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Summary

Fibrosis is the pathophysiological hallmark of messgive chronic kidney disease (CKD).
The kidney is a highly metabolically active organd it has been suggested that disruption in
its metabolism leads to renal fibrosis. We develbpelongitudinal mouse model of acute
kidney injury leading to CKD and an vitro model of epithelial to mesenchymal transition
to study changes in metabolism, inflammation abdofis. Using transcriptomics, metabolic
modeling and serum metabolomics, we observed sestdatty acid metabolic dysfunction
in the mouse model from early to late stages of CKidreased fatty acid biosynthesis and
downregulation of catabolic pathways for triglyces$ and diacylglycerides, were associated
with a marked increase in these lipids in the seN® suggest therefore that the kidney may
be the source of the abnormal lipid profile seempatients with CKD, which may provide
insights into the association between CKD and caaficular disease.

Key words: Chronic kidney disease, systems biology, hypéytayidemia, metabolism,
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I ntroduction

The Institute for Health Metrics and Evaluation’soal Burden of Disease Study 2017
highlighted that chronic kidney disease (CKD) iggcted to rise from the sixteenth (in
2016) to the fifth most common cause of death waidé by 2040, overtaking diabetes
(Jadot et al., 2017).

Since the discovery that inhibitors of the renimjatensin-aldosterone system could slow
progression of CKD many decades ago, there had, necently, been no new disease-
modifying drug that preserves kidney function inigrats with CKD. Over the past 3 years
however, two new classes of drugs, sodium-glucodead transporter protein 2 (SGLT2)

inhibitors and non-steroidal, selective mineralticord receptor antagonists (MRA) have

been shown in clinical trials to preserve kidnegdiion in patients with progressive CKD

with (and in the case of dapagliflozin without) éyp diabetes (Bakris et al., 2020; Heerspink
et al., 2020; Perkovic et al., 2019). These exgitimals have demonstrated that this hitherto
predicted epdemic of CKD can be averted with nesvapeutic interventions. Furthermore,
we suggest that a better understanding of the ammplechanisms that drive this disease

may lead to the development of many more drugsderin preventing or slowing CKD.



CKD is defined as the progressive and irreverditds of kidney function over time. Many
patients remain asymptomatic until the advancegestaso diagnosis often comes too late for
therapeutic intervention. Fibrosis is the pathopdiggical hallmark of progressive CKD
regardless of the initial aetiology of injury anfdynchecked, may eventually overwhelm the
functional tissue leading to end stage kidney disg&SKD) (Zeisberg and Neilson, 2010).
Morphologically, fibrosis is characterized by inased numbers of activated fibroblasts,
excessive accumulation of extracellular matrix (ECMascular rarefaction and tubular
atrophy as a result of a shift in these cells frlamepiltheial to mesenchymal phenotype and
insufficient regenerationlt often coexists with, or is preceded by inflamimatand is
triggered by severe or recurrent acute injury (Bast al., 2016). Accumulating evidence
suggests that acutely damaged proximal tubulahelpd cells (PTECs) drive the fibrotic
process through the release of pro-inflammatory padfibrotic cytokines. Key signaling
pathways have been identified including many thatimportant in embryonic development,

cancer progression and inflammation (Bonventre42@uzzi et al., 2019).

More recently, both acute kidney injury (AKI) andKD have been demonstrated to be
associated with significant shifts in renal celltamlism, again most importantly, in the
PTECs (Balzer and Susztak, 2020; Chen et al.,, 26Hng et al., 2015). It has been
postulated that this metabolic dysfunction is disecausative in the pathogenesis of renal
fibrosis based on the intracellular deposition rglycerides and a decrease in fatty acid
oxidation (FAQO) in a folic acid-induced mouse modélrenal fibrosis. This was associated
with lower transcriptional levels of Peroxisome Igevator-activated receptor alpha (PPAR-
alpha) and Peroxisome proliferator-activated remegamma coactivator 1-alpha (PPARGC-
la), enzymes involved in lipid and energy metabioli(Kang et al., 2015). However, this
model was interrogated in a relatively acute ph@sgays post folic acid injection) and was
not able to assess changes over time. The samg atashowed that TGEL induction in

renal epithelial cells supresses FAO in a PPARG@¢e@endent manner.

In addition, Luet al have shown that PPARstimulation prevents fibroblast proliferation
through induction of platelet-derived growth fac(BDGF) and phosphorylation of AKT (Lu
et al., 2016) whilst others have shown that abnbmm#ochondrial activity and impaired
glycolysis and FAO are important features of postey kidney disease (Padovano et al.,
2018; Podrini et al., 2018; Rowe et al., 2013). &mer, mitochondrial transcription factor A



(TFAM) plays a key role in the regulation of mitochoatllDNA transcription and the
expression of its gen&am is negatively correlated with the degree of reifaiokis in the
kidneys of patients with CKD (Chung et al., 2018afulla, 2008). In this study, transgenic
mice missing thélfam gene in renal tubular cells alone, developed nadiallysfunction,
mitochondrial loss, renal fibrosis and immune adiltration by 6-weeks of age, suggesting
a causal relationship between metabolic dysfundimotubular cells and inflammation and

fibrosis in the kidney.

