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Abstract (max. 200 words) 

Therapeutic strategies to treat acute kidney injury (AKI) are lacking in clinical practice. 

Interestingly, preconditioning by hypoxia (HP) and caloric restriction (CR) is highly protective in 

rodent AKI models. However, the underlying molecular mechanisms of this process are unknown. 

A comparative transcriptome analysis of murine kidneys after HP and CR identified Kynureninase 

(KYNU) as a common downstream target. Using a newly generated KYNU-deficient mouse line, 

we show that KYNU strongly contributes to the protective effect of preconditioning. Metabolome, 

transcriptome and proteome analyses reveal the KYNU-dependent de novo nicotinamide adenine 

dinucleotide (NAD+) biosynthesis pathway as necessary for CR-associated maintenance of NAD+ 

levels. Importantly, the impact of CR on the de novo NAD+ biosynthesis pathway can be 

recapitulated in humans. These findings provide a valuable insight into the molecular mechanisms 

mediating protection upon preconditioning and point towards the de novo branch of NAD+ 

biosynthesis as a conserved target in nephroprotection.  
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Introduction 

Acute kidney injury (AKI) is a frequent complication in hospitalized patients (1) with an 

increasing incidence over the last decades (2). Even mild forms of AKI are strongly associated 

with increased morbidity and mortality (3-8). 

Besides sepsis and exposure to nephrotoxic agents, ischemia-reperfusion injury (IRI) is 

one of the main causes of AKI, which may occur as, e.g. a consequence of major surgery (9, 10). 

Patients suffering from chronic kidney disease (CKD), arterial hypertension, diabetes and heart 

disease are at increased risk of developing AKI (11). Unfortunately, targeted measures to treat or 

even prevent AKI are as yet lacking, making maintenance of euvolemia the current mainstay in 

patients at risk (9, 12). 

In rodent models of AKI, preconditioning strategies employing non-harmful levels of 

defined stressors have shown a robust and highly potent protective effect (13-17). Currently, 

preconditioning by hypoxia (HP) and caloric restriction (CR) are among the most efficient 

approaches (14, 18-20). However, translation to the human setting is hampered by limited 

feasibility in the heterogeneous cohorts of multimorbid patients in the clinical setting. Thus, basic 

research aimed at unraveling the molecular mechanisms that underlie the protective potential of 

preconditioning is urgently required to refine and expand on these limited therapeutic 

preconditioning strategies and identify druggable targets. 

In a recent publication (18), we hypothesized that HP and CR may modulate similar 

downstream targets in transcriptome and metabolism. This study identified Kynureninase (KYNU) 

– a central enzyme in the tryptophan metabolic pathway– as one of the top candidates induced 

by both preconditioning strategies. The tryptophan metabolic pathway is the basis of de novo 

nicotinamide adenine dinucleotide (NAD+) biosynthesis (21), which has gained increasing 

attention over the last years due to its protective potential in IRI (20). Based on these findings and 
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using a novel knockout mouse line in combination with metabolome, transcriptome and proteome 

analyses, this study examines the contribution of KYNU to renal organ protection. 

 

Results 

Preconditioning-mediated induction of Kynu 

In a recently published study we had used the comparison of two modes of preconditioning 

– HP and CR – to examine the underlying mechanisms of renal organ protection (18). Male 

C57Bl/6J mice were divided into three treatment groups (Fig. 1A). The first group underwent IRI 

without preconditioning serving as a control group (nonPC). The second group was exposed to 3 

days of transient HP and the third group underwent 4 weeks of 66 % CR. On the day of surgery, 

all mice underwent a right nephrectomy followed by unilateral warm ischemia of the left kidney for 

40 minutes. To obtain blood and the left damaged kidney, all mice were sacrificed 24 h after 

reperfusion (Fig. 1A). 

RNAseq analysis of the undamaged right kidneys revealed Kynu as one of the top 

candidate genes significantly induced by HP and CR (Fig. 1B, Fig. S1A, B, http://shiny.cecad.uni-

koeln.de:3838/IRaP) (18). Previously published single-cell (22), single-nucleus (23) and bulk-

RNAseq (24) data as well as proteome analyses of microdissected kidneys (25) consistently all 

show predominant expression of Kynu in proximal tubules, a central site of damage susceptibility 

in AKI (Fig. 1C, Fig. S1C-F). 

Immunohistochemical stainings of murine kidneys confirm this distinct localization of KYNU 

in the proximal tubuli (Fig. 1D). The same holds true for human kidney tissue based on human 

protein atlas data (proteinatlas.org) (26) (Fig. 1E). We then went on to confirm the preconditioning-

mediated induction on the protein level by immunoblotting. Semiquantitative analyses reveal a 

significant increase of KYNU in response to CR but not to HP (Fig. 1F). Finally, in a mass 
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spectrometry-based proteome dataset of kidneys after preconditioning, KYNU is detected in 8 out 

of 10 CR samples, but was never found after HP or in non-preconditioned controls (Fig. S1G, H). 

 

Generation of conventional KYNUnull mice 

To further investigate the functional role of KYNU in HP/CR-mediated nephroprotection, 

KYNU-deficient (KYNUnull) mice were generated by CRISPR/Cas9-mediated non-homologous end 

joining (NHEJ) (Fig. 2A). NHEJ resulted in a 2 bp-deletion leading to a frameshift and premature 

stop codon after 6 amino acids in exon 2 (Fig. 2B). KYNU-deficiency was successfully confirmed 

by immunoblotting (Fig. 2C), immunohistochemistry (Fig. 2D) and targeted liquid chromatography 

coupled to tandem mass spectrometry (LC-MS/MS) (Fig. S2). 

 

 

KYNUnull mice are viable and do not show any abnormalities in general appearance or kidney 

function 

Regarding lifespan (data not shown) and physical characteristics, i.e. external appearance 

and weight, (Fig. 3A, 3B), no differences are apparent in KYNUnull mice compared to wildtype (WT) 

littermates. Moreover, neither macroscopic nor microscopic examination of organ morphology of 

the kidney, liver, heart and brain reveals any alterations (Fig. S3). Detailed examination of kidney 

function shows no changes in plasma creatinine and blood urea nitrogen (BUN) levels as well as 

proteinuria in KYNUnull animals (Fig. 3C-F). 

 

Loss of KYNU diminishes the protective potential of HP/CR 

To examine whether KYNU is functionally involved in preconditioning-mediated 

nephroprotection, we performed preconditioning treatment followed by renal IRI in both KO 

animals and WT littermates (Fig. S4). 24 h after IRI, creatinine and blood urea nitrogen (BUN) of 
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nonPC WT mice are significantly increased compared to sham-operated controls (sham WT, Fig. 

4A, 4B). HP significantly reduces (p<0.01) and CR almost entirely prevents (p<0.0001) this 

marked increase of creatinine and BUN in WT animals (Fig. 4A, 4B). KYNU-deficiency does not 

change the outcome in non-preconditioned animals (nonPC KYNUnull, sham KYNUnull). However, 

protection by HP and CR is reduced in KYNUnull mice (Fig. 4A, 4B). Here, protection by HP does 

not reach statistical significance and KYNU-deficient CR mice show significantly higher levels of 

creatinine (p<0.05) and BUN (p<0.05) after IRI compared to corresponding WT littermates (Fig. 

4A, B). 

Periodic Acid-Schiff (PAS) staining confirms the involvement of KYNU in nephroprotection. 

Kidneys after IRI of nonPC WT and KYNU mice show increased pyknosis, stronger brush border 

loss and greater epithelial flattening compared to sham-operated mice (sham KYNUWT, sham 

KYNUnull) (Fig. 4C). There is no difference in histological damage between KYNUWT and KYNUnull 

animals in non-preconditioned animals. However, in WT mice, HP tends to reduce tissue damage 

and CR efficiently prevents histological signs of injury (HP/CR KYNUWT, Fig. 4C). After IRI the 

protective effect of CR is almost lost in KYNUnull mice (Fig. 4C). This was verified in a semi-

quantitative analysis of the histological damage using a composite damage scoring system (Fig. 

4D). Whilst protection by HP does not reach statistical significance, CR clearly prevents (p<0.001) 

this marked increase of the histological damage in KYNUWT mice. However, the protective capacity 

of CR is lost in KYNU-deficient animals (Fig. 4D). 

Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) highlighting cell death 

support the histological findings (Fig. 4E). Whilst damaged kidneys of the nonPC group show 

strong signals in WT as well as KYNUnull mice (nonPC WT/KYNUnull), only slightly positive signals 

comparable to sham (sham WT, sham KO) are detectable in preconditioned WT animals (HP WT, 

CR WT). Conversely, a marked TUNEL positive signal is observed in preconditioned KYNUnull 

mice (HP KO, CR KO) and is only slightly ameliorated compared to non-preconditioned animals. 
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CR modulates the tryptophan metabolic pathway in a KYNU-dependent manner 

To gain insights into the molecular mechanism underlying the impact of CR as well as 

KYNU on organ protection, we performed targeted metabolomics analyses of metabolites in the 

tryptophan metabolic pathway (pathway shown in Fig. 5A).  

Comparative analyses of undamaged, non-preconditioned kidneys of the two mouse lines 

reveal significant changes in metabolite abundance. While tryptophan (Trp) and L-kynurenine (L-

kyn) levels are not affected by loss of KYNU (Fig. S5A), KO animals show a significant increase 

of 3-Hydroxy-L-kynurenine (3OH-L-kyn) (p<0.01) and a significant decrease of 3-Hydroxy-

anthralinic acid (3OH-AA) (p<0.05) (Fig. 5B). This finding is in line with the function of KYNU, 

which is known to catalyze the reaction from 3OH-L-kyn to 3OH-AA (27). Correspondingly, in 

kidneys KYNU-deficiency leads to a significant increase of Xanthurenic acid (XA) – a known 

alternative metabolite of 3OH-L-kyn (p<0.01) and the formation of which does not depend on 

KYNU (Fig. 5B). Analyses of liver tissue reveal even stronger increases in the levels of 3OH-L-

kyn (p<0.001) and XA (p<0.001) in KYNUnull mice (Fig. S5B). All findings can be recapitulated in 

measurements from blood plasma and a significant increase of Kynurenic acid (KynA) (p<0.05) is 

detected in blood plasma (Fig. S5C). In urine, 3OH-L-kyn and XA levels are also increased and 

3OH-AA levels reduced (Fig. S5D). Finally, urinary Trp concentration is lower in KYNUnull animals, 

but urinary L-kyn levels remain unchanged by loss of KYNU (Fig. S5D). 

