amino acids, namely glycine, cysteine, histidine,
alanine, and serine were significantly decreased in mutant
animals (Fig. 7a, b). A metabolic connection between ser-
ine, glycine and cysteine synthesis has been well docu-
mented, showing that glycine and serine can be precursors
of each other, while cysteine is generated from serine over
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Fig.7 CNDPI knockout larvae show an altered amino acid profile
and decreased activity for Ser—His degradation. Amino acids were
measured in 96 hpf old larvae by a UPLC-MS and b semi-targeted
GC-MS-analysis and showed a significant decrease of a glycine,
cysteine, histidine and alanine as well as b serine. ¢ CNDP1 knockout
caused a decrease in the activity to degrade Ser—His. Activity for His-
Ala=0.00 nmol/mg/h. Activities were determined by the quantifica-

the methionine-S-adenosylmethionine cycle [41] and the
coupled transsulfuration pathway [42]. More importantly,
the decrease of histidine and alanine is most likely linked
to the increased concentrations of carnosine in the CNDP]
mutants, which suggests that these amino acids are stored
as carnosine and hereby less abundantly available. Thus,
the data show a novel function for CN1 in the formation
of serine, glycine and cysteine, which needs now to be
studied in different disease conditions. To support this evi-
dence, we determined if CN1 can degrade other histidine-
containing dipeptides, like Ala—His, Ser—His and His—Ala.
We could show that CN1 is able to degrade Ala—His and
Ser—His, but not His—Ala, where no activity for it could
be determined at all (activity for His-Ala=0.00 nmol/
mg/h +0.00). In CNDPI~~ mutants, we observed a trend
for less Ser—His degradation (Fig. 7¢), which implies that
zebrafish CN1 can degrade other dipeptides as well but
remains more specific for the degradation of carnosine.
With a western blot against CN2 protein we could show
that CN2 is not upregulated in a compensatory manner by
the loss of CNDP1 (Fig. 7d).

tion of histidine release in lysates of 96 hpf old larvae. d Western blot
against CN2 showed no upregulation of CN2 protein in lysates of 96
hpf old CNDPI~~ larvae probed with anti-CNDP2 and anti-B-actin
antibody as a loading control. Relative emission of antibody-labeled
CN2 protein was determined in densitometric units (D.U.). n=3.
Data were analyzed using Student’s ¢ test, ¥*p <0.05, **p <0.01; Cys
n=6, Gly, His, Ala, Ser n=3 each, ¢ n=3, mean+ SD

A CNDP1 knockout is not beneficial to prevent
diabetes-induced organ complications in zebrafish,
but protects from profound weight gain

Under normal physiological conditions CN1 hydrolyzes car-
nosine depending from its metabolic demands [7, 31, 43].
Nevertheless, under pathophysiological conditions CN1
activity can increase dramatically. One prime example is the
reactive metabolite methylglyoxal (MG), which is increas-
ingly formed under diabetic conditions, induces post-trans-
lational modifications and thereby alters the function of the
affected proteins. Increased concentrations of MG are also
known to form advanced glycation end products [44, 45].
In vitro and in vivo experiments using cultured kidney cells
overexpressing human CNDP] or by analyzing kidneys from
diabetic mice, demonstrated that MG increases CN1 activity
by direct carbonylation, which resulted in a decreased avail-
ability of carnosine [20].

Based on these findings we incubated zebrafish larvae
over time in MG containing medium [46] to ascertain if
MG alters CN1 activity in zebrafish as well. A significant

@ Springer



4562

F. Schmohl et al.

increase of CN1 activity at 96 hpf for larvae incubated in
MG was found (Fig. 8a), but this was only accompanied
by a minor decrease of carnosine (Fig. 8b). Thus, MG
can also alter CN1 activity in zebrafish. In a previous
study we showed that MG causes organ malformations
in zebrafish larvae, resulting in neovascularization of the
trunk vasculature [46]. Based on the findings we incubated
Tg(flil:EGFP) CNDPI mutant embryos in MG contain-
ing medium, determined internal MG concentrations at 48
hpf and analyzed vascular structures at 96 hpf. MG levels
were significantly increased in zebrafish, but remained
unchanged in CNDPI~~ embryos (Fig. 9a). Analysis of
the treated embryos, however, did not identify beneficial
effects of CNDP1 knockout on MG induced pathological
vessel sprouting (Fig. 9b). These results are contrary to the
increased carnosine concentrations in knockout animals
that would imply a protective scavenging of MG. Hence,
the data also suggest that the internal increase of carnosine
in CNDP17/~ animals may not be sufficient to quench MG.