The interplay between inflammation, fibrosis andtabelism in the progression of CKD is
thus complex and difficult to tease apart. Unbiassdtems biology-based approaches and
multiomics analysis can be usefully employed t@rnrttgate these interactions, to discover
biomarkers and to identify drug targets. To dates waluable systems biology tools:
GEnome-scale metabolic models (GEMs), have beeerged for different tissues and used
in the integration of multiomics data to gain urglanding of metabolism-related disorders
including obesity, fatty liver disease, diabeted aartain types of cancers (Mardinoglu et al.,
2018; Mardinoglu and Nielsen, 2015; O'Brien et 2015). Here we have used an ‘omics
approach and integrative computational modellingnteestigate the relationship between
inflammation, fibrosis and changes in metabolisrardime in a longitudinal mouse model of

fibrosis and CKD following aristolochic acid (AApduced acute kidney injury (AKI).



Results

Intraperitoneal injection of aristolochic acid induces acute kidney injury which leadsto
progressive chronic kidney diseasein mice

Aristolochic acid nephropathy (AAN) is an importaemd probably under reported global
cause of CKD and has been used to model AKI and @KiDdents for over 30 years (Jadot
et al., 2017; Ortiz et al., 2015). In this study adapted a murine model of aristolochic acid
(AA)-induced acute kidney injury (AKI) which is assated with low mortality but
progresses to fibrotic CKD leading to establishexai impairment over 100 days. We used
outbred CD1 mice, which are susceptible to devalppenal fibrosis (Walkin et al., 2013),
and injected them with two low doses of AA (3.5 kgy/by intraperitoneal injection on day-
0 and day-5 (Figure 1A, See Transparent Methodg)migasuring the serum blood urea
nitrogen (BUN) and creatinine on day 12 the sigaifit and early rapid rise confirmed the
presence of acute kidney injury, which recoveredh(wespect to renal function) by day 32,
though not completely back to baseline (early CKIByures 1B and C). This was followed
by a slow second decline in renal function to d&p Xlate CKD) confirming disease
progression without further intervention. Histologi analysis using picrosirius red staining
and biochemical analysis of hydroxyproline contehttissue confirmed the presence of
increased collagen deposition in the tissue ovee tin keeping with progressive fibrosis
(Figure 1D).

Differentially expressed genes are clustered by treatment rather than time point of the
model

Next, to better understand the longitudinal charages molecular mechanism underlying the
progression of CKD following AKI, we performed tsgriptome analysis by RNA-
sequencing, generating an average 8.8 million rgaissample on mouse kidney tissues
during both early (day 32) and late (day 100) stagkeCKD, together with age-matched

controls with triplicates for each group.

By performing principal component analysis (PCA)tmanscriptomes of all samples (Figure
2A), we observed significant clustering by treatmeith AA (PERMANOVA p-value <
0.001), rather than time points (PERMANOVA p-valae0.107). To determine the gene
expression changes by the AA treatment, we idextifignificantly differentially expressed
genes (DEGSs) at different time points and condgiasing the DESeq package (Anders and
Huber, 2010). We found that 2,124 unique genes wpregulated and 1,403 unique genes



were downregulated at day 32, and 399 were upreglind 437 were downregulated at day
100, comparing AA-treated samples to age-matcheaatras (negative binomial tests,
adjusted p-value < 0.05; Table S1). Among these §B&1 were commonly shared at both
days 32 and 100, with 286 upregulated at day 32dagdL00 and 325 downregulated at both
time points (Figure 2B). Interestingly, seven DE&l opposite expression directionality
between day 32 and day 100 (Figure 2C). These dediiEng (encoding endoglin) and
Plvap, which were upregulated at day 32, but downregdlat day 100. DEGS that were
upregulated at day 32 but not differentially expegbat day 100, includddtl, Kdr andFIt4,
which encode for fms-like tyrosine kinasel or vdacendothelial growth factor receptor 1
(VEGFRL1), fetal liver kinase-1 or vascular endothelial wtio factor receptor 2VEGFR2)

and fms-like tyrosine kinase4 or vascular endo#thgliowth factor receptor ¥EGFR3).

Collagen turnover and inflammation pathways were upregulated in both early and late
CKD

Next we performed gene enrichment analysis usingvIDA(Database for Annotation,
Visualization and Integrated Discovery) to identifiplogical process significantly enriched
with DEGs (Fresno and Fernandez, 2013; Huang dal.e2009). Here, we observed
significant overlap of enriched biological procéssns between day 32 and day 100 (FDR <
0.05; Figure 2D, Table S2). Using the MGI-MGD dasd (Smith et al., 2018), we
investigated the significant DEGs within the fiveykpathways involved in fibrosis and
determined the changes in genes involved in callaggression and degradation to study
collagen turnover during early and late stages KD{Figure 2E-F). We found that the
majority of genes involved in collagen expressiamd adegradation were significantly
upregulated at day 32 and also at day 100, thoagh lesser degree, in keeping with a
progressively fibrotic model (negative binomialtggesadjusted p value < 0.05). Next, despite
almost complete resolution of kidney function by &2, we observed that inflammation
pathways were also highly up regulated in thisye@KD stage and remained upregulated,
though to a lesser extent at day 100, in a sirpddiern to the fibrosis pathways (Figure 2G).