Based on the induction of Kynu by HP and CR, opposite effects of both preconditioning 

strategies on tryptophan metabolites compared to KYNU-deficiency would be expected. In line 

with this hypothesis, CR does indeed induce significant reductions of 3OH-L-kyn (p<0.001), KynA 

(p<0.05) and XA (p<0.01) (Fig. 5C). Interestingly, 3OH-AA (p<0.01) is also reduced by CR (Fig. 

5C). HP diminishes only 3OH-L-kyn (p<0.01) without significant effects on any other metabolite 

examined (Fig. S5E). 
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To evaluate whether the CR-induced metabolic effects in mice are conserved in humans, 

targeted metabolomics analyses were repeated in human samples. These specimens were 

derived from a cohort that had undergone CR in a previously published investigator-initiated pilot 

study at our center (28) (CR_KCH, NCT01534364). As in mice, CR significantly reduces levels of 

3OH-AA (p<0.05) and XA (p<0.01) (Fig. 5D), while no effects on other tryptophan metabolites are 

observed (Fig. S5F). 

 

CR induces profound changes in transcript and protein levels of enzymes involved in NAD+ 

biosynthesis and maintains NAD+ levels after renal IRI 

Considering the role of the tryptophan metabolic pathway in NAD+ biosynthesis as well as 

the growing evidence on the role of NAD+ in nephroprotection, we used our previously published 

RNAseq (18) and newly generated proteomics datasets to analyze renal transcript and protein 

levels of the key enzymes involved in the three NAD+ biosynthesis pathways as well as their 

modulation by IRI and preconditioning (Table S1). On the transcript level, CR leads to a significant 

modulation of genes involved in de novo NAD+ biosynthesis (tryptophan metabolic pathway), 

including the induction of Kynu described in Figure 1 (pre-IRI, log2FC: 2.16; adjusted p: 4.05*10-

31). Transcript levels of Arylformamidase (Afmid) (log2FC: -0.33; adjusted p: 0.028) and 3-

Hydroxyanthranilate 3,4-dioxygenase (Haao) (log2FC: -0.34; adjusted p: 8.5*10-05) are slightly, 

but significantly, reduced (Fig. 6A). In contrast, all changes in transcripts belonging to the Preiss-

Handler or salvage branch of NAD+ biosynthesis by CR do not reach statistical significance. 

Further, in comparison to nonPC kidneys pre-IRI, HP does not significantly change the RNA 

expression of genes involved in NAD+ biosynthesis except Kynu (log2FC: 0.53; adjusted p: 

2.7*10-4) (Fig. S6A). 

In non-preconditioned animals, IRI (24 h) significantly reduces the expression of nearly all 

the 12 genes involved in the three NAD+ biosynthesis pathways except Nicotinamide Nucleotide 
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Adenylyltransferase 2 (Nmnat2) which is not significantly changed (adjusted p: 0.8) and Nmnat3, 

which is significantly induced (log2FC: 1.02; adjusted p: 3.1*10-14) by IRI. (Fig. 6A). Notably, CR 

prevents the IRI-induced changes of transcript levels for most of these genes and only 

Indoleamine 2,3-dioxygenase 2 (Ido2), Kynurenine 3-monooxygenase (Kmo) and Nicotinamide 

Nucleotide Adenylyltransferase 1 (Nmnat1) are significantly regulated after IRI in CR-

preconditioned animals. Whilst Ido2 (log2FC: -1.28, adjusted p: 6.06*10-13) and Kmo (log2FC: -

0.3; adjusted p: 0.04) are significantly reduced, Nmnat1 shows an opposite regulation by IRI in 

CR animals compared to the nonPC group (log2FC: 0.6; adjusted p: 4.9*10-6). Additionally, 

comparing transcript expression levels of CR kidneys to non-preconditioned (nonPC) kidneys 

post-IRI, Nmnat3 shows a significantly lower abundance in CR than in non-preconditioned mice 

(log2FC: -0.71; adjusted p: 8.2 *10-5) (Fig. 6A). Post-IRI HP maintained transcript expression 

levels of Glutamine-dependent NAD+ synthetase (Nadsyn1), Nmnat1/2 as well as Nicotinamide 

phosphoribosyltransferase (Nampt) compared to pre-IRI. Similar to CR, Nmnat3 (log2FC: 0.5; 

adjusted p: 2.0*10-3) is significantly induced by HP (Fig. S6A). RNA expression of Peroxisome 

proliferator activated receptor gamma coactivator 1 alpha (Ppargc1α), a key regulator of NAD+ 

biosynthesis, was slightly induced by CR (log2FC: 0.2, adjusted p: 2.4*10^-4) but without 

significant changes upon HP (log2FC: 0.017, adjusted p: 0.96). Post-IRI, Ppargc1α is reduced 

under all conditions compared to pre-IRI, whereas the expression in CR samples is significantly 

higher than in non-preconditioned samples (log2FC: 0.9, adjusted p: 4.48*10-11). 

As expected, changes on the proteome level are much milder than the ones observed 

regarding transcript abundance. Out of the 12 enzymes analyzed, 6 could be identified and 

quantified by mass spectrometry (Fig. 6B). Effects are detected only in the de novo branch of 

NAD+ biosynthesis (Table S2). KYNU was measured in 3 out of 5 samples after CR pre-IRI but in 

none of the nonPC or HP samples, thereby underlining its CR-mediated induction. Pre-IRI CR 

induces slightly higher protein abundance for KMO (log2FC: 0.5, q-value: 0.018) and HAAO 
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(log2FC: 0.53, q-value: 0.02), whilst the protein expression levels of Quinolinate 

Phosphoribosyltransferase (QPRT, log2FC: 0.22, q-value: 0.1), Nicotinate 

phosphoribosyltransferase (NAPRT, log2FC: 0.17; q-value: 0.18) and NMNAT3 (log2FC: 0.027; 

q-value 0.69) are not changed. IRI leads to a decrease of nearly all studied enzymes in CR 

samples (4 h after reperfusion) except KYNU (detectable in 5/5 CR-samples post IRI) and NAPRT 

(log2FAC: 0.07; q-value: 0.93), without a significant change of abundance. However, the IRI-

mediated decrease in protein levels is again much attenuated by CR. In comparison to non-

preconditioned samples, all targets except NMNAT3 show higher abundances after CR, indicating 

that the tryptophan metabolic pathway is preserved (Fig. 6B). Finally, as for the transcript levels, 

the effect of HP on protein abundance are much less pronounced than the effect seen for CR (Fig. 

S6B). 

Considering the impact on key enzymes of NAD+ biosynthesis as well as the contribution of KYNU 

to the protective effect of CR regarding renal IRI, we went on to quantify NAD in both WT and KO 

animals. NAD levels of the undamaged right and damaged left kidneys of the same animals that 

were used for the IRI experiments (Fig. 4) were determined enzymatically using a colorimetric 

assay. Whilst NAD levels were not changed by CR in undamaged kidneys (Fig. 6C), kidneys after 

IRI showed significantly higher NAD levels in CR-treated compared to nonPC WT animals (Fig. 

6D). Intriguingly, this effect of CR was entirely lost in KYNUnull mice (Fig. 6D). Taken together, CR 

modulates de novo NAD biosynthesis (tryptophan metabolism pathway) leading to the 

maintenance of NAD levels after IRI. This CR-associated modulation of the tryptophan metabolic 

pathway is a mediator of the protective effects of preconditioning (Fig. 6E). 

 

Discussion 
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Preconditioning-mediated organ protection by transient HP and short-term CR has been 

shown to be extremely efficient in the context of IRI especially in rodents (14, 18). Nevertheless, 

the underlying molecular mechanisms modulating organ protection currently remain elusive. 

Recently, a transcriptome analysis comparing gene expression signatures identified Kynu as a 

potential common target of preconditioning (18). 

Kynu encodes Kynureninase (KYNU), a key enzyme involved in the tryptophan metabolic 

pathway and de novo NAD+ biosynthesis. KYNU catalyzes the cleavage of L-kynurenine (L-kyn) 

and 3OH-L-kyn into anthranilic acid (AA) and 3-Hydroxyanthranilic acid (3-OH-AA), respectively 

(27, 29). While KYNU is expressed in almost all mammalian organs (30), the tryptophan metabolic 

pathway has been shown to be highest in the brain, liver and kidney (31, 32). KYNU has also been 

shown to be involved in inflammatory, tumorous, cardiovascular as well as chronic kidney 

diseases (27, 33-36). As a central enzyme in the tryptophan metabolic pathway, KYNU contributes 

to de novo NAD+ biosynthesis. NAD+ is a crucial and essential cofactor orchestrating redox 

reactions (31) as well as a substrate for several enzymes contributing to cellular stress resistance 

such as sirtuins (21). Consequently, it is not surprising that studies have linked alterations of the 

de novo NAD+ biosynthesis pathway to the modulation of lifespan (37) and organ protection (32, 

38). However, to our knowledge, no study has as yet elucidated the role of KYNU in the context 

of preconditioning and ischemia-reperfusion injury or explored the underlying molecular 

mechanisms through which preconditioning mediates organ protection. 

Based on the induction of Kynu observed upon both HP and CR, KYNUnull mice were 

generated using CRISPR/Cas9-mediated NHEJ. As previously described in mice with a Kynu-null 

allele of exon 3 (39), KYNUnull mice kept on standard chow did not show any abnormalities 

regarding viability, fertility or lifespan. 

To date, published data had remained partly controversial regarding the role of de novo 

NAD+ biosynthesis in organ protection (32, 37, 40, 41). However, Parikh and coworkers elegantly 
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showed that enzymes involved in the de novo NAD+ biosynthesis were reduced in AKI in rodents 

(40). Interestingly, they observed reduced levels of quinolinate phosphoribosyltransferase 

(QPRT), necessary for nicotinate D-ribonuleotide synthesis from quinolate (QA), and 

consecutively, elevated levels of urinary QA in patients at risk for AKI. These findings indicate an 

important role of the tryptophan metabolic pathwayin human AKI. Moreover, PGC1α, the 

downstream co-activator of de novo NAD+ biosynthesis, plays a central role in the development 

of AKI (21, 38, 40). Nevertheless, non-preconditioned KYNUnull mice did not show an altered 

outcome after renal IRI in our study – a finding that is in line with previously published data (37). 

