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Men are more prone to acute kidney injury (AKI) and chronic kidney disease (CKD), progressing

to end-stage renal disease (ESRD) than women. Severity and capacity to regenerate after AKl are
important determinants of CKD progression, and of patient morbidity and mortality in the hospital
setting. To determine sex differences during injury and recovery we have generated a female and male
renal ischemia/reperfusion injury (IRI) pig model, which represents a major cause of AKI. Although no
differences were found in blood urea nitrogen (BUN) and serum creatinine (SCr) levels between both
sexes, females exhibited higher mononuclear infiltrates at basal and recovery, while males showed
more tubular damage at injury. Global transcriptomic analyses of kidney biopsies from our IRI pig
model revealed a sexual dimorphism in the temporal regulation of genes and pathways relevant for
kidney injury and repair, which was also detected in human samples. Enrichment analysis of gene sets
revealed five temporal and four sexual patterns governing renal IRl and recovery. Overall, this study
constitutes an extensive characterization of the time and sex differences occurring during renal IRI
and recovery at gene expression level and offers a template of translational value for further study of
sexual dimorphism in kidney diseases.

Acute kidney injury (AKI) is a common and serious condition with no specific treatment' and worldwide
increasing incidence?. AKI is characterized by a rapid decline of renal function that requires hospital admission
and renal function replacement by dialysis if renal failure is severe, leading to high mortality rates (over 50%)°.
Although AKI is reversible and allows at least partial recovery of renal function, repeated AKI episodes increase
the risk of subsequent chronic kidney disease (CKD) and cardiovascular disease long after recovery from the
original insult*$.

Besides infection and toxic drugs, renal ischemia/reperfusion injury (IRI) is a major cause of AKI, which is
faced in many clinical situations such as kidney transplantation, partial nephrectomy, renal artery angioplasty,
aortic aneurysm surgery and elective urological operations®. In these conditions, IRI initiates a complex and
interrelated sequence of events, resulting in injury and the eventual death of renal cells’.

Sex differences influence susceptibility, progression and response to AKI. Clinically, an increased mortality
rate has been documented among males with acute renal failure!®!!. In fact, men are more prone to acute and
chronic kidney disease and to progress to end-stage renal disease (ERSD) than women, when all-cause incidence
rates are considered'?. Studies looking at outcomes in AKI patients have found that sex is an independent predic-
tor of mortality’*~'°. Consistent with clinical studies in AKI, animal research has also shown females are protected
against renal IRI'*"*8, In consequence, pre-clinical studies have been preferentially performed in males although,
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recently, the importance of defining pathophysiology and disease mechanisms for each sex is increasingly being
integrated into biomedical research.

In this study, we have established a renal IRI and recovery model in sexually mature male and female pigs to
analyze biochemical markers, histological lesions and molecular changes occurring in pre-ischemic, ischemic
and post-ischemic conditions. Thorough analyses of kidney transcriptomic data were performed using Gene
Set Enrichment Analysis (GSEA). Besides genes of clinical relevance, gene sets changing their expression pat-
tern in a sex-dependent manner at different time points (basal, injury and recovery) and gene sets differentially
expressed at the same time points between males and females were identified. Upon injury, changes in gene set
clusters related with immune cell regulation and steroid hormone response, among others, were more prominent
in males than females.

Overall, our analysis has brought novel insight into the sex-specific regulation of molecular pathways involved
in IRI and recovery. Thus, this study might serve as a resource to better correlate the clinical outcome of IRI
with underlying molecular processes that could eventually help to design sex-specific strategies to promote renal
regeneration in humans.

Results

Renal ischemia/reperfusion injury (IRI) pig model reveals sex-dependent structural and func-
tional renal changes

In order to study the changes in gene expression occurring after ischemia/reperfusion injury (IRI), we proceeded
to generate an IRI model in sexually mature pigs. Previous studies on the effects of warm ischemia'®-** reported
that periods greater than 30 min can lead to severe kidney damage and periods longer than 60 min irreversible
damage. Thereby, ischemic kidney injury was induced in single-kidney female and male pigs by clamping the
renal pedicle for 30 min and data was obtained before the surgery (PR), five minutes after ischemia (PS) and
one week later (WL) (schematized in Fig. 1A). To confirm our kidney injury-recovery pig model, blood urea
nitrogen (BUN) and serum creatinine (SCr) were measured at basal situation before injury (PR), at 5 min post-
reperfusion (PS) and at 24 h (1d), 72 h (3d) and one-week (WL) post-reperfusion (Fig. 1B). In pigs, normal SCr
values range from 0.6 to 1.6 mg/dL, which is in accordance with the values found in our study (1.14 mg/dL for
both males and females). Regarding BUN, normal levels in pigs range from 10 to 30 mg/dL, which fits with our
basal values as well (18 mg/dL and 15 mg/dL for males and females, respectively). The increment in SCr and
BUN levels was statistically significant 24 h after ischemia compared to normal basal values for both males and
females (SCr=2.97 mg/dL and 3.36 mg/dL, respectively; BUN =55 mg/dL and 58 mg/dL, respectively). Then
values gradually descended at 3 and 7 days post-surgery for sexes without reaching those at PR, which indicates
that the recovery process was still ongoing (Supplementary Table 1). For the scope of this study, we focused on
three time points (PR, PS and WL) for subsequent analyses.