In contrast to the upregulation of inflammation acollagen turnover pathways, gene
ontology pathway analysis of metabolism-associgetes showed downregulation of energy
metabolism, fatty acid oxidation and oxoacid melabprocesses, which consist of aerobic
respiration, ATP synthesis coupled electron trartspglutathione metabolism, cell redox

homeostasis and glycolytic processes (Figure 2@)il&ly, to inflammation and fibrosis,



these changes were greatest at day 32, thoughdildepgersist at day 100 resulting in a
negative correlation of gene expression relatethftammation and fatty acid metabolism
(Figure S1).

Peroxisomal and mitochondrial fatty acid oxidation are dysregulated in both early and
late CKD

Based on the biological process and DEGs from pusvisections, we observed
dysregulation in the glycolysis, tricarboxylic a¢itiCA) cycle and oxidative phosphorylation
(OXPHOS) and oxidative stress pathways (Figure 3Adst of the genes involved in
glycolysis and the TCA cycle and several geneslwain regulation of reactive oxygen
species (ROS) were noticeably downregulated (negdtinomial tests adjusted p-values <
0.05; Table S3). Interestingly, the observed pattéDEGs suggested there was a significant
decrease in activity of proliferator-activated ngtoes (PPARS) which control expression of
genes involved in fatty aci@-oxidation via the peroxisome pathway and mitochi@ndf the
AAN mice. In the early stage CKD modélptla andCpt2 (Carnitine palmitoyl transferase |
and Il), that facilitate the transportation of Yathcid into to mitochondria for energy
production, were downregulated. In both early asi@ Istage CKD models, we observed
downregulation of genes involved in mitochondfabxidation of fatty acids, such #gads
(encoding acyl-CoA dehydrogenase short chafAgadll (encoding Acyl-Coenzyme A
dehydrogenase family enzyme 1Hgdh (encoding Hydroxyacyl-CoA Dehydrogenase) and
andMlycd (encoding malonyl-CoA decarboxylase), which cotevenalonyl-CoA to acetyl-

CoA in both the mitochondria and the peroxisome.

In the peroxisomeTysndl(encoding peroxisomal leader peptide-processingepse), was
also downregulated in both early and late stagedseacodes crucial enzymes for fatty acid
shortening and fatty acid oxidation (Chegary et 2009; Mizuno et al., 2013Acox1 and
Acox3, which encode the proteins peroxisomal acyl-coereyA oxidase 1 and 3
respectively, were downregulated only in early CHDd catalyze the desaturation of acyl-
CoAs to 2-trans-enoyl-CoAs in peroxisomal fattyda@ioxidation, a reaction that donates
electrons directly to oxygen molecule thereby pomagy hydrogen peroxide (Varanasi et al.,
1994). Defects in these genes lead to accumulafieery long chain fatty acidéicaal was
also downregulated in early CKD and encodes theg/reazacetyl-CoA C-acyltransferase
involved in fatty acid3-oxidation and degradation. Tiayh gene was highly downregulated

in both early and late stages of our CKD model emcbdes for phytanoyl-CoA hydroxylase.



This enzyme breaks down the plant-derived fattg,gainytanic acid in the peroxisome via an
a-oxidation process, the products of which are thether broken down vig-oxidation
(Jansen et al., 2000).

Transcriptome data from both stages of CKD showeghificant reduction in the
mitochondrial estrogen-related receptor alglEarra) gene. This transcription factor is
involved in mitochondrial biogenesis and is dowmdated in both early and late CKD but
more significantly so in late CKD (Bookout et €2006). We also observed a decrease in
expression of other important mitochondrial gendsctv encode subunit enzymes which
participate in mitochondrial oxidative phosphorigdat such as cytochrome c oxidase 5a/b
and 6 Cox 5a/b andCox 6) (Reinecke et al., 2009). Conversely, there werdownregulated
genes at day 100 involved in peroxisome fatty @eakidation.Crot (encoding peroxisomal
carnitine O-octanoyltransferase), which catalybes treversible transfer of fatty acyl
groups between CoA and carnitine, facilitating $g@ort of medium length acyl chains out of
the mammalian peroxisome to the cytosol and mitndha for degradation was upregulated.

Interestingly, in early CKD in our model, many genehich are involved in inositol
phosphate metabolism and production of myo-inogktl) were highly upregulated such as
Inpp5d ( encoding inositol polyphosphate-5-phosphatase Bip4k2a/b (encoding
phosphatidylinositol-5-phosphate 4-kinase typelpha and beta) anBTEN genes, whereas
the gene for myo-inositol oxygenase (MIOX), anyene responsible for catalysing the
degradation of MI into D-glucuronic acid, was sigrantly downregulated . Moreover,
despite downregulation of the glycolysis pathwéng gene for Hexokinase 3 (HK3), a key
enzyme in the first step of glucose metabolism Wwipcoduces glucose-6-phosphate (G6P)
was significantly upregulated. It would seem likéhgrefore that this G6P further increases
the biosynthesis of MI as it is a substrate forsitad-3-phosphate synthase, the gene for

which (SYNAL) was also significantly upregulated in our model.