Furthermore, we also tested glucose itself as an inducer
of organ damage under diabetic conditions. A recent publi-
cation showed that the zebrafish pronephros is sensitive to
increased glucose concentrations resulting in morphologi-
cal malformations [29], with similar cellular kidney altera-
tions seen in patients suffering from DN. In these experi-
mental settings, the knockdown of the transcription factor
pdx1 causes glucose to increase [30, 46, 47]. The beneficial

>
©

*

i i]

48 hpf 72 hpf 96 hpf

' l

48 hpf 72 hpf 96 hpf

o
1

CN1 activity
[nmol/mg/h]
»

N
1

Il Control
500 uM MG

o]
-
o

1

o o o
kS o )
L L L

Carnosine [nmol/mg]
o
N
)

Il Control
500 uM MG

g
=)
I

Fig.8 MG increases CNI1 activity in zebrafish. Detection of CN1
activity (a) and carnosine (b) in zebrafish larvae. Incubation of
embryos with 500 uM MG increased CN1 activity at 96 hpf (a)
which caused a decrease of carnosine; data were analyzed using Stu-
dent’s t test, *p <0.05, an=4, b n=3, mean + SD
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Fig.9 CNDPI knockout does not protect from internal increases of
MG or rescues MG-induced vascular alterations. a Loss of CNDP1
did not protect from an increase of internal MG concentrations by
MG incubation. MG was measured in lysates of 48-hpf-old embryos
by LC-MS/MS; data were analyzed using one-way ANOVA with
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microscopy; data were analyzed using Kruskal-Wallis test followed
by Dunn’s multiple comparison; Con control incubation, CNDP1*+
+ Con n=22, CNDP17~ + Con n=27, CNDP1** + 500 um MG
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effects of carnosine for patients with diabetic kidney dis-
eases are a highly relevant topic. A recent publication has
suggested that carnosine supplementation in diabetic mice
leads to the restoration of the glomerular filtration bar-
rier, improved glucose metabolism and albuminuria [18].
Based on these findings and our own data of increased
carnosine in zebrafish in CNDPI~/~ animals (Fig. 2), we
aimed to determine if the internal increase in carnosine in
CNDP1~~ animals has renoprotective effects in a nephrop-
athy like setting. Therefore, we induced hyperglycemia in
CNDPI knockout embryos and analyzed the pronephros
at 48 hpf as well as internal glucose levels. As previously
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shown pdx1 knockdown induces hyperglycemia and resulted
in an increase in the glomerular length with a shortened
neck structure. However, hyperglycemic animals did not
show an improvement of pronephric structures upon CNDP]
knockout (Fig. 10c). Glucose measurements in these animals
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Fig. 10 CNDPI knockout can not rescue hyperglycemia-induced vas-
cular or pronephric alterations and does not lower increased glucose
concentrations in zebrafish embryos. Hyperglycemia was induced by
pdx] morpholino (Pdx1MO) injection in CNDPI** and CNDPI™~
eggs. a CNDPI knockout did not protect from elevated glucose
levels during hyperglycemia. Glucose was measured in lysates of
deproteinized 48-hpf-old embryos by detecting the change of fluores-
cence during the reaction of glucose oxidase with p-glucose; n=4;
data were analyzed using one-way ANOVA with Tukey’s multiple
comparison; b Hyperglycemia increased the number of vessel altera-
tions in Tg(flil:eGFP) 96-hpf-old zebrafish larvae, which was not
restored by CNDPI knockout. Embryos were analyzed via fluores-
cence microscopy; CNDP1™* + CoMO n=38, CNDP1~'~ + CoMO

Number of vessel

supported these results, showing that a CNDPI knock out
does not improve hyperglycemia (Fig. 10a). Similar findings
could be observed for the vasculature in Tg(flil:EGFP) lar-
vae at 96 hpf where pdxI knock down-induced vessel altera-
tions could not be rescued in CNDP1~/~ animals (Fig. 10b).

k% !

25

alterations/larvae

n=47, CNDP1** + PdxIMO n=35, CNDP1™~ 4+ Pdx1MO n=46,
data were analyzed using Kruskal-Wallis test followed by Dunn’s
multiple comparison; ¢ hyperglycemia-induced alterations of the
pronephros were not restored in CNDPI™~ embryos. Pronephric
structures were quantified in Tg(wt/b:EGFP) embryos at 48 hpf via
fluorescence microscopy. Glomerular structures are indicated by the
dotted line. Arrowheads show the shortened neck; CoMO control
morpholino injected, white scale bar is 100 pm; CNDP1** + CoMO
n=13, CNDP1™~ + CoMO n=15, CNDP1** + PdxIMO n=18,
CNDP17~ + PdxIMO n=19, data were analyzed using one-way
ANOVA with Sidak’s multiple comparison. *p<0.05, **p<0.01,
*#*%p <0.001, mean + SD
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Beneficial effects of carnosine and it’s administration
during metabolic syndrome is a highly discussed form of
therapy [48, 49]. To assess this, we overfed CNDP] =~ and
wildtype animals for 8 weeks and killed them afterwards
to examine body weight gain. Overfeeding resulted in a
significant weight gain in both genotypes when compared
to weights at the beginning. However, when compared to
normal fed animals only overfed wildtype animals showed
a significant increase in body weight, while overfed CNDP1
knockout animals did not gain more weight. Yet, fasting
blood glucose levels remained unaltered in both groups
(Fig. 11a, b). Likewise, an extended metabolome analysis
in muscles of CNDP1~/~ animals for metabolites, includ-
ing several fatty acids and primary metabolites, which may
explain body weight differences in the overfeeding groups,
did not show any changes (Supporting information Figure
S7 and S8). This suggests a protective effect of CNDPI
knockout on body weight gain. But further investigations
for actions like restraining weight gain in people with poor
metabolic control would be necessary.