No significant differences were detected between males and females regarding SCr and BUN parameters at
any time point (Fig. 1B). The fact that sex differences have been well documented in the incidence, the severity
and the mortality in AKI events in human and animal models, provides more relevance to our findings once
proved that SCr and BUN levels lack sex-specificity.

Kidney histopathological examination at PR, PS and WL showed near-normal renal morphology with changes
associated with sublethal injury including mild interstitial edema and mononuclear infiltration as well as tubular
injury associated to brush border diminishment*-?” (Fig. 1C). To assess if there was any difference between
males and females, we quantified tubular damage (Jablonski scoring system (SS)*) and interstitial mononuclear
infiltration. Our data revealed that tubular damage was more prominent in males than females (Levels 2-3 of
Jablonski SS: 40% of males at PS and 20% at WL vs. 0% of females at PS and WL) (Fig. 1D upper panel). On the
contrary, mononuclear infiltrates (level 1) were more common in females at PR (40% females vs. 0% males),
reached similar incidence for both sexes at PS (80% in both males and females) and remained present in 60%
of the females but not in males at WL (Fig. 1D lower panel). Altogether, females present more mononuclear
infiltrates than males, both at pre-surgery and at one-week after reperfusion, while males exhibit more tubular
injury than females at PS and WL. Importantly, according to biochemical and histological parameters, our data
indicate that recovery is still ongoing at 7 days post-reperfusion in both sexes.

Kidney transcriptome profiles across injury and recovery in female and male pig samples
Next, in order to identify the time- and sex-dependent molecular pathways relevant for IRI and recovery, we
performed a microarray-based gene expression analysis using samples from our IRI pig model. To investigate
major changes in the transcriptional response before, during and after IRI, we performed a hierarchical cluster-
ing of gene expression levels, represented as heatmaps that allowed the identification of common and distinct
patterns of regulation between different experimental conditions. In both males and females, time point com-
parison revealed a similar gene expression pattern between pre-ischemia (PR) and post-ischemia (PS), which
was radically different one week later (WL) (Fig. 2A). Interestingly, sex comparison results indicate that changes
in global gene expression observed at PR and PS between males and females disappear during the recovery phase
(WL) (Fig. 2B), with males exhibiting a global female-like phenotype during recovery.

Validation of microarray data by qRT-PCR

In order to assess the reliability of the microarray data, selected genes changing their expression in a time and
sex-dependent manner (IFIT3, FABP5, CXCI0, CD274, RSAD2) (Fig. 3A) were analyzed by qRT-PCR using
specific TagMan probes. Our data show that these genes chosen for the validation presented a similar pattern as
in the microarrays, therefore confirming the trustworthiness of the microarray data (Fig. 3B).
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Figure 1. Assessment of biochemical parameters and histological examination following porcine renal
ischemia/reperfusion injury. (A) Experimental design of renal unilateral IRI following contralateral
nephrectomy. Ischemia was induced for 30 min. Data were collected before injury, 5 min and 7 days following
renal clamping. (B) Measurement of blood urea nitrogen (BUN) and serum creatinine (SCr) levels in males
(blue) and females (red). The “y” axis represents blood urea nitrogen and serum creatinine concentration,
respectively, and the “x” axis represents the time points. Average values+ SEM are plotted in the graph (N=5).
(C) Representative images of different levels of tubular injury and interstitial infiltration in pig kidney. Arrows
indicate specifically damaged cells. Magnification =20X, scale bar =100 um. (D) Quantification of tubular injury
(upper panel) and interstitial infiltration (lower panel) scored by an expert pathologist was classified by group
and sex (males in blue, females in red). The y-axis represents the % of animals showing each level of injury or
infiltration, respectively. BUN blood urea nitrogen, PR pre-ischemia, PS post-ischemia, WL one week later.