Flux balance analysis suggests a drop in overall flux in both mitochondria and
per oxisome

To better understand the impact of early and 1a¢® Qene expression changes on renal cell
metabolism, we used GEnome-scale Metabolic modéBtgM) of the kidney tissue based

on the transcriptomic data. The applied GEM coedistf 3579 genes, 8140 reactions, 5516



unique metabolites at 8 different cellular companis (Mardinoglu et al., 2015). Initially,
we integrated the transcriptional data of the thiee points (baseline, day 32 and day 100)
on the kidney GEM. To further elucidate the metabtux within the cell, we performed
constraint-based modeling using the transcriptiodata as the main constraint (See
methods). Three specific constrained models wemergéed based on the transcriptional data
from baseline, early CKD (day 32) and late CKD (d&g). To perform flux balance analysis
(FBA) and predict the flux distribution in each &rpoint, the maximization of ATP demand
reaction was considered as the desired cellulactisg (Orth et al., 2010). The outputs of
the simulations confirmed that the metabolic flarough the aforementioned pathways was
reduced in early CKD versus control (baseline) hawvehere was a slight increase in the
overall flux for late versus early CKD (Figure 3Bable S4). The simulations also predicted
a major increase through the pentose phosphatav@atiNADPH production and fatty acid
biosynthesis supporting the observation that themeprogramming of the metabolic flux
from glycolysis to the pentose phosphate pathwagutih glucose-6-phosphate. This is
likely to lead to an increase in the productionNADPH, fatty acid biosynthesis and an
increase of inositol phosphate metabolism, as weemed from our gene expression data.
GEM simulations also showed that the overall flaboth mitochondrial and peroxisomal 3-
oxidation is decreased, as is the flux through atke phosphorylation, confirming the
reduction of mitochondrial activity. In healthy edrtissue (baseline) the acetyl-coA turnover
rate is high, being predominantly produced by fattyd 3-oxidation and glycolysis, and
consumed by the TCA pathway. Conversely, in CKpeeslly at the early stage, acetyl-
COA is converted to malonyl-coA for fatty acid byoshesis. Interestingly, the acetyl-coA is
mainly provided by the catabolism of branch chamro acids especially isoleucine (Table
S4).

Consistent with FBA, the reporter metabolite anialghowed that NAD+, NADH, ubiquinol,
ubiquinone, CoA, FAD H2 (reduced flavin adenine utileotide), acetyl-CoA, glycerate,
glutamine-alpha-ketoglutarate (AKG) and pyruvate #ne main significantly decreased
reporter metabolites (whereby the expression ofgimges in relation to the metabolites is
decreased) from baseline to day 32 (Figure S2,eT&83), in keeping with our data
suggesting mitochondrial dysfunction in early CKibterestingly, the reporter metabolites
ubiquinone, ubiquinol, NADH, NAD+, ferricytochrom€ and ferrocytochrome C were
significantly upregulated late CKD (day 100) in qmamison to early CKD (day 32), which

might suggest some improvement of mitochondriatfiam over time. Our previous pathway



and DEGs analysis together with modelling, demastthe decrease of fatty acid oxidation
in both early and late stage of CKD, whilst the delting shows an increase of fatty acids
biosynthesis in early CKD. Additionally, we obseivihe upregulation of genes responsible
for choline and lysosomal proteolysis, which woutdlude degradation of albumin and

extracellular matrix proteins in early CKD compaxeith healthy tissue.

Serum metabolic profile in mice with AA nephropathy demonstrates an increase in
circulating LCFA

To test our prediction that CKD induced by AAN Isat increased LCFA metabolites, we
performed targeted metabolomics on the sera from dhme mice we used for the
transcriptomic analysis. Initially we compared diseased (both early and late CKD
combined) to age-matched controls by performingc@%bn signed-rank test (p-value <
0.05; Figure 4A, Table S6). The majority of metaties! which were found to be increased in
the serum were triglycerides, (an ester derivethfgdycerol and three long chain fatty acid
molecules). Also, among the top significantly o metabolites were diacylglyceride
(DAG), another high-density lipid and cholestergtex demonstrating raised lipoproteins in
the serum. Kynurenine and indoxyl sulfate, soezhliremic toxins, were also increased in
AAN. These two metabolites are the product of pbian degradation and are known to be
elevated in patients with CKD (Tan et al., 201 ntetestingly, the serum level of carnitine
and two other carnitine related metabolites, ace&éyhitine and propionyl carnitine were
decreased in the serum of AA nephropathy mice coedpwith controls, in keeping with
previous reports of reduced circulating levels afdine in patients with CKD (Calvani et
al., 2004; Charnas et al., 1991). Similarly, redliceramide has previously been associated
with advanced CKD (Reis et al., 2015). In additianpther two metabolites, Kynurin and
Citrulin shown rise in our serum samples. These itwatabolites previously were indicated

as a CKD development marker in patients plasma(Rhak, 2013).