Taken together, diabetes induced organ alterations in
zebrafish by inducing hyperglycemia or increasing MG,
could not be rescued in CNDPI~'~ animals. This suggests
that the knockout of CNDPI does not lead to therapeuti-
cally relevant concentrations of carnosine that can prevent
vascular or renal organ alterations under diabetic conditions.

Discussion

In this study, we have analyzed for the first time the devel-
opmental and pathological function of the carnosine—car-
nosinase system in zebrafish. We have generated and char-
acterized a zebrafish knockout model for CNDP1, showing
that: (1) carnosine, anserine and CN1 activity are present
in zebrafish, with the ability to degrade other dipeptides
besides carnosine, (2) CNDP1~~ animals are viable and
develop normally, but show an altered amino acid profile
and (3) the knockout of CNDPI can increase carnosine con-
centrations in vivo, protects to some degree from increased
weight gain, but is insufficient to prevent diabetes induced
complications.

The protein sequence alignment of human and zebrafish
CN1 displayed a signal peptide sequence, which is not
found in mice. This suggests that zebrafish CN1 acts as
a secreted protein similar to human CN1, that is secreted
from the liver into the blood serum [7], and emphasizes
CNDPI~'~ zebrafish as a novel animal model to study phys-
iological and pathological functions of human CN1. The
analysis of CN1 in zebrafish showed that CN1 activity is
already present in embryos and can degrade carnosine as
in humans. In adult zebrafish, CN1 activity increases and
this finding again correlates with its human counterpart [6,
50]. Even though sex specific differences in zebrafish CN1
activity, as in humans [51], could not be found in zebrafish.
As specific substrates for zebrafish CN1, we identified car-
nosine-like peptides as well as anserine. The concentrations
of anserine were even higher than those of carnosine, which
was also reported in mice [52] and for the human kidney
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Fig. 11 CNDP1 knockout animals gain less weight upon overfeed-
ing but do not show altered blood glucose levels. a Overfeeding of
8 weeks resulted in increased body weight. But overfed CNDP17/~
animals gained not more weight than normal fed CNDP1~~ animals
in comparison to wildtype individuals. The animals were weighted
before and after 8 weeks. NF normal feeding, OF overfeeding,
CNDPI™* NF n=7, CNDPI** OF n=6, CNDP1™~ NF n=8,
CNDP17~ OF n=17, **p<0.01, ***p<0.001; b fasting blood glu-
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cose levels were not altered between CNDPI wildtype and mutant
zebrafish after 8 weeks of normal and overfeeding. Blood was col-
lected after one night of fasting from the caudal vein with a glass nee-
dle and glucose was measured with a glucometer. CNDP1** normal
feeding n=3, CNDP1*™* overfeeding n=3, CNDP1~'~ normal feed-
ing n=4, CNDP17~ overfeeding n=3. Data were analyzed using
one-way ANOVA with Sidak’s multiple comparison, mean+SD
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[31]. Anserine is also a protective factor by acting as an anti-
oxidant against detrimental effects of oxygen radicals and
toxic lipid-derived reactive carbonyl species [31, 48, 53].
Recently it was shown that anserine treatment in diabetic
mice also improved glucose homeostasis and nephropathy
[54]. Using the CRISPR-Cas9 technology, we generated the
first zebrafish CNDP mutant and validated it by showing
loss of CN1 activity in the different mutants. Furthermore,
the knockout of CNDPI resulted in increased carnosine
levels, supporting the efficiency of our knockout strategy.
Besides CN1’s function being a dipeptidase for carnosine
and anserine, it was unknown how CNI1 is involved in the
global amino acid metabolism and whether CN1 also regu-
lates other biochemical and metabolic pathways. Thus, we
performed a global metabolomic analysis for several differ-
ent metabolites and found that the depletion of CN1 does
not affect the thiol or adenosine metabolism, as well as fatty
acid composition or a variety of primary metabolites as part
of other metabolic pathways. However, very distinct altera-
tions in some amino acids were observed, indicating that
carnosinase 1 in zebrafish is not only specific for carnosine,
but also for other histidine-containing dipeptides. Carnos-
ine and anserine concentrations are about five- to tenfold
lower in zebrafish compared to mice, and it was discussed
whether also free histidine contribute to the function of
histidine-containing dipeptides in fish [5]. Whereas cellu-
lar carnosine levels are elevated in the knockout, anserine
levels remained unaltered, suggesting that anserine is not a
preferred substrate for zebrafish CN1 in contrast to rodent
CN1. The decrease of alanine and histidine could imply that
both amino acids are stored as dipeptides which would be
new substrates for CN1 in zebrafish. Although this requires
further investigations, the data suggest that on demand CN1
rapidly increases alanine and histidine in cells and therefore
act as a gatekeeper for the increased formation of both amino
acids. In line with this, we demonstrated that glycine, ser-
ine and cysteine were decreased in the CNDPI~'~ mutants
as well. Those three amino acids are interconnected in the
metabolism by metabolic enzymes that are also found in
human. Glycine and serine are precursors of each other,
while serine can be further converted to cysteine [42, 55].
In addition to its known function in degrading carnosine,
our data suggest a novel in vivo function for CN1 as regu-
lator for the concentrations of specific amino acids in the
metabolism. With the determination of the CN1 activity
for Ala—His, Ser-His and His—Ala, we can already suggest
Ser—His to be one of such dipeptides, as previously demon-
strated for the recombinant enzyme [7]. This side activity of
CNI1 resembles to a certain degree the feature of metabolite
repair enzymes like PM20D2, which was identified in mice
and human to degrade dipeptide-byproducts that are synthe-
sized by carnosine synthase CARNS [56]. Although further
investigations need to be done to reveal the clearer function.