Consequently, the de novo NAD+ biosynthesis pathway does not appear to contribute to 

protection from renal IRI under standard conditions as suggested by previous studies 

demonstrating that most NAD+ is generated by the salvage pathway (42, 43). However, KYNU-

deficiency indeed partly abrogated the protective potential of CR. Consequently, de novo NAD+ 

biosynthesis through the tryptophan metabolic pathway is employed by preconditioning to protect 

from IRI. 

Several intermediate metabolites of the kynurenine pathway, e.g. 3OH-L-kyn, 3OH-AA, XA 

and KynA, had previously been discussed as modulators of organ damage through their 

immunomodulatory, transcription regulating and antioxidant properties (31, 32, 44-46). In our 

study, KYNU-deficiency resulted in increased levels of 3OH-L-kyn as well as XA in tissue (kidney 

and liver), blood plasma and urine, whereas KynA was only increased in blood plasma and urine. 

Furthermore, KYNU-deficiency resulted in a reduction of 3OH-AA in the kidney as well as in urine. 

Since KYNU-deficiency did not alter kidney function after IRI, but rather increased 3OH-L-Kyn and 

XA at a basal level in non-preconditioned mice, this points towards a negligible role of these 

intermediates in kidney injury. The role of KynA may be more complex. Elevated KynA levels 

resulting from inhibition of α–ketoglutarate (aKG)-dependent dioxygenase 1 (Egln1) and an altered 

tryptophan metabolic pathway, i.e. reduced abundance of Trp and L-Kyn, is known to effectively 
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protect from myocardial injury (44). Hypothetically, this protective effect could be explained by the 

tryptophan metabolic pathway exploiting increased KynA levels for de novo generation of NAD+. 

However, to our knowledge, metabolization of KynA via the tryptophan metabolic pathway in this 

direction has not as yet been shown. Moreover, this hypothesis does not directly explain the kidney 

protection achieved by Kynurenine 3-monooxygenase (KMO)-deficiency resulting in elevated 

KynA plasma levels (32). Since L-Kyn can be metabolized to 3OH-AA in a KMO-independent 

manner, KMO-deficiency does not completely interrupt the tryptophan metabolic pathway (Fig. 

5A, (32). Therefore, it seems possible that KMO-deficiency leads to an induction of the tryptophan 

metabolic pathway as indicated by reduced 3OH-AA levels in KMOnull mice without IRI in 

comparison to the stronger increase of 3OH-AA observed in KMOnull mice after IRI (32). In our 

study, KynA was elevated in blood plasma and urine in KYNUnull mice, but the increased 

abundance of KynA in KYNUnull mice was not sufficient to protect from IRI. The reason for this 

finding is currently not clear. However, it may be a consequence of a lack of increase in kidney 

tissue or due to the KYNU-deficiency hampering a transfer of KynA into the de novo NAD+ 

biosynthesis pathway.  

CR strongly affected tryptophan metabolite levels, whereas reduced 3OH-L-kyn was the 

only effect detected after HP. This discrepancy is likely to be a consequence of the much less 

potent impact of HP on Kynu expression which may also be one of the reasons for the more 

profound protection evoked by CR. The fact that preservation of NAD+ after IRI evoked by CR 

was abrogated in KYNUnull mice shows that the de novo NAD+ biosynthesis pathway is involved 

in CR-mediated organ protection. 

Gene expression analyses of key enzymes in de novo NAD+ biosynthesis showed that IRI 

was associated with the downregulation of these genes (e. g. IDO2, Afmid, Kmo, and Kynu) in 

non-preconditioned mice. Intriguingly, CR did not only maintain the levels of these enzymes, but 

IRI even induced Kynu and Nmnat1. Nmnat1 belongs to the family of Nicotinamide 
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Mononucleotide Adenylyl Transferases (NMNATs) consisting of NMNAT1-3. These enzymes 

show distinct subcellular localizations, e.g. NMNAT1 in the nucleus, NMNAT2 in the cytoplasma 

and the cytoplasm and NMNAT3 in the mitochondria (47-49). All three NMNATs (NMNAT1-3) are 

part of the salvage and de novo branches of NAD+ biosynthesis (31). Interestingly, Nmnat2 and 

3 were the only transcripts of enzymes for which the levels increased after IRI in non-

preconditioned animals. In contrast, Nmnat1 was only induced in CR-treated mice pointing to 

specific responses of subcellular compartments in CR-treated mice. Ppargc1α, a downstream 

mediator of de novo NAD+ synthesis and a transcriptional co-activator of mitochondrial biogenesis 

interacting with the nuclear peroxisome proliferator-activated receptor gamma (PPARγ) (38, 40), 

was increased after CR pre-IRI and its decrease post-IRI was reduced by CR. Thus, in calorically 

restricted mice, the induction of nuclear Nmnat1 might result from an induction of de novo NAD+ 

synthesis, whilst in non-preconditioned kidneys, mitochondrial Nmnat3 is induced in an attempt to 

preserve NAD+ by the salvage pathway. Taken together, CR has profound effects on de novo 

NAD+ biosynthesis and the resulting maintenance of NAD+ levels after IRI is an important 

contribution to preconditioning-mediated nephroprotection. It is therefore very likely that this 

mechanism is also involved in the effects of CR in other organs. However, considering that loss 

of KYNU does not completely abrogate the nephroprotection after CR, additional pathways or 

mediators could be involved in this preconditioning strategy. Importantly, identification and 

combination of all of these players will be important in future clinical translational studies.  

Since translation of interventions that mediate organ protection to the human setting is 

highly desirable, a better fundamental understanding of the impact of preconditioning on metabolic 

pathways in humans is a prerequisite before translating to a clinical setting. Importantly, in this 

study, blood serum analysis of patients showed that the CR-induced signature of the tryptophan 

metabolic pathway is indeed conserved in humans - a finding that can be exploited in future clinical 

trials targeting NAD+ synthesis 
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In conclusion, this proof-of-principle study strongly suggests that CR employs induction of 

the de novo NAD+ pathway to protect from renal IRI and that KYNU appears to be one of the 

central targets of different preconditioning strategies. These findings coupled with the 

conservation of the metabolic impact of CR on the tryptophan metabolic pathway in humans 

makes targeted modulation of the de novo NAD+ pathway an extremely interesting topic for future 

studies in humans. 
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Methods 

Animal procedures 

Initially, mice were provided by Charles River and then further bred in the CECAD in vivo 

Research Facility, University Hospital of Cologne. From the beginning, the mice were kept under 

a daily 12 hour light and 12 hour dark rhythm with similar specific pathogen-free (SPF) conditions 

in group cages with up to 5 mice at the same time. The mice received ad libitum access to drinking 

water as well as ad libitum access to food provided by sniff (Soest, Germany) with the exception 

of caloric-restricted mice. 

 

Generation of guide RNAs 

A commercial KIT (Thermofisher, Waltham, Massachusetts, USA, A29377) was used for guide 

RNA (gRNA) generation. As previously described (50), crRNA (Alt-RTM crRNA, IDT, Coralville, 

Iowa, USA) and tracrRNA were resuspended to 100 μM in nuclease-free and sterile T10E0.1 buffer 

(10 mM Tris-HCl, 0.1 mM EDTA, embryo-tested water, Sigma, W1503, St. Louis, Missouri, USA) 

prepared as described (51). By subjection of 1:1 equimolar ratios of crRNA and tracrRNA to 95°C 

for 5 min followed by reduction of 5°C/min, crRNA:tracrRNA complexes (50 μM) were generated. 

T7 RNA polymerase mediated in vitro transcription (NEB, Frankfurt, Germany, E2040S) was used 

for sgRNA-generation from the pSpCas9(BB)-2A-GFP (PX458) plasmid (Addgene, Watertown, 

Massachusetts, USA, #48138) from F. Zhang (McGovern Institute for Brain Research, Department 

of Brain and Cognitive Sciences, Department of Biological Engineering, Massachusetts Institute 

of Technology, Cambridge, MA 02139, USA), column purified (Qiagen, Hilden, Germany, 217004) 

and the gRNA was stored at -80°C. The crRNA sequences are listed is the paragraph concerning 

oligonucleotides used in this study below. 
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Generation of KYNUnull mice 

The generation of KYNUnull mice was carried out in our in-house Transgenic Core Unit 

(CECAD)) using C57Bl6N mice from Janvier LABS (Le Genest-Saint-Isle, France). A detailed 

protocol has been published previously (50). Female mice were stimulated with gonadotropin for 

3 days and afterwards mated with male mice. Following the design of a gRNA, further procedures 

were performed by the CECAD in vivo Research Facility, Cologne. There, the fertilized ovum was 

removed and the CRISPR/Cas9-reaction mix (crRNA, generic tracrRNA, cas9-mRNA, see below 

for oligonucleotide sequences) was injected. Subsequent to the microinjection in the pronucleus, 

the reimplantation in female mice was performed (52). 

Confirmation of KYNU-deficiency 

Occurring mutations within the first three generations of newborn mice were sequenced by 

the Cologne Center for Genomics (CCG). An ensuing proof of KYNU-deficiency was performed 

by immunoblot and immunohistochemistry. For this, WT and KO mice were sacrificed and kidneys 

were removed and snap frozen or fixed in 4% formaldehyde for further analyses. An anti-KYNU 

antibody (MAB7389, R&D Systems, Minneapolis, Minnesota, USA) was used for immunoblot 

analyses according to the manufactures’ protocol in a dilution of 1:1000. As a loading control, we 

used anti-pan-14-4-4 antibody (Sc-629, Santa Cruz Biotechnology, Dallas, Texas, USA) in a 

dilution of 1:1000 according to the manufacturer’s protocol. Immunohistochemical confirmation of 

KO was carried out by staining anti-KYNU antibody (MAB7389, R&D Systems, Minneapolis, 

Minnesota, USA) in a dilution of 1:50 according to the manufacturer’s protocol. Images were 

acquired in a 20x magnification using a slidescanner SCN4000 (Leica Microsystems, Jena, 

Germany). 