In order to further distinguish between the metaeslin the serum of AAN mice with their
age-matched controls, partial least squares digtaimh analysis (PLS-DA) was applied
(Figure 4B). The output of this analysis was higbbnsistent with the results from the
Wilcoxon signed-rank test, showing significant ajp@s in the same metabolites, comparing
AAN and controls. As seen in Figure 4C, an elevatio kynurenine and reduction in

circulating acetylcarnitine and propionyl carnitiwere among the indicators of early and late
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stages of CKD in AAN compared to controls, wheraagse in Tri(di)acylglyceride and

phosphatidylcholine metabolites were the signatafesarly CKD in AAN (Figure 4D).

Global transcriptomics in proximal tubular cells undergoing transition from epithelial
to mesenchymal phenotypein-vitro shows similar FAO dysregulation

To further investigate the relative impact of AAN different cell types within the kidney,
we checked differential gene expressions by tHeyyst maker genes of kidney tissues (i.e.
log, fold changes, Figure S3), which were previousgnitfied from single cell
transcriptomics data (Park et al., 2018). Inteng$yi we found considerable downregulation
of expression of proximal tubule cell markers at 83, whereas substantial upregulation of
expression of cell markers of macrophages, T lymptes, neutrophils, and fibroblasts, in
keeping with a state of ongoing inflammation armtdsis. At day 100, we observed again
significant downregulation of proximal tubule celbrkers and upregulation of expression of
cell markers of inflammation and fibrosis. Intenegly, endothelial cell markers were
significantly upregulated on day 32 but downregedaby day 100. We also interrogated
enriched biological process terms of cell markémsazh cell type confirming that the
proximal tubule cell is responsible for fatty aokidation within the kidney, in keeping with

our metabolomic data (Table S7).

Proximal tubular epithelial cells are the most rheteally active cells in the kidney, so we
hypothesized that changes in the metabolism withé@se cells are the main drivers for the
results described above. To test this, we devel@ped vitro CD1 mouse proximal tubular
epithelial cell (MPETC) model, which could mimic aflges associated with epithelial-
mesenchymal transition (EMT). PTECS are thougtgauially undergo this process during
fibrogenesis and this model is a well-establisheditro model of fibrosis (Lovisa et al.,
2016). We quantified cell line transcriptomes wéiverage 8.4 million mapped reads from
MPTEC cell lines, which were treated with two cyiteds, TGFB and EGF (10 ng/ml each)
verses untreated cells. Cell analysis was undertakéhree time points, along with matched
controls, following 1, 3 and 5 days of treatmeng(ife 5A-B, See Transparent Methods).
Morphological transformation from epithelial to reeshymal phenotype triggered by these
cytokines was noted at Day 3 and Day 5 with redupgutession of the epithelial cell marker
E-cadherin, increase im-smooth muscle actin expressiom-$MA) and formation of

mesenchymal-like F-actin stress fibres seen byl@hdal staining (Figure 5C).
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Performing PCA on than vitro model transcriptomes, we found that samples were
significantly clustered by both treatment condisofrERMANOVA p-value < 0.001) and
time points (PERMANOVA p-value < 0.002), particilam those cells treated for 5 days
(Figure 6A). Based on negative binomial tests & DESeq package (Anders and Huber,
2010) we identified an average of 1539 differehti@xpressed genes per each time point
including a subset of genes which were significadifferentially expressed at all time points
(Figure S4A, adjusted p-value < 1x30 150 upregulated genes and 127 genes
downregulated (Figure S4B, Table S8). Among the BBGserved at all three time points,

we found that fold changes were similar at all tipoents.

When we compared enriched biological process tersnsgy DAVID (FDR < 0.05) (Fresno

and Fernandez, 2013; Huang da et al., 2009), wadfaverlap of several upregulated
pathways at different time points, but less ovefapdownregulated pathways (Figure S4C,
Table S9). 52 biological process terms were endcdm@ong upregulated genes at all time
points, but none of them were commonly enriched ramdownregulated genes, implying
time-specific repressions. Cell migration (contdirvethin the larger term of development)
and apoptosis were common at all three time pomigpregulated enriched pathways and
mitochondrial metabolic pathways were among the mtegulated enriched pathways
following 5 days of treatment (Figure 6B). Interegty, pathways known to be downstream
of TGF{3 were enriched at day 1 and day 3 (but not at daypsSwere mesenchymal

pathways, in keeping with a process of EMT.