*p<0.05.

mRNA levels of pig-selected genes relevant for IRI are conserved in humans

In order to study the conservation of the gene expression pattern in humans, selected genes showing sex-depend-
ent regulation by renal ischemia in pigs (i.e., IFIT3, FABP5, CXCLO, CD274, RSAD2) were analyzed in ischemic
kidney biopsies from men and women. Briefly, kidney biopsies of normal tissue were obtained from renal cancer
patients of both sexes undergoing nephrectomy. There were no significative differences in terms of patients’
clinical indexes relative to cardiovascular or renal pathology between both sexes (Supplementary table 11).
Non-tumoral post-ischemic tissues were collected after 30 min of ischemia, approximately, thus corresponding
to the post-surgery (PS) condition in our pig model. Next, we tested the mRNA levels of the selected genes in
these post-ischemic kidneys of men and women by quantitative PCR (qQRT-PCR). Importantly, from the five
genes analyzed, RSAD2, CXCL10 and CD274 showed the same expression pattern observed in the pig model
(RSAD2: men: 0.8462 +0.1322, women: 0.5015+0.1036; CXCL10: men: 0.7169 +0.1500, women: 0.4909 +0.0917;
CD274: men: 1.219+0.1505, women: 0.7965 +0.0608), while no differences were detected for FABP5 or IFIT3
between sexes (Fig. 3C). Overall, a partial correlation was found between the mRNA levels of both species, under
ischemic conditions.
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Figure 2. Hierarchical clustering of microarray assays based of kidney porcine throughout renal IRT in a

time and sex manner. Gene expression for males and females were compared at different time points (PR,

PS, and WL). (A) Heatmaps graphically illustrating the differences in the gene expression levels for the time
comparison in males (left) and females (right). Similar pattern of expression was observed for both sexes. (B)
Heatmap representing the difference in expression by comparing males and females at the same time point (sex
comparison). The green color represents genes with lower expression and the red color represent the ones with
higher expression. Genes represented in the heatmaps have an adj.p value<0.25 and |log FC| > 1. F female, M
male, PR pre-ischemia, PS post-ischemia, WL one week later.

Altogether, our data suggest that RSAD2, CXCL10 and CD274 might serve as noninvasive surrogated bio-
markers to predict ischemic injury and recovery in human kidneys.

Time comparison reveals differentially expressed genes throughout renal IRI
We have analyzed those transcripts altered throughout IRI (up- and down-regulated) to identify common and
exclusive genes for each time point (PR, PS, WL). In males, 174 genes were conserved between the WL versus
PR and WL versus PS comparisons, 52 genes were exclusive of WL versus PS comparison and 50 genes were
only found in the WL versus PR comparison. From the eight genes that are different between PS and PR, only
two (LEAP2, MIR505) are exclusive of this comparison (Fig. 4A). Our results revealed similar patterns for
each comparison in females, although lesser genes were altered compared to males. Specifically, 59 genes were
conserved between the WL versus PR and WL versus PS comparisons, 19 genes were exclusive of WL versus PS
comparison and 37 genes were only found in the WL versus PR comparison (Fig. 4B). Interestingly, one gene
(FOS) was shared between the WL versus PR and the PS versus PR comparisons. Finally, from the eight genes
differentially expressed between PS and PR, four are specific for this comparison (NKL, KLF5, DNAJBI and CPE).
Altogether, our data suggest that renal injury and recovery processes have a lower impact in females than
males. The overall number of differentially expressed genes in renal IRI and recovery in male and female pig
kidneys are reported in the supplementary Fig. 1 (adj. p value <0.25, without considering the fold change, sup-
plementary Fig. 1).

Sex comparison of gene expression during renal injury and repair

Fifty-one of the 53 differentially expressed genes between sexes at basal (PR) remained unchanged after injury
(PS), while 109 genes changed in males during this phase (Fig. 4C). It is very relevant to state that all gene expres-
sion changes found between males and females at PR and PS disappeared at WL and only two genes, SLC51A
and DHRS7, were differentially expressed between sexes in this phase. The number of differentially expressed
genes throughout renal IRI and recovery between males and females at the same time point are reported in sup-
plementary Fig. 2 (adj. p value <0.25 without considering the fold change, supplementary Fig. 2).