For further determinations of the desired genotype, we designed primers to detect the 

mutation (IDT DNA technologies, Coralville, Iowa, USA; sequences listed below) and used tissue 

of ear marking for the following PCR analyses. 
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Oligonucleotides used in this study 

For gRNA generation: 

mKynu crRNA forward primer: 5’- TAATACGACTCACTATAG ACTGGAAGCTCAAGAG- 3’ 

mKynu crRNA reverse primer: 5’- TTCTAGCTCTAAAAC TCGCCTCTTGAGCTTCCAG- 3’ 

 

For genotyping: 

mKynu_Ex2_FP#1: 5’- TGG TGG ACT CTG TAG AAG GC- 3’ 

mKynu_Ex2_RP_new:  5’- CTT GAA GGC AGG TCC CGC- 3’ 

mKynu_GT_cKOdel_fp 5’- GAT AAC AGT TTA TGA TGG AGC CTT CC- 3’ 

mKynu_GT_WT_rp 5’- CAT CAA CTG GAA GCT CAA GAG GC- 3’ 

Basal phenotyping 

The experimental animals were weighed on a weekly basis.  

At the age of 12 weeks, a collection of urine was performed for further evaluation of the kidney 

function with the aid of coomassie blue staining. Beyond that, following an anesthesia by ketamin 

(Zoetis, Berlin, Germany) / xylazine (Bayer AG, Leverkusen, Germany) blood was taken in 

heparin-coated 1 ml syringes by cardiac puncture of the right ventricle for measurements of 

plasma urea and creatinine. In this context, both kidneys were removed and fixed in 4% 

formaldehyde or snap frozen in liquid nitrogen for further phenotyping. 

 

Preconditioning 

For the hypoxic preconditioning, mice were kept in a hypoxia chamber with a reduction of 

oxygen to 8.3% for 2 h, 4 h and 8 h on 3 consecutive days prior to surgery based on the description 

of Bernaudin et al. (53).  
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For the caloric preconditioning, mice obtained 66% of the usual daily intake (3 g per day 

per mouse) 28 days before surgery as previously described (19, 54). 

 

 

Ischemia-Reperfusion Injury (IRI) 

For the renal IRI surgery, we used 11- to 13-week-old male C57Bl6 WT mice and KYNUnull 

littermates (n=12 per group). Surgery was carried out on a temperature-controlled heating pad 

(Havard apparatus, Holliston, Massachusetts, USA) to keep the body temperature on one level. 

Following an anesthesia by ketamin (Zoetis, Berlin, Germany) / xylazine (Bayer, Leverkusen, 

Germany), mice received a midline abdominal incision as previously described (54). The vessels 

of the right kidney were ligated with sutures, and then the right kidney was removed and cut in two 

equal sections. One section was fixed in 4% formaldehyde and the other section was snap frozen 

in liquid nitrogen. After that the left renal artery and vein underwent unilateral clamping for 40 

minutes by using an atraumatic microvascular clamp, followed by a subsequent removal of the 

clamp for reperfusion. The success of the reperfusion was controlled visually and afterwards the 

abdominal incision was closed in two layers by silk suture in the body wall and clips in the skin. 

The same procedure was performed on sham animals except for missing ischemic damage to the 

left kidney. Following the surgery process, all mice received normal saline containing 0.2 mg 

Buprenorphin subcutaneously and access to drinking water supplemented with Buprenorphin. 

Finally, the mice were placed into single cages to prevent mutilation of the wound by littermates. 

Following another anesthesia 24 h (4 h for proteomic analyses) after reperfusion, blood was taken 

in heparin-coated 1 ml syringes by cardiac puncture of the right ventricle. Afterwards, the blood 

was centrifuged at 4000 g for 10 minutes at 4°C. As done to the right kidneys before, the left 

kidneys were divided into two equal pieces. Again, one part was fixed in 4% formaldehyde and 
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subsequently embedded in paraffin and the other part was snap frozen in liquid nitrogen for further 

analyses. 

Functional data and statistics 

Accurate measuring of plasma urea and creatinine was performed by the central laboratory 

of the University Hospital of Cologne using a Cobas C 702 (Roche Diagnostics, Germany). 

Calculation of sample size was performed by P. S. on the basis on previous creatinine levels 

(effect size: 1.2; alpha error (two-sided): 0.05, power: 0.8). GraphPad Prism (GraphPad Software, 

San Diego, California, USA) was used for statistical analysis. For comparisons of more than two 

groups, one-way ANOVA followed by Tukey posthoc tests. For comparisons of two unpaired 

groups, two-tailed Student’s t-tests was used. In case of longitudinally acquired human samples, 

a paired two-tailed Student’s test was used. All functional data are represented as means ± 

standard deviations (SD) and two-tailed p-values<0.05 were considered significant. For 

transcriptomic analyses, adjusted p-values (padj)<0.05 were considered significant. 

 

Histopathology 

After removal and fixation in 4% formaldehyde, all kidney organ tissue (kidney, liver, heart 

and brain) was embedded in paraffin and sliced into 2 µm sections. Using standard protocols for 

hematoxylin-eosin (HE), Periodic acid-Schiff (PAS) reaction and cresyl violet (CV) stainings, the 

slices were prepared for morphological assessments. 

We involved an experienced nephropathologist to analyze the tubular damage of each 

kidney in a blinded fashion. He used a composite score as previously described (19, 55), which 

included the percent of tubules that presented increased pyknosis, stronger brush border loss and 

greater epithelial flattening and vacuolization. The mean for each treatment group was graphically 

represented. Moreover, terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted August 20, 2021. ; https://doi.org/10.1101/2021.08.20.457042doi: bioRxiv preprint 

https://doi.org/10.1101/2021.08.20.457042


 

21 

 

staining was carried out by using the DeadEnd Fluorometric TUNEL System (Promega, Fitchburg, 

Wisconsin, USA) according to the manufacturer’s protocol. 

 

Image acquisition 

Images of PAS, HE, Kresylviolett and immunohistochemistry stainings were acquired in a 

20x magnification using a slidescanner SCN4000 (Leica Microsystems, Jena, Germany). Images 

of immunofluorescence (TUNEL) were acquired by an AxioCamMR 702 camera on a Zeiss 

AxioObservermicroscope employing a Plan Apochromat 20x/0.8 objective (all from Carl Zeiss 

MicroImaging GmbH, Jena, Germany) supplied with ZEN software (version Zen 2.6, Carl Zeiss 

AG, Jena, Germany). 

 

Sample preparation for proteomic analysis using liquid chromatography with tandem mass 

spectrometry 

Samples were prepared as previously described (56). In brief, kidney samples were 

homogenized and sonicated in urea buffer (8 M), ammonium bicarbonate (100 mM) and protease 

inhibitor (Roche Diagnostics GmbH, Penzberg and Mannheim, Deutschland). Each sample was 

reduced with dithiothreitol and alkylated using iodoacetamide afterwards. Overnight proteins were 

digested using trypsin (1:100 w/w ratio) and then cleaning of peptides was performed by use of 

StageTips (57). Afterwards, nano-liquid chromatography with tandem mass spectrometry was 

performed on a Q Exactive Plus hybrid quadrupole-Orbitrap mass spectrometer (Thermo Fisher 

Scientific Inc., Waltham, MA) coupled to a nano-liquid chromatography device (Proxeon Odense, 

Syddanmark, Denmark) as previously described (58). For the separation of peptides, a 4-h 

gradient was used. 
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Sample preparation for proteomics analysis using targeted mass spectrometry (PRM Assay) 

Preparation of the samples for targeted mass spectrometry was performed as previously 

described (56). Livers of KYNUWT and KYNUnull mice were homogenized and sonicated in a buffer 

containing 8 M urea, 100 mM ammonium bicarbonate and protease inhibitor (Roche, Penzberg, 

Germany). Afterwards, the samples were reduced using DTT and alkylated with IAA. 

Subsequently, proteins were digested with trypsin at a 1:100 w/w ratio at room temperature 

overnight. After that, peptides were cleaned up with stagetips (57). A peptide library generated 

from previously described mouse podocyte (59) and kidney cortex data (19) was generated using 

Skyline (60). Peptides were prioritized based on dot product and overall peak shape and the PRM 

Assay for protein identification (Peptide R.VAPVPLYNSFHDVYK.F++, RT = 37.2 min; loading 

control: ACT b, Peptide R.HQGVMVGMGQK.D++ RT = 8.9-13.4 min) was performed on a 

QExactive plus (Thermo Fisher Scientific Inc., Waltham, Massachusetts, USA) Orbitrap machine 

coupled to a nLC device (Proxeon AS, 5000 Odense, Denmark) as described before (61) using a 

1-h gradient for separation of the peptides.  

Sample processing protocol for proteomic analyses 

Samples were prepared as previously described (56). In brief, kidney samples were 

homogenized and sonicated in urea buffer (8M), ammonium bicarbonate (100 mM) and protease 

inhibitor (Roche Diagnostics GmbH, Penzberg and Mannheim, Deutschland). Each sample was 

reduced with dithiothreitol and alkylated using iodoacetamide afterwards. Proteins were digested 

overnight using trypsin (1:100 w/w ratio). Cleaning of peptides was performed by use of StageTips 

(57). Afterwards, nano-liquid chromatography with tandem mass spectrometry was performed on 

a Q Exactive Plus hybrid quadrupole-Orbitrap mass spectrometer (Thermo Fisher Scientific Inc., 

Waltham, Massachusetts, USA) coupled to a nano-liquid chromatography device (Proxeon 

Odense, Syddanmark, Denmark) as previously described (58). For the separation of peptides, a 

4-h gradient was used. 
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Data processing protocol for proteomic analyses 

Raw data were searched against the Swissprot canonical mouse reference database 

(download from uniprot.org 03/2021). Data was analyzed using MaxQuant version 1.6.17.0 with 

the parameters uploaded with this submission. Data was further analyszed using Perseus 1.6.15.0 

and 1.5.5.3. In brief, contaminants and reverse hits, as well as proteins only identified by site were 

removed. Protein label-free quantification values (MaxLFQ values) were log2 transformed and the 

data was filtered for the presence of at least 8 valid values per treatment group (group size: 10 

samples), followed by median subtraction normalization.  

Quantification of metabolites of the tryptophan metabolic pathway 

Selected metabolites of the L-tryptophan-kynurenine pathway were quantified by Liquid 

Chromatography coupled to Electrospray Ionization Tandem Mass Spectrometry (LC-ESI-

MS/MS) using a procedure previously described (62) with several modifications. 