As hypothesized, tubular metabolic pathway respotséreatment with the two cytokines at
day 5 were consistent with ourvivo model of CKD. We saw significant downregulation of
genes involved in glycolysis and the TCA cycle sadwnajor disruption in central carbon
metabolism pathways. To further examine alterationSAO pathways in mitochondria and
peroxisomesn our in vitro model we looked at changes in the genes involuefatty acid
degradation, fatty acifi-oxidation and peroxisome proliferator-activatedeqgors (PPARS)
induced pathways. Transcriptional change in dowasir genes of the PPAR transcription
factor, such aptla & Cpt2, Acads, Hadh, Etfa suggested that the most downregulated
genes were those which encode vital enzymes iy fatid shortening and fatty acid

oxidation (Figure 6C). In addition, genes encodamgymes involved in peroxisonfe

12



oxidation/degradation such asox1, Acaal, were downregulated at day 5, in a similar way
to the AAN tissue andPor, (Cytochrome P450 oxidoreductase), which playsla in fatty
acid and steroid metabolism, was among the germ¢svére downregulated at all three time
points in ourin vitro model and both early and late CKD in the AAN model

Discussion

In this study we aimed to define changes in mokacmiechanisms and metabolic pathways
at different stages of CKD following AKI using gene-wide transcriptomics, metabolomics
and computational modelling in a mouse model dftalochic acid-induced nephropathy. In
addition, we further investigated the impact ofrdiic stimuli on anin-vitro model of
epithelial to mesenchymal transition of mouse pr@di tubular epithelial cells to more
specifically interrogate the changes occurrindhis key cell type.

In the early stages of CKD, immediately followingcovery from AKI, our transcriptomic
data demonstrated a marked upregulation of tharmfiatory response mirrored by similar
changes in pro-fibrotic pathways and matrix assgrabd disassembly. In conjunction with
this there were marked reductions in the genesorssiple for fatty acid oxidation, the
tricarboxylic acid cycle and oxidative phosphorigat Interestingly, these derangements in
metabolic genes persisted for the full length ef nmodel, through to the late stages of CKD,
whilst the upregulation of genes involved in thigeimmatory component subsided with time,
as did the upregulation of genes involved in matupnover. Endothelial cell markers were
significantly upregulated in early CKD but downréged by day 100. Endothelial cell
proliferation is known to occur in the immediatesp@KI period in response to an increase
in release of angiogenic factors, particularly frproximal tubular epithelial cells (Ohashi et
al., 2002). However, as CKD develops, release esdhfactors declines and epithelial cells
undergo apoptosis. Alongside this, the pericyteg ttormally maintain vascular integrity
migrate in to the renal interstitium and become fiyoblasts, contributing to the
progression of the fibrotic process. Migrationpefricytes away from the vasculature results

in vascular rarefaction, which is a hallmark of gnessive CKD (Kida, 2020).

PTECs are highly enriched with mitochondria andesheplargely on FAO and oxidative
phosphorylation to fulfil their high-energy requments and we are not alone in
demonstrating that renal cell metabolism (predomtigeP TECS) is dysregulated in both AKI
and CKD, with downregulation of FAO (Li et al., ZQ1Marx et al., 2018) (Kang et al.,

13



2015). Until recently, it has been thought thatumgjleads to inflammation which in turn

leads to metabolic dysfunction, progressive filsaaid CKD (Anders and Schaefer, 2014;
Basile et al., 2016). However, Chung et al haveartjedemonstrated that compromised
mitochondrial integrity (as a result of acute igyrieads to leakage of mitochondrial DNA
from cells which in turn triggers an inflammatomlsponse via activation of STING (Chung
et al., 2019). This paradigm shift suggests theeetbat persistent inflammation may come
secondary to the acute changes in metabolism tlatamd others have observed. One
important difference between our study and pregedimes is the longitudinal nature of our
model. The persistence of the metabolic derangenaént00 days, despite a fall in

inflammation, may suggest that the reduction immadrmitochondrial activity does not fully

recover, even when the acute injury has resolvéags Would be in keeping with a greater
burden of fibrosis and the tubular atrophy thatkwew is the hallmark of CKD, which may

be driven by continuing increase in oxidative stre&longside this, we have shown that
metabolism is shifted from FAO and glycolysis t@ thentose phosphate pathway, which

occurs exclusively in the cytosol.

We have also undertaken computational flux balameceglelling, together with analyzing
transcriptomic data and targeted metabolomics @fhbuse sera. This has revealed that over
time, serum levels of triglycerides and diacylglyde accumulate in the serum of mice with
CKD. Dyslipidemia has been known to be associatigid CKD for many years. The pattern
is similar to that described in the metabolic spmie and is characterized by high
triglycerides and low LDL levels and gets worsehwitorsening renal function (Saland et al.,
2019; Visconti et al., 2016). The aetiology of tlibnormality is often attributed to co-
morbidities, such as diabetes or obesity and it b@en suggested that there is a causal
relationship between dyslipidemia and progressioGKD. However, genetic mutations that
lead to similar lipid profiles are not associatethwhe development of CKD (Lanktree et al.,
2018). Patients with CKD and dyslipidemia are ghhiisk of cardiovascular complications
and a recent post-hoc analysis of the Study of tHeeat Renal Protection (SHARP) trial data
has shown that high triglycerides are independeasigociated with worse cardiovascular
outcomes (Lamprea-Montealegre et al., 2020). Ota daggest that the presence of CKD
alone may generate this abnormal lipid profile, ahhialong with the accumulation of uremic
endothelial toxins such as indoxyl sulfate, mayvme insights into the close association
between CKD and cardiovascular disease (Lano et28R0; Provenzano et al., 2019).