Role of androgens in the regulation of differentially expressed genes (DEG) during IRI
The aim of this study was to identify differences between male and females pig kidneys that could be of transla-
tional value for men and women. Our results showed a clear difference in gene expression between both sexes
during the IRI and the recovery process, thus we postulated that sexual hormones might have a role. Since andro-
gens have been related with worst outcome in experimental models and patients, we compared the gene expres-
sion profile of the top DEG between male and female pigs over IRI with data from a single castrated male (CM)
using the Ingenuity Pathways Analysis (IPA) software. The reasons to use a single CM is because pig castration
has become a social and ethical issue. Therefore, taking into account the aim of the study, we considered that one
single CM would be sufficient as a proof of concept to prove the androgenic control of certain genes in pig kidney.
Interestingly, the CM sample, which was not included in the enrichment pathway analyses, phenocopies the
gene expression pattern of females at basal conditions (PR) (Fig. 5A). Moreover, the CM does not completely
follow the gene expression pattern of males at PR and WL (Fig. 5B). Specifically, genes that follow a putative
androgen-dependent expression in PR (i.e., UBD, IFIT3, CXCL11, FBG, FGG, MX1, IFIT1 and CXCL10) show an
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Figure 3. Validation of porcine renal IRT microarray assays by QRT-PCR experiments followed by evaluation
of mRNA levels of selected targets in human ischemic kidney biopsies. (A) Expression values of five selected
targets from microarray assays displaying time and sex differences. (B) Relative mRNA levels of FABP5, IFIT3,
RSAD2, CXCL10, CD274 were measured and compared by qRT-PCR. For the time comparison, the different
time points (PR, PS, WL) were compared with each other for each sex (blue male, red female). For the sex
comparison, a selected time point in male was compared to the equivalent time point in female. Blue and red
lines represent a time comparison in male or female, respectively. Black lines represent sex comparison at
equivalent time points. (C) RSAD2, CXCL10, CD274, FABP5 and IFIT3 expression levels were evaluated by
qPCR in post-surgery (PS) conditions from samples of 36-80 and 53-83 years old men and women, respectively
(N>7). *p value<0.05; **p value <0.01; ***p value <0.001; ****p value <0.0001, ns: not significant. F female, M
male, PR pre-ischemia, PS post-ischemia, WL one week later.
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Figure 4. Venn diagrams of time and sex comparisons between males and females throughout renal IRI. Venn
diagrams depicting the number of commonly regulated genes (A) in male and (B) in females at different time
point comparisons: PS versus PR, WL versus PS and WL versus PR. Males showed an overall higher number of
regulated genes. (C) Venn diagrams depicting the number of commonly regulated genes in the sex comparison
at different time points: PR, PS and WL. Only two genes were commonly regulated one week following injury.
Genes represented only in italic are down-regulated, whereas genes in bold and italic are up-regulated. Genes
underlined are both up- and down-regulated in respective comparisons. Complete gene tables are available

in supplemental material. adj. p value <0.25 and log |FC | > 1. F female, M male, PR pre-ischemia, PS post-
ischemia, WL one week later.

opposite direction at WL between males and CM. On the other hand, those that are common between males and
CM (i.e., CKAP2, CENPF, CDC20, KIF20A, CCNA2, EPHB3, C6, SLC6A19 and FABP5) in PR, retain the same
pattern of expression at WL. These results suggest that androgens and male sexual hormones may contribute
to the sexual dimorphic expression pattern observed at basal conditions, in renal injury and during recovery.

Gene Set Enrichment Analysis (GSEA) reveals the importance of immune system related path-
ways during the recovery process in males
Our study has identified differentially expressed genes (DEG) between female and male pig kidneys at basal con-
ditions (PR), injury (PS) and recovery (WL). To gain mechanistic insight into time- and sex-related differences
that govern renal injury and recovery processes, we aimed to identify which biological pathways are differentially
expressed between groups using Gene Set Enrichment Analysis (GSEA).

As an example of the GSEA, here we show the comparison between males and females at one-week post
reperfusion (M.WL vs. EWL). For this particular comparison, the GSEA showed that over-represented clusters
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Figure 5. IPA heatmap gene expression representation of top regulated genes. Microarray data files of pig
experiments were uploaded in IPA software. Results were reported in hierarchical clustering of top up and down
regulated genes in (A) a sex- (MPR vs. FPR) and (B) time- (MPR vs. MWL) comparisons. Data from a castrated
male was compared with male and female pig expression patterns. The castrated male showed a gene expression
pattern similar to females. F female, M male, CM castrated male, PR pre-ischemia, WL one week later.

(in red) in males include: regulation and production of cytokines and interleukins, immune somatic recombina-
tion, microtubule cytoskeleton organization, actin organization and mitotic cycle transition. On the other hand,
under-represented clusters (in blue) contain nodes related with metabolism of fatty acids and steroid hormones,
nucleotide biosynthetic processes, amino acid catabolism and response to xenobiotic stimulus, amongst others
(Fig. 6A). Moreover, deeper analysis of each of these nodes led to specific gene sets. For instance, the somatic
recombination immune node (up-regulated) includes gene sets like lymphocyte activation or B-cell differentia-
tion; while the down-regulated node of fatty acids and steroid hormones includes metabolism of steroids or
metabolism of lipids (Fig. 6B). We performed the same analysis for the other sex and time comparison before,
after injury and during recovery. The lists of 10 top up- and down-regulated gene sets enriched for each com-
parison are reported in the supplementary tables 2—10. Overall, our results revealed the sex-specific regulation
of gene sets upon IRI.