Mouse kidney and liver samples were lyophilized overnight. After addition of ice-cold 

methanol/water 4:1 (v/v) / 0.2% formic acid (40 µl/mg dry weight), the tissue was homogenized 

using the Precellys 24 Homogenisator at 6,500 rpm for 30 sec and directly put on ice again. From 

this, 100 µl homogenate were added to 400 µl of ice-cold methanol/water 4:1 (v/v) / 0.2% formic 

acid and isotope-labeled internal standards (10 µl 2 µM 13C3,15N-3-hydroxykynurenine (Sigma-

Aldrich) and 10 µl 2 µM D5-kynurenic acid (Eurisotop)). From human serum and mouse plasma 

and urine, 50 µl were added to 200 µl methanol, 0.2 % formic acid and the internal standards 

mentioned above. For urine samples, an internal standard mixture consisting of 5 µl 10 µM 

13C3,15N-3-hydroxykynurenine, 5 µl 20 µM D5-kynurenic acid and 5 µl 10 µM D3-creatinine was 

used. After thorough mixing, the samples were incubated at -20°C for 30 min and centrifuged 

(16,100 RCF, 5 min, 4°C). The supernatant was dried under a stream of nitrogen and the residue 

was resolved in 100 µl 1% acetonitrile / 0.2% formic acid. After mixing and centrifugation, 90 µl 

supernatant were transferred to autoinjector vials and immediately measured. 
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LC-MS/MS analysis was performed by injection of 5 µl sample onto an Acquity UPLC BEH 

Shield RP18 column (100 mm × 2.1 mm ID, 1.7 µm particle size, 130 Å pore size, Waters) and 

detection using a QTRAP 6500 triple quadrupole/linear ion trap mass spectrometer (SCIEX). The 

LC (Nexera X2 UHPLC System, Shimadzu) was operated at 40°C and at a flow rate of 0.45 ml/min 

with a mobile phase of 1% formic acid in water (solvent A) and 0.2% formic acid in acetonitrile 

(solvent B). Metabolites were eluted with the following gradient: initial, 10% B; 2.60 min, 99% B; 

3.19 min, 99% B; 3.20 min, 10% B; and 5.50 min, 10% B. Metabolites were monitored in the 

positive ion mode with their specific Multiple Reaction Monitoring (MRM) transitions (Table S3). 

The instrument settings for nebulizer gas (Gas 1), turbogas (Gas 2), curtain gas and collision gas 

were 50 V, 60 V, 40 V and medium, respectively. The Turbo V ESI source temperature was 450°C 

and the ionspray voltage was 5.5 kV. The values for declustering potential (DP), entrance potential 

(EP), collision energy (CE) and cell exit potential (CXP) of the different MRM transitions are listed 

in Table S3. 

The quantifier peaks of endogenous metabolites and internal standards were integrated 

using the MultiQuant 3.0.2 software (SCIEX). The peak areas of the endogenous metabolites were 

normalized to those of the internal standards. The peak area of D5-kynurenic acid was used to 

normalize the peak areas of endogenous kynurenic acid, 3-hydroxyanthranilic acid and 

xanthurenic acid. 13C3,15N-3-hydroxykynurenine was used to normalize 3-hydroxykynurenine, 

tryptophan and kynurenine. For urine samples, these peak area ratios were additionally 

normalized to the peak area ratio of endogenous creatinine to D3-creatinine. 

 

NAD+/NADH quantification 

For quantification of total NAD (tNAD, i.e. NAD+ plus NADH), a colorimetric assay 

(BioVision, Milpitas, California, USA, K337) was used on in mouse kidney tissue by colorimetric 

assays in accordance to the manufacturer’s protocol without usage of 10kd spin columns. These 
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assays were performed on damaged and undamaged kidneys from the experiment illustrated in 

Fig. S4. Each sample was measured in duplicates in 1:10 or 1:20 dilution and for quantification an 

internal standard in duplicates was used. For normalization on protein amount, a standard BCA 

assay was used. 

 

Proteomic and transcriptomic raw data availability 

Proteomic raw data are available at the ProteomeXchange Consortium via the PRIDE (63) 

partner repository (identifier: PXD024685; Username: reviewer_pxd024685@ebi.ac.uk; 

Password: please ask). RNAseq data have been published before and are available at 

https://www.ebi.ac.uk/arrayexpress/experiments/E-MTAB-7982 or http://shiny.cecad.uni-

koeln.de:3838/IRaP/. 

 

 

Study approval 

The animal procedures were performed in accordance with the LANUV NRW (Landesamt 

für Natur, Umwelt und Verbraucherschutz Nordrhein-Westfalen, State Agency for Nature, 

Environment and Consumer Protection North Rhine-Westphalia; VSG 84-02.04.2013.A158 and 

84-02.04.2017.A162). 

Human samples were obtained as part of one clinical study at our center (64) (study name: 

CR_KCH, clinicaltrials.gov identifier: NCT01534364). The cohort consisted of patients that were 

provided with formula diet with an amount of 60% of daily energy expenditure (DEE) for 7 days 

prior to a coronary-arteria bypass graft. Blood samples included in our analyses were taken at 

study inclusion and after the diet after at least 5 h of fasting. The study was operated in accordance 

with the Declaration of Helsinki and the good clinical practice guidelines by the International 

Conference on Harmonization. All patients approved study inclusion and approval of each study 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted August 20, 2021. ; https://doi.org/10.1101/2021.08.20.457042doi: bioRxiv preprint 

https://doi.org/10.1101/2021.08.20.457042


 

26 

 

protocols were obtained from the local institutional review board (Ethics committee of the 

University of Cologne, Cologne, Germany; protocol code 11-296). 

 

Author contributions 

Experiments: MRS, KJRH-A, FCK, MJ, KK 

Analyses of experiments: MRS, KJRH-A, MK, JUB, MH, SB, JWL, TK 

Human sample acquisition: FG 

Study design: TB, BS, VB, R-UM 

Contribution of new tools: SB 

Interpretation of results: MRS, KJRH-A, VB, R-UM 

Writing – original draft: MRS, KJRH-A 

Writing – review and editing: MJ, SB, KK, FCK, MH, JWL, TK, FG, TB, VB, R-UM 

Method used in assigning the authorship order among co-first authors: Alternating order for first-

co-authors, who collaborated in more than one project. 

Data and materials availability 

All data are available in the main text or the supplementary materials. 

Acknowledgements 

The authors acknowledge support from the CECAD Imaging Facility (head: Astrid Schauss), Dr. 

Monica Sanchez-Ruiz (Institute for Pathology, University Hospital of Cologne). Martyna Brütting 

(CECAD), Serena Greco-Torres (CECAD), Ruth Herzog (CECAD) and Stefanie Keller (CECAD) 

provided excellent technical support. We also acknowledge the support of the CECAD in vivo 

Research Facility and their Transgenic Core Unit for excellent mouse care and the generation of 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted August 20, 2021. ; https://doi.org/10.1101/2021.08.20.457042doi: bioRxiv preprint 

https://doi.org/10.1101/2021.08.20.457042


 

27 

 

knockout mice (Branko Zevnik). 

Funding 

This work was supported by the Nachwuchsgruppen.NRW program of the Ministry of 

Science North Rhine Westfalia (MIWF, to R.-U.M.) and funded by the Deutsche 

Forschungsgemeinschaft (DFG, German Research Foundation) under Germany's Excellence 

Strategy – CECAD, EXC 2030 – 390661388. R.-U.M. received further funding from the German 

Research Foundation (DFG, KFO329, MU3629/2-1). M.R.S. is supported by the Cologne Clinician 

Scientist Program (CCSP), Faculty of Medicine, University of Cologne (funded by the German 

Research Foundation (DFG, FI 773/15-1), Faculty of Medicine, University of Cologne) and the Dr. 

Werner Jackstädt-Stiftung. M.R.S., F.C.K. and F.G. are supported by the Koeln Fortune Program, 

Faculty of Medicine, University of Cologne. F.C.K. is supported by the Else Kröner-Fresenius-

Stiftung. 

 

References 

1. Rewa O, and Bagshaw SM. Acute kidney injury—epidemiology, outcomes and economics. 

Nat Rev Nephrol. 2014;10(193. 

2. Hsu CY, McCulloch CE, Fan D, Ordonez JD, Chertow GM, and Go AS. Community-based 

incidence of acute renal failure. Kidney Int. 2007;72(2):208-12. 

3. Wald R, Quinn RR, Luo J, Li P, Scales DC, Mamdani MM, and Ray JG. Chronic dialysis 

and death among survivors of acute kidney injury requiring dialysis. JAMA. 

2009;302(11):1179-85. 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted August 20, 2021. ; https://doi.org/10.1101/2021.08.20.457042doi: bioRxiv preprint 

https://doi.org/10.1101/2021.08.20.457042


 

28 

 

4. Thakar CV, Christianson A, Himmelfarb J, and Leonard AC. Acute kidney injury episodes 

and chronic kidney disease risk in diabetes mellitus. Clin J Am Soc Nephrol. 

2011;6(11):2567-72. 

5. Lafrance JP, and Miller DR. Acute kidney injury associates with increased long-term 

mortality. J Am Soc Nephrol. 2010;21(2):345-52. 

6. Prendecki M, Blacker E, Sadeghi-Alavijeh O, Edwards R, Montgomery H, Gillis S, and 

Harber M. Improving outcomes in patients with Acute Kidney Injury: the impact of hospital 

based automated AKI alerts. Postgrad Med J. 2016;92(1083):9-13. 

7. Chertow GM, Burdick E, Honour M, Bonventre JV, and Bates DW. Acute kidney injury, 

mortality, length of stay, and costs in hospitalized patients. J Am Soc Nephrol. 

2005;16(11):3365-70. 

8. Coca SG, Yusuf B, Shlipak MG, Garg AX, and Parikh CR. Long-term risk of mortality and 

other adverse outcomes after acute kidney injury: a systematic review and meta-analysis. 

Am J Kidney Dis. 2009;53(6):961-73. 

9. Kellum JA, and Prowle JR. Paradigms of acute kidney injury in the intensive care setting. 

Nat Rev Nephrol. 2018;14(217. 

10. Desanti De Oliveira B, Xu K, Shen TH, Callahan M, Kiryluk K, D'Agati VD, Tatonetti NP, 

Barasch J, and Devarajan P. Molecular nephrology: types of acute tubular injury. Nat Rev 

Nephrol. 2019;15(10):599-612. 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted August 20, 2021. ; https://doi.org/10.1101/2021.08.20.457042doi: bioRxiv preprint 

https://doi.org/10.1101/2021.08.20.457042


 

29 

 

11. O'Connor ME, Kirwan CJ, Pearse RM, and Prowle JR. Incidence and associations of acute 

kidney injury after major abdominal surgery. Intensive Care Med. 2016;42(4):521-30. 