Although we have not identified the source of theg chain fatty acids in the sera of these
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mice with CKD, we have demonstrated downregulatibthe catabolic pathways for the TG
and DAG in the renal tissue, suggesting the kidnayer than the liver, may be responsible
for this rise in their concentration in the cirdiga that we found in our metabolomic studies.
The kidney is one of the most important organsther biosynthesis of myo-inositol(Croze
and Soulage, 2013). Myo-inositol plays an importesie in various cellular processes
including as the structural basis for phosphatithditol formation in the plamsa membrane
and subsequent secondary messengers important wnstteam signaling pathways,
including soluble cytoplasmic inositol-1,4,5-trig@phate (IP3) and diacylglycerol (DAG).
These secondary messengers activate protein kiGageKC) which is known to drive
oxidative stress, further mitochondrial injury amgregulation of pro-fibrotic pathways (Li et
al., 2019)

In addition, we have highlighted some interestinffetences in pro-fibrotic cytokines
between the early and late stages of CKD. Theseded Eng (encoding endoglin) and
Plvap, which were upregulated at day 32, but downregdlat day 100. Endoglin is part of
the TGF-beta co-receptor complex and as such playsiportant role in TGF-beta signaling
through SMADs, a key transduction pathway in filogsis (Munoz-Felix et al., 2016;
Scharpfenecker et al., 200®)vap encodes plasmalemmal vesicle-associated prot®il P
which is solely expressed in endothelial cellsefdstrated capillaries, such as those in the
kidney. It is required for the development of fangsdiaphragms, is upregulated in vascular
remodeling in the kidney and knockout of this gegagls to hyperlipidemia and liver fibrosis
(Nishi et al., 2010; Yamamoto et al., 2007).

In conclusion, we have confirmed the findings ohews that AKI leads to metabolic
dysfunction, inflammation and fibrogenesis whichmegn active despite maximal renal
functional recovery following AKI. In addition, weéhave shown that although the
inflammation and fibrotic drive subside over tintiee metabolic dysfunction persists and the
total burden of extracellular matrix continuesrorease as renal function declines as a result
of progressive CKD. Alongside this, is the devetemt of dyslipidemia with raised
triglycerides which is similar to that found in theetabolic syndrome and is now recognized

to be associated with the development of cardiavasdlisease.

Limitations of the Study
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Our study does have some limitations. As an olasiemval study, we are unable to establish
cause and effect and so we cannot be sure thatm@tabolic dysfunction observed
contributes to the progression of fibrosis. Althbugve generated transcriptomic and
metabolomic data, to study global changes in gempeession and metabolism in a mouse
model of nephropathy, we have not correlated thieskngs at the protein level in renal
tissue. We used serum blood metabolomics to stuelymipact of observed gene expression
alterations on changes in the endogenous metabplineh we speculate are as a direct
effect of the induced renal disease. It is posdiolever that the renal disease has impacted
the function of other tissues such as the liver tiede metabolic changes are secondary to
this. We hypothesise that the metabolic changesrebd may lead to cardiovascular disease

but we have not investigated this in our model.
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Figurelegends

Figure 1. Intraperitoneal injection of aristolochic acid induces acute kidney injury
which leadsto progressive chronic kidney disease in mice

A) Two 3.5mg/kg aristolochic acid injections (orrn@l saline vehicle) were given 5-days
apart to 8-week old CD1 mice. After 32 days and d@s, mice were sacrificed with their
saline-injected age-matched controls (N=3 per grd8jpSerum blood urea nitrogen (BUN)
levels at different time ponts, p-value < 0.000Day 12, p-value= 0.0394 at Day 20, p-
value = 0.0194 at Day 100. C) Serum creatininel¢eatdifferent time points. p-value <
0.0007 at Day 12, p-value = 0.0013 at Day 20, pral 0.0001 at Day 30, p-value < 0.0001
at Day 100. D) Picro Sirius Red staining (PSR)idhky tissue for collagen deposition and

area fraction quantification.

Figure 2. Differentially expressed genes are clustered by treatment rather than time
point of the model

A) Principal component analysis of global transiipic data derived from kidney tissue of
AAN murine model and age-matched controls at daffietime points. B) Venn diagram
showing shared significantly up/downregulated gextetay 32 and day 100 in AAN
compared with age-matched controls. C) Scattergtiowing fold changes of differentially
expressed genes (DEG) comparing day 32 and day6t in red are genes which show
opposite direction of expression between the twe points. D) Venn diagram shows
enriched pathways of up/downregulated DEG (FDR0O%)).E) Heatmap showing the six
most significantly enriched pathways involved iflammation and fibrosis and the most
highly upregulated genes (top-10) of each pathwalag 32 and day 100 (ledpld change).
F) Heatmap showing the differential expressionesfag involved in collagen production at
day 32 and day 100 (ledold change). G) Sankey diagram of enriched payisved
up/downregulated genes. Here we present detadesdet of enriched pathways in the left-
hand nodes and broad definitions in the right-haodes. The thickness of the grey
connectors coming from the left side depicts tigaiicance of the given class of enriched
pathway at each time point. The thickness of tlesy gpnnectors coming from the right side

depicts the number of enriched terms belongintp¢ogiven pathway at each time point.
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Figure 3. Peroxisomal and mitochondrial fatty acid oxidation are dysregulated in both
early and late CKD