Grouped enrichment analyses of sex and time comparisons show the gene sets controlling
renal injury and recovery

Besides individual comparisons and to get insight into the overall processes, we performed grouped comparison
visualization of the enrichment analyses. Heatmaps including the six time comparisons (EPS vs. EPR; FWL
vs. EPS; EWL vs. EPR; M.PS vs. M.PR; M.WL vs. M.PS; M.WL vs. M.PR) or the 3 sex comparisons (M.PR vs.
EPR, M.PS vs. EPS, M.\WL vs. EWL) were created. The addition of multiple comparisons in a single enrich-
ment map hindered an effective visualization of gene sets involved in chosen clusters. Nine clusters containing
high numbers of gene sets, which revealed their prominence in the processes under study, were selected from
the enrichment maps. The NES (normalized enrichment score) value of each of the gene sets included in the
nine clusters were indicated in heatmaps. The nine clusters are: (I) immune cell regulation, (II) morphogenesis
development migration, (III) ion transport transmembrane, (IV) apoptotic intrinsic extrinsic, (V) oxygen levels
hypoxia, (VI) alcohol biosynthetic process, (VII) steroid hormone response, (VIII) regulation hormone secretion
and (IX) phagocytosis endocytosis and invagination. Interestingly, the regulation of gene sets of a distinct cluster
varies amongst different comparisons (examples in Figs. 7A and 8A).
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Figure 6. Enrichment map example of over-represented genes in individual sex comparisons M.WL versus
EWL following GSEA analyses. (A) Representation of different clusters (nodes) regulated in the comparison.
The map allows visualization of clusters containing nodes in which red and blue represent up- or down-
regulated gene sets for each node, respectively. The clusters take their name from the most common containing
names of the nodes within the cluster. (B) Example of the different gene sets that form somatic recombination
immune and acid steroids fatty nodes, where red and blue nodes represent up- or down-regulated gene sets,
respectively (FDR: 0.01-0.1).

Grouped GSEA analyses reveal different temporal gene set regulation patterns after renal IRI and recovery
Heatmaps representing gene sets of previously selected clusters (for instance, the Immune cell regulation cluster
shown in Fig. 7A) allowed the visualization of five prominent temporal patterns of expression that are schemati-
cally represented in Fig. 7B. To simplify our analysis, we focused on gene sets that are over-regulated, assuming
that this leads to higher activity of those genes involved in IRI events. Importantly, gene sets from the nine clusters
can follow different or similar temporal patterns revealing coordinated expression (Fig. 7B and Tables 1, 2, 3, 4,
5). The five temporal patterns that we have identified are (Fig. 7C):

1. Pattern I includes gene set clusters that are over-represented during the recovery process in females (WL vs.
PS) and in the injury process in males (PS vs. PR) (see Table 1 for complete gene sets included in pattern 1).
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Figure 7. Patterns of gene sets regulation in male and female kidneys throughout renal IRI in the time
comparison. An example of the gene sets of selected clusters represented by hierarchical clustering. (A)
Heatmap (of time comparisons) was created with the normalized enrichment score (NES) values of the gene
sets calculated by GSEA analysis. The red and blue colors refer to gene sets that are over- or under-represented
in the heat-maps. (B) Five prominent patterns for time comparison were determined. (C) A summary of these
five temporal patterns is depicted in a diagram, where patterns displayed in each sex are illustrated by a colored
arrow positioned at the time point where they are up-regulated (PR, PS, WL). PR pre-ischemia, PS post-
ischemia, WL one week later.

2. Pattern 2 is composed of pathways over-represented during the recovery process (WL vs. PS) in females but
never found in males (Table 2).

3. Pattern 3 includes gene sets that are only over-represented in males during injury (PS vs. PR) (Table 3).

4. Pattern 4 is composed of gene sets over-represented during the recovery process (WL vs. PS) and at one-week
post-reperfusion (WL vs. PR) in females; and also over-represented only during injury in males (PS vs. PR)
(Table 4).

5. Pattern 5 involves pathways that are over-represented only during injury in both sexes (PS vs. PR) (Table 5).

GSEA analyses reveal four sex-dependent gene set regulation patterns

Finally, we have created heatmaps for the sex comparison (for example, for the immune cell regulation cluster
shown in Fig. 8A), which revealed four prominent sex-dependent patterns (from A to D) schematically shown
in Fig. 8B. We performed the same type of analysis as for time comparison to regroup the gene sets and clusters
that shared similar expression pattern (Tables 6, 7, 8, 9) (Fig. 8C).

e Pattern A includes gene sets that are up-regulated in males versus females both at basal conditions (PR) and
after injury (PS) (Table 6).
® Pattern B includes over-represented gene sets in males at injury (PS) (Table 7).