12. Scholz H, Boivin FJ, Schmidt-Ott KM, Bachmann S, Eckardt KU, Scholl UI, and Persson 

PB. Kidney physiology and susceptibility to acute kidney injury: implications for 

renoprotection. Nat Rev Nephrol. 2021. 

13. Cochrane J, Williams BT, Banerjee A, Harken AH, Burke TJ, Cairns CB, and Shapiro JI. 

Ischemic preconditioning attenuates functional, metabolic, and morphologic injury from 

ischemic acute renal failure in the rat. Ren Fail. 1999;21(2):135-45. 

14. Mitchell JR, Verweij M, Brand K, van de Ven M, Goemaere N, van den Engel S, Chu T, 

Forrer F, Muller C, de Jong M, et al. Short-term dietary restriction and fasting precondition 

against ischemia reperfusion injury in mice. Aging Cell. 2010;9(1):40-53. 

15. Bernhardt WM, Campean V, Kany S, Jurgensen JS, Weidemann A, Warnecke C, Arend 

M, Klaus S, Gunzler V, Amann K, et al. Preconditional activation of hypoxia-inducible 

factors ameliorates ischemic acute renal failure. J Am Soc Nephrol. 2006;17(7):1970-8. 

16. Yang CC, Lin LC, Wu MS, Chien CT, and Lai MK. Repetitive hypoxic preconditioning 

attenuates renal ischemia/reperfusion induced oxidative injury via upregulating HIF-1 

alpha-dependent bcl-2 signaling. Transplantation. 2009;88(11):1251-60. 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted August 20, 2021. ; https://doi.org/10.1101/2021.08.20.457042doi: bioRxiv preprint 

https://doi.org/10.1101/2021.08.20.457042


 

30 

 

17. Mattison JA, Roth GS, Beasley TM, Tilmont EM, Handy AM, Herbert RL, Longo DL, Allison 

DB, Young JE, Bryant M, et al. Impact of caloric restriction on health and survival in rhesus 

monkeys from the NIA study. Nature. 2012;489(7415):318-21. 

18. Johnsen M, Kubacki T, Yeroslaviz A, Späth MR, Mörsdorf J, Göbel H, Bohl K, Ignarski M, 

Meharg C, Habermann B, et al. The Integrated RNA Landscape of Renal Preconditioning 

against Ischemia-Reperfusion Injury. J Am Soc Nephrol. 2020:ASN.2019050534. 

19. Späth MR, Bartram MP, Palacio-Escat N, Hoyer KJR, Debes C, Demir F, Schroeter CB, 

Mandel AM, Grundmann F, Ciarimboli G, et al. The proteome microenvironment 

determines the protective effect of preconditioning in cisplatin-induced acute kidney injury. 

Kid Int. 2019;95(2):333-49. 

20. Torosyan R, Huang S, Bommi PV, Tiwari R, An SY, Schonfeld M, Rajendran G, 

Kavanaugh MA, Gibbs B, Truax AD, et al. Hypoxic preconditioning protects against 

ischemic kidney injury through the IDO1/kynurenine pathway. Cell Rep. 2021;36(7). 

21. Ralto KM, Rhee EP, and Parikh SM. NAD(+) homeostasis in renal health and disease. Nat 

Rev Nephrol. 2019. 

22. Park J, Shrestha R, Qiu C, Kondo A, Huang S, Werth M, Li M, Barasch J, and Suszták K. 

Single-cell transcriptomics of the mouse kidney reveals potential cellular targets of kidney 

disease. Science. 2018;360(6390):758-63. 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted August 20, 2021. ; https://doi.org/10.1101/2021.08.20.457042doi: bioRxiv preprint 

https://doi.org/10.1101/2021.08.20.457042


 

31 

 

23. Wu H, Kirita Y, Donnelly EL, and Humphreys BD. Advantages of Single-Nucleus over 

Single-Cell RNA Sequencing of Adult Kidney: Rare Cell Types and Novel Cell States 

Revealed in Fibrosis. J Am Soc Nephrol. 2019;30(1):23-32. 

24. Lee JW, Chou CL, and Knepper MA. Deep Sequencing in Microdissected Renal Tubules 

Identifies Nephron Segment-Specific Transcriptomes. J Am Soc Nephrol. 

2015;26(11):2669-77. 

25. Limbutara K, Chou CL, and Knepper MA. Quantitative Proteomics of All 14 Renal Tubule 

Segments in Rat. J Am Soc Nephrol. 2020;31(6):1255-66. 

26. Uhlén M, Fagerberg L, Hallström BM, Lindskog C, Oksvold P, Mardinoglu A, Sivertsson Å, 

Kampf C, Sjöstedt E, Asplund A, et al. Proteomics. Tissue-based map of the human 

proteome. Science. 2015;347(6220):1260419. 

27. Saito K, Fujigaki S, Heyes MP, Shibata K, Takemura M, Fujii H, Wada H, Noma A, and 

Seishima M. Mechanism of increases in l-kynurenine and quinolinic acid in renal 

insufficiency. Am J Physiol Renal Physiol. 2000;279(3):F565-F72. 

28. Grundmann F, Muller RU, Reppenhorst A, Hulswitt L, Spath MR, Kubacki T, Scherner M, 

Faust M, Becker I, Wahlers T, et al. Preoperative Short-Term Calorie Restriction for 

Prevention of Acute Kidney Injury After Cardiac Surgery: A Randomized, Controlled, Open-

Label, Pilot Trial. J Am Heart Assoc. 2018;7(6). 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted August 20, 2021. ; https://doi.org/10.1101/2021.08.20.457042doi: bioRxiv preprint 

https://doi.org/10.1101/2021.08.20.457042


 

32 

 

29. Phillips RS. Structure and mechanism of kynureninase. Arch Biochem Biophys. 

2014;544(69-74. 

30. Larkin PB, Sathyasaikumar KV, Notarangelo FM, Funakoshi H, Nakamura T, Schwarcz R, 

and Muchowski PJ. Tryptophan 2,3-dioxygenase and indoleamine 2,3-dioxygenase 1 

make separate, tissue-specific contributions to basal and inflammation-induced 

kynurenine pathway metabolism in mice. Biochim Biophys Acta. 2016;1860(11, Part 

A):2345-54. 

31. Castro-Portuguez R, and Sutphin GL. Kynurenine pathway, NAD(+) synthesis, and 

mitochondrial function: Targeting tryptophan metabolism to promote longevity and 

healthspan. Exp Gerontol. 2020;132(110841. 

32. Zheng X, Zhang A, Binnie M, McGuire K, Webster SP, Hughes J, Howie SEM, and Mole 

DJ. Kynurenine 3-monooxygenase is a critical regulator of renal ischemia-reperfusion 

injury. Exp Mol Med. 2019;51(2):15. 

33. Harden JL, Lewis SM, Lish SR, Suárez-Fariñas M, Gareau D, Lentini T, Johnson-Huang 

LM, Krueger JG, and Lowes MA. The tryptophan metabolism enzyme L-kynureninase is a 

novel inflammatory factor in psoriasis and other inflammatory diseases. J Allergy Clin 

Immunol. 2016;137(6):1830-40. 

34. Sirka OK, Shamir ER, and Ewald AJ. Myoepithelial cells are a dynamic barrier to epithelial 

dissemination. J Cell Biol. 2018;217(10):3368-81. 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted August 20, 2021. ; https://doi.org/10.1101/2021.08.20.457042doi: bioRxiv preprint 

https://doi.org/10.1101/2021.08.20.457042


 

33 

 

35. Liu Y, Feng X, Lai J, Yi W, Yang J, Du T, Long X, Zhang Y, and Xiao Y. A novel role of 

kynureninase in the growth control of breast cancer cells and its relationships with breast 

cancer. J Cell Mol Med. 2019;23(10):6700-7. 

36. Ci C, Wu C, Lyu D, Chang X, He C, Liu W, Chen L, and Ding W. Downregulation of 

kynureninase restrains cutaneous squamous cell carcinoma proliferation and represses 

the PI3K/AKT pathway. Clin Exp Dermatol. 2020;45(2):194-201. 

37. Sutphin GL, Backer G, Sheehan S, Bean S, Corban C, Liu T, Peters MJ, van Meurs JBJ, 

Murabito JM, Johnson AD, et al. Caenorhabditis elegans orthologs of human genes 

differentially expressed with age are enriched for determinants of longevity. Aging Cell. 

2017;16(4):672-82. 

38. Tran MT, Zsengeller ZK, Berg AH, Khankin EV, Bhasin MK, Kim W, Clish CB, Stillman IE, 

Karumanchi SA, Rhee EP, et al. PGC1alpha drives NAD biosynthesis linking oxidative 

metabolism to renal protection. Nature. 2016;531(7595):528-32. 

39. Shi H, Enriquez A, Rapadas M, Martin EMMA, Wang R, Moreau J, Lim CK, Szot JO, Ip E, 

Hughes JN, et al. NAD Deficiency, Congenital Malformations, and Niacin 

Supplementation. N Engl J Med. 2017;377(6):544-52. 

40. Poyan Mehr A, Tran MT, Ralto KM, Leaf DE, Washco V, Messmer J, Lerner A, Kher A, 

Kim SH, Khoury CC, et al. De novo NAD(+) biosynthetic impairment in acute kidney injury 

in humans. Nat Med. 2018;24(9):1351-9. 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted August 20, 2021. ; https://doi.org/10.1101/2021.08.20.457042doi: bioRxiv preprint 

https://doi.org/10.1101/2021.08.20.457042


 

34 

 

41. Katsyuba E, Mottis A, Zietak M, De Franco F, van der Velpen V, Gariani K, Ryu D, 

Cialabrini L, Matilainen O, Liscio P, et al. De novo NAD+ synthesis enhances mitochondrial 

function and improves health. Nature. 2018;563(7731):354-9. 

42. Evans J, Wang TC, Heyes MP, and Markey SP. LC/MS analysis of NAD biosynthesis using 

stable isotope pyridine precursors. Anal Biochem. 2002;306(2):197-203. 

43. Revollo JR, Grimm AA, and Imai S. The NAD biosynthesis pathway mediated by 

nicotinamide phosphoribosyltransferase regulates Sir2 activity in mammalian cells. J Biol 

Chem. 2004;279(49):50754-63. 