A) Diagram depicting dysregulation of fatty acixigation in both peroxisomes and
mitochondria. Genes in purple are those downregdlat early CKD (day 32) in the beta-
oxidation pathway in both peroxisome and mitoch@dgenes in blue are those
downregulated at both stages of CKD in the TCA eyuld beta oxidation pathways in
mitochondria. B) A diagram showing the average joted flux ratio for the metabolic
pathways in days 32 and 100 compared to contrge{lee); positive and negative flux ratios

indicate increased and decreased flux at both S@gEKD, respectively.

Figure 4. Serum metabolic profiles in mice with AA nephropathy demonstrate an
increasein circulating LCFA

A) Scatter plot showing how the concetrations dfiedent metabolites vary according to
disease vs age-matched controls (day 32 and dagdt@Gcombined). Blue dots represent
metabolites with significantly changed concentragi@p-value < 0.05) and red dots show
those without significant changes (Wilcoxon testatue<0.05, logfold change). B) Partial
least squares-discriminant analysis (PLS-DA) comsparof metabolite concentration levels
in different serum samples (disease vs no dise@$&}hanges in metabolites which are
common for both early and late CKD compared wite-agatched controls. D) Changes in

metabolites which are specific for early CKD congghwith age-matched controls.

Figure 5. Proximal tubular cells undergo epithelial to mesenchymal transition in-vitro
when treated with TGF-1 abd EGF

Mouse proximal tubular epithelial cells were trepath 10 ng/pl each of TGB1 and EGF

to induce epithelial to mesenchymal transition QAjantitative determination efSMA

MRNA expression at different time points of treattn@ompared with untreated contrais.
SMA expression was measured using g-PCR (numbepbttations = 3, house-keeping
gene: GAPDH). 2-way ANOVA test, P-value=0.02), Data represented as mean + SD. B)
E-cadherin expression determined by densitometvyestern blot at different time points
compared with untreated controls. C) Immunofluoeese staining for E-cadherin with anti-
E-Cadherin and Alexa flour 488 (green), and F-alctmalisation using Rhodamine phalloidin
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(red) after 3 days and 5 days of treatment. Nwkeistained using with hoechst (blue) (40X

magnification and Scale bar, |50).

Figure 6. Global transcriptomics in proximal tubular cells undergoing transition from
epithelial to mesenchymal phenotypein-vitro shows similar FAO dysregulation

A) Principal component analysis of global transimipic data derived from then-vitro
model of EMT at different time points demonstratolgstering by treatment rather than time
point. B) Sankey diagram of enriched pathway otlop/nhregulated genes in mouse proximal
epithelial cells at days 1, 3 and 5. The graplsitates the enriched biological processes (left
nodes) among upregulated or downregulated DEG#feteiht time points in the middle (24-
hour, day-3 and day-5). The general terms for 8gamtly changed pathways are showing in
the nodes on the right side. C) Heatmap showinggated (red)/downregulated (blue)
genes in peroxisome and mitochondrial FAO pathvedaysig EMT (See also Figure S4).

Supplemental table legends

Table S 1. Significant gene expression profile for Day-32 dbaly-100 compared to their
matched controls in aristolochic acid nephropa#wN) model (adjusted p value < 0.05),
related to Figure 2B.

Table S 2. Enriched pathways at Day 32 and Day 100 in AAN el@¢BDR < 0.05), relate to
Figure 2D.

Table S 3. Significantly changed genes involved in centratabelism in AAN model, relate
to Figure 3 A.

Table S 4. Flux balance analysis simulation result for AANdeb related to Figure 3B.
Table S5. Reporter metabolites in AAN model, related to Fey8B.

Table S 6. Significant serum metabolites CKD versus controlAAN model (Wilcoxon
signed-rank test, p-value < 0.05), related to FeglA.

Table S7. Cell-type specific markers of single cell tranptwme-enriched biological process
terms, related to Figure 6.

Table S 8. Significant differentially expressed gene profitesthe EMT cell line comparing
treated cells versus matched control (adjustedyevale-5), related to Figure 6.

Table S9. Enriched pathways in the EMT cell-line model (FOIRBS), related to Figure 6.
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Table S 10. List of TagMan probes for primers using in RT-gPfoRin-vitro model, related
to Figure 5.

Table S 11. Metadata for transcriptomics of in-vivo and inrgitmodel, related to Figures 1
and Figure 5.
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Following AKI, markers of fibrosis and inflammation go up simultaneously

AKl is associated with reduced fatty acid oxidation and oxidative phosphorylation
Changes in metabolism persist as chronic kidney disease develops

Changes in metabolism are associated with increases serum levels of triglycerides