Scientific Reports |  (2022) 12:6926 | https://doi.org/10.1038/s41598-022-10352-3 nature portfolio



www.nature.com/scientificreports/

A) Immune cell regulation
Males vs Females
M Males vs Females p——
Row Z:Scoro PR PS WL o .
organelle localization by membrane tethering
organelle assembly
nuclear division
regulation of cell cycle G2/M phase transition
cell cycle G2/M phase transition
G2/M transition of mitotic cell cycle
nuclear chromosome segregation
microtubule cytoskeleton organization involved in
mitosis
2] regulation of microtubule-based process
regulation of microtubule cytoskeleton organization
E microtubule cytoskeleton organization
@ centrosome cycle \c
icrotubule organizi izati
H microtubule organizing center organization
microtubule-based process
H meiotic cell cycle
< cilium assembly
Ay cilium assembly
cilium assembly
cilium organization
organelle biogenesis and maintenance
B) O
BASAL ——> INJURY —> RECOVERY )
Sex-dependent Patterns (PR) (PS) (WL) e
< 7 - Tubular cells
wn | 3| - :
Z | z Prenfammato
Males vs Females 2| g \ S
— =
PR PS WL = .
E e - Phagocitosis
Z
& .
2| )
[-® = Males vs females - Cell proliferation
=
& . . . | eeee— W W
>I< a - Cell migration
?D g - E;:: dif}crénlinlian
Figure 8. Patterns of gene sets regulation in male and female kidneys throughout renal IRI in the sex
comparison. Gene sets of selected clusters were represented by hierarchical clustering. (A) Heatmaps (of sex
comparisons) were created with the normalized enrichment score (NES) values of the gene sets calculated by
GSEA analysis. The red and blue colors refer to gene sets that are over- or under-represented in the heat-maps.
(B) Four prominent patterns for sex comparison were determined. (C) A summary of these four temporal
patterns is depicted in a diagram. PR pre-ischemia, PS post-ischemia, WL one week later.
e Pattern Cincludes pathways over-represented in males at injury (PS) and after one-week reperfusion (WL)
(Table 8).
e Pattern D is followed by pathways over-activated in males one week after reperfusion (Table 9).
Discussion
Ischemia is the most common etiology for acute kidney injury (AKI) and one of the main contributors to morbid-
ity and mortality in the hospital setting, as it affects 1 out of 5 patients in emergency admissions®. Experimental
studies have also shown that AKI is associated with mild-to-moderate acute injury in organs distant form the
kidney such as the liver, lung or brain therefore precipitating or aggravating other conditions that may have
significant impact on patients’ morbidity and life expectancy™. The initiating insult might be irreversible but,
in many cases, timely intervention to restore renal perfusion may mitigate the severity of evolving ischemic
AKI, by preventing still functioning tissue from progressing to overt injury. AKI occurrence also displays sex
differences, men being generally more prone to suffer from AKI, to progress more frequently to chronic kidney
disease (CKD) and to end stage-renal disease (ESRD)>".
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Positive regulation of T cell activation and differentiation

Positive regulation of cell-cell adhesion

Positive regulation of mononuclear cell migration

II-Morphogenesis development migration Regulation of leukocyte migration

Positive regulation of leukocyte chemotaxis
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III-Ion transport transmembrane

Negative regulation of phosphate metabolic process

Regulation of cholesterol metabolic process

Alcohol biosynthetic process

VI-Alcohol biosynthetic process Steroid biosynthetic process

Steroid metabolic process

Lipid metabolism

VII-Steroid hormone response Response to organonitrogen compound

Phagocytosis, engulfment

Regulation of endocytosis

IX-Phagocytosis endocytosis invagination
Regulation of vesicle-mediated transport

Endocytosis

Table 1. Summary of clusters and gene sets included in the pattern 1 for the renal IRI time comparison.
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I-Immune cell regulation Necrotic cell death
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Positive regulation of adaptive immune response

Negative regulation of blood vessel morphogenesis

II-Morphogenesis development migration Negative regulation of angiogenesis

Negative regulation of epithelial cell proliferation

Positive regulation of endocytosis

IX-Phagocytosis endocytosis invagination Membrane invagination

Receptor metabolic process

Table 2. Summary of clusters and gene sets included in the pattern 2 for the renal IRI time comparison.
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Cellular response to insulin

Cellular response to hormone

VIII-Regulation hormone secretion

Positive regulation of hormone secretion

Protein transport

Protein localization
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Table 3. Summary of clusters and gene sets included in the pattern 3 for the renal IRI time comparison.

Novel renal Ischemia/Reperfusion Injury (IRI) pig model

Pigs represent the gold standard model for renal transplantation research and studies involving IRI in tubule
interstitial fibrosis development. Pigs present advantages over other animal models because their similarities with
humans (e.g. genome, size, metabolism and renal anatomy)**-%, being some biochemical parameters identical
(e.g. SCr and BUN)?*+?>3, Importantly, the size of their kidney allows sample collection at different time points
from same animal, overcoming the individual variability and disparity that might occur in rodents. Moreover,
as indicated in the Materials and Methods section, samples were comparable since we took the same amount
of tissue from the same part of the kidney for all animals. This is an extremely privileged situation for the study
of sex- and temporal- dependent structural, biochemical and molecular events occurring in kidney injury/
regeneration processes, in a model that is the closest possible to humans. Additionally, data collection from a
porcine model has a significant advantage over data coming from clinical reports since the former can pinpoint
and clearly define ischemia-related events versus other concomitant factors that may occur in patients.