44. Olenchock BA, Moslehi J, Baik AH, Davidson SM, Williams J, Gibson WJ, Pierce KA, Miller 

CM, Hanse EA, Kelekar A, et al. EGLN1 Inhibition and Rerouting of alpha-Ketoglutarate 

Suffice for Remote Ischemic Protection. Cell. 2016;164(5):884-95. 

45. Krause D, Suh H-S, Tarassishin L, Cui QL, Durafourt BA, Choi N, Bauman A, Cosenza-

Nashat M, Antel JP, Zhao M-L, et al. The Tryptophan Metabolite 3-Hydroxyanthranilic Acid 

Plays Anti-Inflammatory and Neuroprotective Roles During Inflammation: Role of 

Hemeoxygenase-1. Am J Pathol. 2011;179(3):1360-72. 

46. Zhuravlev AV, Zakharov GA, Shchegolev BF, and Savvateeva-Popova EV. Antioxidant 

Properties of Kynurenines: Density Functional Theory Calculations. PLoS Comput Biol. 

2016;12(11):e1005213. 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted August 20, 2021. ; https://doi.org/10.1101/2021.08.20.457042doi: bioRxiv preprint 

https://doi.org/10.1101/2021.08.20.457042


 

35 

 

47. Ryu KW, Nandu T, Kim J, Challa S, DeBerardinis RJ, and Kraus WL. Metabolic regulation 

of transcription through compartmentalized NAD(+) biosynthesis. Science. 

2018;360(6389). 

48. Wang X, Zhang Z, Zhang N, Li H, Zhang L, Baines CP, and Ding S. Subcellular NAMPT-

mediated NAD(+) salvage pathways and their roles in bioenergetics and neuronal 

protection after ischemic injury. J Neurochem. 2019;151(6):732-48. 

49. Cambronne XA, and Kraus WL. Location, Location, Location: Compartmentalization of 

NAD(+) Synthesis and Functions in Mammalian Cells. Trends Biochem Sci. 

2020;45(10):858-73. 

50. Tröder SE, Ebert LK, Butt L, Assenmacher S, Schermer B, and Zevnik B. An optimized 

electroporation approach for efficient CRISPR/Cas9 genome editing in murine zygotes. 

PLoS One. 2018;13(5):e0196891. 

51. Chu VT, Weber T, Graf R, Sommermann T, Petsch K, Sack U, Volchkov P, Rajewsky K, 

and Kühn R. Efficient generation of Rosa26 knock-in mice using CRISPR/Cas9 in C57BL/6 

zygotes. BMC Biotechnol. 2016;16(4. 

52. Wefers B, Bashir S, Rossius J, Wurst W, and Kühn R. Gene editing in mouse zygotes 

using the CRISPR/Cas9 system. Methods. 2017;121-122(55-67. 

53. Bernaudin M, Nedelec AS, Divoux D, MacKenzie ET, Petit E, and Schumann-Bard P. 

Normobaric hypoxia induces tolerance to focal permanent cerebral ischemia in association 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted August 20, 2021. ; https://doi.org/10.1101/2021.08.20.457042doi: bioRxiv preprint 

https://doi.org/10.1101/2021.08.20.457042


 

36 

 

with an increased expression of hypoxia-inducible factor-1 and its target genes, 

erythropoietin and VEGF, in the adult mouse brain. J Cereb Blood Flow Metab. 

2002;22(4):393-403. 

54. Johnsen M, Späth MR, Denzel MS, Göbel H, Kubacki T, Hoyer KJR, Hinze Y, Benzing T, 

Schermer B, Antebi A, et al. Oral Supplementation of Glucosamine Fails to Alleviate Acute 

Kidney Injury in Renal Ischemia-Reperfusion Damage. PLoS One. 2016;11(8):e0161315. 

55. Patschan D, Hildebrandt A, Rinneburger J, Wessels JT, Patschan S, Becker JU, Henze E, 

Krüger A, and Müller GA. The hormone melatonin stimulates renoprotective effects of 

“early outgrowth” endothelial progenitor cells in acute ischemic kidney injury. Am J Physiol 

Renal Physiol. 2012;302(10):F1305-F12. 

56. Bartram MP, Habbig S, Pahmeyer C, Höhne M, Weber LT, Thiele H, Altmüller J, Kottoor 

N, Wenzel A, Krueger M, et al. Three-layered proteomic characterization of a novel ACTN4 

mutation unravels its pathogenic potential in FSGS. Hum Mol Genet. 2016;25(6):1152-64. 

57. Rappsilber J, Ishihama Y, and Mann M. Stop and go extraction tips for matrix-assisted 

laser desorption/ionization, nanoelectrospray, and LC/MS sample pretreatment in 

proteomics. Anal Chem. 2003;75(3):663-70. 

58. Rinschen MM, Bharill P, Wu X, Kohli P, Reinert MJ, Kretz O, Saez I, Schermer B, Höhne 

M, Bartram MP, et al. The ubiquitin ligase Ubr4 controls stability of podocin/MEC-2 

supercomplexes. Hum Mol Genet. 2016;25(7):1328-44. 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted August 20, 2021. ; https://doi.org/10.1101/2021.08.20.457042doi: bioRxiv preprint 

https://doi.org/10.1101/2021.08.20.457042


 

37 

 

59. Rinschen MM, Gödel M, Grahammer F, Zschiedrich S, Helmstädter M, Kretz O, Zarei M, 

Braun DA, Dittrich S, Pahmeyer C, et al. A Multi-layered Quantitative In Vivo Expression 

Atlas of the Podocyte Unravels Kidney Disease Candidate Genes. Cell Rep. 

2018;23(8):2495-508. 

60. MacLean B, Tomazela DM, Shulman N, Chambers M, Finney GL, Frewen B, Kern R, Tabb 

DL, Liebler DC, and MacCoss MJ. Skyline: an open source document editor for creating 

and analyzing targeted proteomics experiments. Bioinformatics. 2010;26(7):966-8. 

61. Höhne M, Frese CK, Grahammer F, Dafinger C, Ciarimboli G, Butt L, Binz J, Hackl MJ, 

Rahmatollahi M, Kann M, et al. Single-nephron proteomes connect morphology and 

function in proteinuric kidney disease. Kidney Int. 2018;93(6):1308-19. 

62. Fuertig R, Ceci A, Camus SM, Bezard E, Luippold AH, and Hengerer B. LC-MS/MS-based 

quantification of kynurenine metabolites, tryptophan, monoamines and neopterin in 

plasma, cerebrospinal fluid and brain. Bioanalysis. 2016;8(18):1903-17. 

63. Vizcaíno JA, Csordas A, del-Toro N, Dianes JA, Griss J, Lavidas I, Mayer G, Perez-Riverol 

Y, Reisinger F, Ternent T, et al. 2016 update of the PRIDE database and its related tools. 

Nucleic Acids Res. 2016;44(D1):D447-D56. 

64. Grundmann F, Müller RU, Hoyer-Allo KJR, Späth MR, Passmann E, Becker I, Pfister R, 

Baldus S, Benzing T, and Burst V. Dietary restriction for prevention of contrast-induced 

acute kidney injury in patients undergoing percutaneous coronary angiography: a 

randomized controlled trial. Sci Rep. 2020;10(1):5202. 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted August 20, 2021. ; https://doi.org/10.1101/2021.08.20.457042doi: bioRxiv preprint 

https://doi.org/10.1101/2021.08.20.457042


 

38 

 

 

  

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted August 20, 2021. ; https://doi.org/10.1101/2021.08.20.457042doi: bioRxiv preprint 

https://doi.org/10.1101/2021.08.20.457042


 

39 

 

Figures 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted August 20, 2021. ; https://doi.org/10.1101/2021.08.20.457042doi: bioRxiv preprint 

https://doi.org/10.1101/2021.08.20.457042


 

40 

 