Moreover, we could show that CN2 is not affected by the
knockout of CNDPI. Therefore, all observations are CN1-
related and CN2 does not compensate for the loss of CN1.
Yet, since the function of CN2 in zebrafish development,
physiology and disease is unknown, its role must be deter-
mined in future experiments.

In the characterization of the zebrafish organ systems, the
CNDPI~'~ vasculature was not altered, but early embryonal
pronephric structures showed some alterations, but they did
not persist to adulthood. This implies that CN1, despite its
involvement in amino acid metabolism, is not essential for
normal organ development and physiology.

Despite the minor kidney alterations in
CNDPI™"~ embryos, CNDP] =/~ mutants developed normal
and reached adulthood. In the context of diabetic complica-
tions, we confirmed the recently published data from humans
[20], showing that CN1 activity is modified, i.e., increased
by MG similar as seen in diabetic mice. Yet, we have not
seen beneficial effects of a CNDPI knockout, neither chal-
lenged by high MG levels nor by increased blood glucose,
on kidney or vessel structures. It, therefore, seems likely,
that the loss of CN1 and its respective increase in carnosine
are not sufficient to protect against diabetic alterations in our
knockout model. Although diabetic complications are not
prevented, the increase in carnosine restrains weight gain to
a certain degree, which indicates an anti-obesity effect of
carnosine. However, the mechanism remained open since it
could not be explained by an altered fatty acid and primary
metabolite metabolism or dysregulation of blood glucose.

It should be kept in mind that several studies that reported
beneficial effects of carnosine in diabetes models, adminis-
tered carnosine in very high concentrations that naturally do
not occur [18, 57, 58]. In obese Zucker rats dyslipidemia,
body weight, and renal function were ameliorated under
carnosine supplementation [59]. For humans, an additional
supplementation of carnosine in the treatment of diabetes
is considered to achieve the best outcome of the treatment
as possible [60]. Clinical trials with simple carnosine sup-
plementation could already show ameliorations of insulin
resistance, fasting glucose, triglycerides, and glycation [61,
62]. However, our data also suggest that inhibition of CN1
activity alone as a therapeutic option is probably less prom-
ising because the increased concentration of carnosine by
blocking CN1 activity does not reach therapeutically rel-
evant concentrations. Thus, inhibition of CN1 activity and
administration of carnosine together could be a promising
strategy. This argument is underlined by a recent publication
on the CN1 inhibitor carnostatine [23]. Carnostatine indeed
effectively inhibited overexpressed human CNI1 activity in
mice and kept supplemented carnosine levels up, however,
this study has not reported a diabetic animal model, where
carnostatine and carnosine together improved diabetes
induced organs alterations.
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In conclusion, zebrafish exhibits carnosine and CN1
functions as other vertebrate model organisms. The knock-
out of CNDP] in zebrafish identified a novel function of
CN1 in the amino acid metabolism. However, the knockout
of CNDP1 alone was not sufficient to protect from diabetic
complications, but prevented profound weight gain.
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