Our IRI pig model presents the highest SCr and BUN values, markers of renal injury, at 24 h post-reperfusion
in both males and females. Their levels gradually descend and remain slightly elevated seven days after injury,
which indicates an ongoing recovery process. This reproduces the course of ischemic AKI observed in patients,
where the process from insult to first evidence of recovery takes between 7 and 21 days®. Although both sexes
showed similar levels of SCr and BUN, kidney histopathological examination revealed sublethal injury with
higher mononuclear infiltrates in females than males. These data correlate with the immune response sexual
dimorphic pattern observed in humans®*. On the other hand, tubular injury associated to brush border dimin-
ishment was still present in males at 7 days post-injury. This indicates that the renal recovery after IRI is delayed
in males compared to females, suggesting a role for sexual hormones in this process.
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Table 4.

Summary of clusters and gene sets included in the pattern 4 for the renal IRI time comparison.
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Table 5. Summary of clusters and gene sets included in the pattern 5 for the renal IRI time comparison.

Identification of sexual dimorphism in the time-specific gene expression controlling renal IRI
and recovery
The first key result of this IRI pig model is that males exhibit stronger global gene expression changes during
injury and recovery than females. It is striking the opposite expression pattern observed in males compared to
females even at basal (PR) or during injury (PS), which is completely reversed with males acquiring a female-like
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Table 6. Summary of clusters and gene sets included in the pattern A for the renal IRI sex comparison.

gene expression pattern at 7 days post-surgery (WL). Altogether, these data point to a clear role for the sexual
hormones in the protection against IRI and recovery after renal injury. Only two genes (SLC51A and DHRS?)
remain differentially expressed at 7-day post-surgery between males and females. DHRS7 encodes for the sev-
enth member of the short-chain dehydrogenases/reductases (SDR) family, which metabolize many different
compounds, including steroid hormones®. SLC51A encodes the alpha subunit of the organic solute transporter
alpha/beta (OSTa/f), which is a heteromeric solute carrier protein that transports bile acids, steroid metabolites
and drugs into and out of cells*’. The differential regulation between sexes of genes that metabolize and transport
sex steroid hormones during recovery suggests a link between their expression and renal repair after injury.

Amongst the genes with differential expression between females and males at basal conditions or during
injury, but exhibiting similar levels during recovery, the ones with the highest differences are those related with
immune and inflammatory processes. For example, interferon signaling pathways related genes (MX1, IFIT3
and GBP1), interferon responding genes (CXCL9, CXCL10 and CXCL11), programmed cell death 1 ligand 1
(PDL1/CD274), inflammatory response protein 6 (IRG6/ RSAD?2) and a protease that cleaves complement com-
ponents C2 and C4 (MASP2)*. All these genes are strongly and significantly overexpressed in males compared
to females at basal conditions or right after injury, with no differences at seven-days post-injury indicating that
they acquire a female-like expression phenotype.

Nevertheless, albeit presenting similar expression of immune related genes at recovery, the histopathological
analysis shows higher mononuclear infiltrate in females. A possible explanation is that same ligands can have
different effects depending on the cell type. For instance, chemokines CXCL9, CXCL10 and CXCL11 are ligands
of the CXCR3 receptor and play important roles in the activation and stimulation of the immune system against
foreign antigens*?. However, CXCR3 positive T regulatory (Treg) cells infiltration are beneficial for proper kidney
allograft function®. This dual effect could explain why females are more protected against IRI than males. One
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Table 7. Summary of clusters and gene sets included in the pattern D for the renal IRI sex comparison.
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Table 8. Summary of clusters and gene sets included in the pattern C for the renal IRI sex comparison.

of the limitations of our study has been the poor performance of available antibodies to detect pig proteins by
WB and THQ assays, thus enabling us to correlate differential gene expression with immune cell infiltrates in
kidney tissues.

Role of sexual hormones in the regulation of IRl and renal recovery controlling genes

Our data showed that the expression pattern of putative sex-regulated genes in the castrated male was closer to
females than males, confirming the impact of male sexual hormones on IRI and recovery. This is the case, for
example, for FABP5, CD274, IFIT3 and CXCL10 genes, likely indicating the androgen-dependent regulation
of their expression. In fact, FABP5 has been found to be a potential therapeutic target in prostate cancer, an
androgen-dependent cancer type*%. Moreover, androgens have been shown to up-regulate CXCL10 expression
in prostate epithelial cells®.