Fig. 1: Kynureninase is expressed pre-dominantly in the proximal tubulus and induced by two modes of 
preconditioning. A. Schematic illustration of the experimental setup modified from Johnsen et al. JASN 2020 
(18). C57Bl/6J mice were divided into three treatment groups (nonPC, HP, CR) prior to IRI. Right 
nephrectomy was performed at the timepoint of surgery (0 h). To obtain blood and the left kidneys, 24 h 
after reperfusion all mice were sacrificed. B. Venn diagram illustrating genes only regulated by CR (3359), 
HP (91) or both (230) at 0 h prior to IRI modified from Johnsen et al. JASN 2020 (shiny.cecad.uni-
koeln.de:3838/IRaP/ (18)). Preconditioning-induced expression changes of Kynu pre-IRI (CR vs. nonPC 
and HP vs. nonPC) are displayed in the box. C. Schematic illustration of the segmental localization of Kynu 
along the nephron compiled from previously published single-cell (22), single-nucleus (23) and bulk-RNAseq 
(24) data as well as proteome analyses of microdissected kidneys (25). D. Immunohistochemical staining 
of KYNU in murine kidneys confirms the predominant localization in the proximal tubulus. E. 
Immunohistochemical staining of an adult human kidney using anti-KYNU antibody (HPA031686, derived 
from www.humanproteinatlas.org (26)). F. Immunoblot analyses of murine kidneys showing the expression 
of KYNU in non-preconditioned mice as well as after HP and CR (loading control: Pan-14-3-3). Intensity 
ratio analysis by one-way ANOVA and Tukey posthoc test reveals a significant induction of KYNU on the 
protein level by CR (** = p<0.01) whereas the induction by HP did not reach statistical significance (p-
value>0.4018). 
Abb.: nonPC: non-preconditioned male mice; HP: hypoxic preconditioning; CR: caloric restriction; d: day; 
IRI: ischemia-reperfusion injury; log2FC: log2Foldchange; padj: adjusted p-value; S1 Proximal tubule; S2 
Proximal tubule; S3 Proximal tubule; descending thin limb of Henle's loop, short-loop; descending thin limb 
of Henle's loop, long-loop, outer medulla; descending thin limb of Henle's loop, long-loop, inner medulla; 
ascending thin limb of Henle's loop; medullary thick ascending limb; cortical thick ascending limb; distal 
convoluted tubule; connecting tubule; cortical collecting duct; outer medullary collecting duct; inner 
medullary collecting duct. 
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Fig. 2: Generation of conventional KYNUnull mice. A. Schematic illustration of the strategy to generate 
KYNUnull mice by CRISPR/Cas9-mediated non-homologous end joining (NHEJ). B. Extraction of a Sanger 
sequencing displaying the 2 bp deletion (del) leading to a frameshift and premature stop codon after 6 amino 
acids in Kynu-exon 2. C. Immunoblot of murine kidneys showing the successful deficiency in KYNUnull mice 
compared to expression in WT mice (loading control: Pan-14-3-3). D. Histological analyses by staining with 
anti-KYNU in kidneys of KYNUnull mice confirming the deficiency compared to kidneys of WT (Fig. 1D). 
Abb.: WT: wildtype, KO: KYNU-deficiency; green: first methionine, red: PAM-side, blue: CRISPR-RNA 
sequence; bold capitals: aminoacids; KYNUnull: KYNU-deficiency; KYNUWT: wildtype. 
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Fig. 3: KYNUnull mice show a normal general phenotype and kidney function. A. Representative photograph 
of a wildtype (WT) mouse and a KYNUnull littermate showing no differences in general external appearance. 
B. Bodyweight of KYNUnull mice and wildtype littermates recorded for 1 year at the age of 4, 8, 12, 16, 26 
and 52 weeks (n=5 per group). C. Plasma creatinine values of KYNUWT and KYNUnull mice; student’s t-
test, n=5 per group. D. Plasma values of blood urea nitrogen (BUN) of KYNUWT mice and KYNUnull mice; 
student’s t-test, n=5 per group. E. Coomassie blue staining to screen for alterations of proteinuria in 
KYNUnull mice compared to WT mice (loading control: BSA) F. PAS staining of kidneys of a 14-week-old 
WT mouse and a 14-week-old KYNUnull mouse.  
Abb.: Bars indicate means ± standard deviation; BSA: bovine serum albumin; PAS: Periodic acid-Schiff 
reaction; WT: wildtype, n.s.: p-value≥0.05 
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Fig. 4: Loss of KYNU does not lead to kidney damage after IRI but diminishes the protective potential of 
preconditioning. A. Plasma creatinine values 24 hours after IRI. IRI induces a similar increase of plasma 
creatinine in KYNUnull and WT mice. KYNU-deficiency leads to a reduction of the protection by CR and 
shows a similar trend regarding HP. NonPC, HP and CR were analyzed using one-way ANOVA and Tukey’s 
posthoc test for multiple comparisons. For the comparison of HP-KYNUWT and HP-KYNUnull and CR-
KYNUWT and CR-KYNUnull mice, students’ t-test was used. B. Plasma values of blood urea (BUN) nitrogen 
24 hours after IRI recapitulate the findings for plasma creatinine. NonPC, HP and CR were analyzed using 
one-way ANOVA and Tukey’s posthoc test for multiple comparisons. For the comparison of HP-KYNUWT 
and HP-KYNUnull and CR-KYNUWT and CR-KYNUnull mice, students’ t-test was used. C. Periodic acid-Schiff 
reaction (PAS) of kidneys 24 hours after IRI. #: protein casts; square: pyknosis; black arrowhead: loss of 
brush border; gray arrowhead: epithelial flattening. D. Semiquantitative composite damage score; one-way 
ANOVA and Tukey posthoc test (n=10-12 per group) E. Analysis of cell death 24 hours after IRI using 
terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL). HP and CR strongly protect from 
cell death whilst this potential is partly lost in KYNUnull mice. 
Abb.: Bars indicate means ± standard deviation; nonPC: non-preconditioned male mice; HP: hypoxic 
preconditioning; CR: caloric restriction; IRI: ischemia-reperfusion injury; KYNUnull: KYNU-deficiency; 
KYNUWT: wildtype; sham: right nephrectomy followed by no-clamping of the left renal pedicle; scale bars 
indicate 100 µm, ****: p-value<0.0001; ***: p-value<0.001; **: p-value=0.001-0.01; *: p-value<0.05; n.s.: p-
value≥0.05. 
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Fig. 5: CR modulates the tryptophan metabolic pathway in a KYNU-dependent manner 
A. Illustration of the tryptophan metabolic pathway as one of the three NAD+ biosynthesis pathways. (1): de 
novo; (2): Preiss-Handler; (3): belonging to 1, 2 and 4; (4): salvage. B. Quantification of metabolites in the 
tryptophan metabolic pathway comparing undamaged kidneys of KYNUWT and KYNUnull mice (unpaired 
student’s t-test, n=5 per group). Only metabolites that show a significant change are shown in this graph 
(for others see Suppl. Fig. S5). C. Quantification of metabolites involved in the tryptophan metabolic pathway 
comparing WT kidneys from the nonPC and CR groups (unpaired student’s t-test, n=5 per group). Only 
metabolites that show a significant change are given (for others see Suppl. Fig. S5). D. Quantification of 
metabolites involved in the tryptophan metabolic pathway comparing longitudinally acquired human serum 
samples pre- and post-CR (paired student’s t-test,n=15 per group). Only metabolites that show a significant 
change are given (for others see Suppl. Fig. S5). 
Abb.: (1): de novo branch of NAD+ biosynthesis; (2): Preiss-Handler branch of NAD+ biosynthesis; (3): 
belonging to 1, 2 and 4; (4): salvage branch of NAD+ biosynthesis; Trp: Tryptophan; IDO2: Indoleamine 2,3-
dioxygenase 2; N-formyl-kyn: N-formyl-Kynurenine; AFMID: Arylformamidase; L-Kyn: L-Kynurenine; KynA: 
Kynurenic acid; KYNU: Kynureninase; AA; Anthranilic acid; KMO: Kynurenine 3-monooxygenase; 3OH-L-
kyn: 3-Hydroxy-L-kynurenine; XA: Xanthurenic acid; 3OH-AA: 3-Hydroxy-anthralinic acid; HAAO: 3-
Hydroxyanthranilate 3,4-dioxygenase; QPRT: Quinolinate Phosphoribosyltransferase; NAPRT: Nicotinate 
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phosphoribosyltransferase; NAMN: Nicotinic acid mononucleotide; NMNAT 1/2/3: Nicotinamide 
mononucleotide adenylyltransferase 1/2/3; NAAD: nicotinic acid adenine dinucleotide; NADSYN1: NAD 
Synthetase 1; NAD: Nicotinamide adenine dinucleotide; NAM: nicotinamide; NAMPT: nicotinamide 
phosphoribosyltransferase; NMN: nicotinamide mononucleotide; KYNUWT: wildtype; KYNUnull: KYNU-
deficiency;  nonPC: no preconditioning; CR: caloric restriction; bars indicate means ± standard deviation; 
***: p-value<0.001; **: p-value: 0.001-0.01; *: p-value<0.05; n.s.: p-value ≥0.05. 
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Fig. 6: CR induces profound changes in transcript and protein levels of genes involved in NAD+ biosynthesis 
and maintains NAD+ levels after renal IRI 
A. Heatmap depicting mean based z-score transcript levels (RNAseq) of the genes involved in the NAD+ 
biosynthesis pre-IRI and at 24 h post-IRI in non-preconditioned (nonPC) mice or after CR; asterisks reflect 
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significance of pairwise comparisons of each gene between treatment groups (n=5 per group). B. Heatmap 
depicting median based z-score protein expression levels (LC-MS/MS) of the enzymes involved in NAD+ 
biosynthesis (selection since not all proteins were detected by LC-MS/MS) at 0 h prior to (pre-IRI) and at 4 
h after IRI (post-IRI) in non-preconditioned (nonPC) mice or after CR; asterisks reflect significance of 
pairwise comparisons of each gene between treatment groups (n=5 per group). C. NAD levels of right, 
undamaged kidneys of KYNUWT and KYNUnull mice without previous preconditioning (nonPC) or after CR 
(student’s t-test, n=6 per group). D. NAD levels of left, damaged kidneys 24 h after IRI of KYNUWT and 
KYNUnull mice without previous preconditioning (nonPC) or after CR (student’s t-test, n=6 per group). E. 
Model of the interaction between CR-mediated nephroprotection and de novo NAD+ biosynthesis 
(tryptophan metabolic pathway). The tryptophan metabolic pathway is activated by CR. In the context of IRI, 
this activation leads to a preservation of NAD levels and protects from AKI. Besides, CR might also exert 
some still unknown effects independent of the tryptophan metabolic pathway on the kidney (indicated by 
the interrogation mark). 
Abb.: (1): de novo branch of NAD+ biosynthesis; (2): Preiss-Handler branch of NAD+ biosynthesis; (3): 
belonging to 1, 2 and 4; (4): salvage branch of NAD+ biosynthesis; nonPC: non-preconditioned male mice; 
CR: caloric restriction;IRI: ischemia-reperfusion injuryNAD: total NAD (NAD+ & NADH); n. s.: p-value>0.05, 
*: adjusted p-value/q-value<0.05, *** adjusted p-value/q-value<0.0001 
 

 

 

 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted August 20, 2021. ; https://doi.org/10.1101/2021.08.20.457042doi: bioRxiv preprint 

https://doi.org/10.1101/2021.08.20.457042

	Title: Organ protection by caloric restriction depends on activation of the de novo NAD+ synthesis pathway
	Conflict of interest statement

	Abstract (max. 200 words)
	Introduction
	Results
	Preconditioning-mediated induction of Kynu
	Generation of conventional KYNUnull mice
	KYNUnull mice are viable and do not show any abnormalities in general appearance or kidney function
	Loss of KYNU diminishes the protective potential of HP/CR
	CR modulates the tryptophan metabolic pathway in a KYNU-dependent manner
	CR induces profound changes in transcript and protein levels of enzymes involved in NAD+ biosynthesis and maintains NAD+ levels after renal IRI

	Discussion
	Methods
	Animal procedures
	Generation of KYNUnull mice
	Confirmation of KYNU-deficiency
	Oligonucleotides used in this study
	Basal phenotyping
	Preconditioning
	Ischemia-Reperfusion Injury (IRI)
	Functional data and statistics
	Histopathology
	Image acquisition
	Sample preparation for proteomic analysis using liquid chromatography with tandem mass spectrometry
	Sample preparation for proteomics analysis using targeted mass spectrometry (PRM Assay)
	Sample processing protocol for proteomic analyses
	Data processing protocol for proteomic analyses
	Quantification of metabolites of the tryptophan metabolic pathway
	NAD+/NADH quantification
	Proteomic and transcriptomic raw data availability
	Study approval

	Author contributions
	Data and materials availability
	Acknowledgements
	Funding

	References
	Figures