Comparison between humans and pigs data: PDL1 as a candidate

An important part of our study was to prove the correlation between pigs and humans, so our discoveries could
be used to treat renal IRI. Our data from human samples show that the expression levels of CXCL10, RSAD2 and
CD274 (PDL1) are lower in females than males, similar to what was observed in our pig model. Amongst them,
CD274/PDL1 is one of the most interesting candidates. This protein is a ligand of PD-1, a negative co-stimulatory
molecule expressed by T lymphocytes, monocytes, dendritic cells, and B cells*. The interaction between PD-1
and PDLLI, present on antigen-presenting cells and tumor cells, constitutes an immune checkpoint through which
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Table 9. Summary of clusters and gene sets included in the pattern B for the renal IRI sex comparison.

tumors can induce T-cell tolerance and avoid immune destruction®. It appears that PDL1 on non-immune cells
participates in Treg-mediated protection against kidney IRI and AKI¥. However, further research is required to
study how PDL1 lower levels in females can protect them against injury.

Time and sex-dependent IRl and repair pathways
Besides individual genes, our —omics data allowed the identification of clusters containing gene sets relevant for
processes associated with renal IRI and recovery, providing evidence of their sex- and temporal-regulated fashion.

Sex and time comparison of gene sets of most prominent clusters

Here we have identified five temporal patterns for different gene clusters and four sex-dependent patterns. The
behavior of these temporal and sex-dependent patterns is summarized in Figs. 7C and 8C. First, early after IRI
(PR to PS), genes following pattern 5 are activated in both males and females, but males also specifically activate
the genes following pattern 3. Interestingly, pattern I and pattern 4 include genes expressed after injury in males,
but one week later (recovery) in females. Finally, the pattern 2 is specific for females one week after the injury. In
order to understand the meaning of this temporal and sex-dependent regulation, as well as the clusters activated
at each time point, we propose the following:

In the early phases of renal IRI, reduced oxygen supply to metabolically active tubular epithelial cells lowers
oxidative metabolism and depletes cell supplies of high-energy phosphate compounds. Reperfusion restores
the oxygen supply, which results in mitochondrial impairment, enhances oxygen free radicals formation and,
therefore, causes more injury*®. Interestingly, males and females react differently to this situation. Males activate
gene sets in response to a decrease in oxygen levels and hypoxia (Pattern 3), while females show negative regula-
tion of angiogenesis during the recovery phase (Pattern 2). Altogether, our data likely indicate that males suffer
more from the lack of oxygen than females.

Tubular epithelial cell apoptosis is the key pathophysiological alteration occurring in IRI, and defines the extent
of the damage to kidney function*. This process mainly occurs through the intrinsic pathway* by p53, which
is highly activated in males at both basal and injury conditions (Pattern A), suggesting that males are preferen-
tially affected by apoptotic damage. This fits well with the histopathological results showing more tubular injury
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associated to brush border diminishment in males than females. Androgens are known to inhibit apoptosis and
promote growth®>*!, However, upon cellular stress, they can also promote stress-mediated apoptosis by enhancing
mitochondrial translocation of the proapoptotic protein Bax, which plays a critical role in the intrinsic apoptotic
pathway via mitochondrial membrane permeabilization®.

Another process leading to tubular epithelial cell death is necrosis. Necrotic cell death is accompanied by
the release of immunogenic cellular components collectively known as damage-associated molecular patterns
(DAMPs), which cause severe tissue damage, leading to systemic inflammation®. Apoptosis and regulated necro-
sis can occur at the same time in the same kidney compartment, as they are not mutually exclusive and coexist
in many renal pathological conditions*®. Gene sets related with necrotic cell death are upregulated in females
during recovery (Pattern 2), occurring later than apoptosis in males. Interestingly, our results point to sex hor-
mones as a relevant factor pushing towards apoptosis or necrosis in front of the same trigger and intensity event.

During IRI, both sexes activate gene sets related with DNA damage, the innate immune response, T cell acti-
vation, cytokine secretion and cell cycle arrest, which are downregulated during recovery (Pattern 5). Together
with tubular epithelial cells, macrophages produce proinflammatory cytokines, thus contributing to injury. Gene
sets and clusters controlling these pathways are preferentially upregulated in males (Pattern 3). Besides, males
also present enhanced activation of pro-inflammatory pathways (e.g., TNF alpha and IFNy production, NFKB
signaling and complement cascade) not only during injury but also at basal situation (Pattern A). Concomitantly,
negative regulation of MAP kinase activity and positive regulation of hormone metabolism processes also occur
in both sexes, contributing to the reestablishment of cellular homeostasis.

Although the immune response has an important role during these processes for both sexes, gene sets involved
on immune cell regulation, mononuclear cell migration, leukocyte chemotaxis, phagocytosis and engulfment
are activated at different time points in males and females. Genes following patterns 1 and 4 are active at injury
in males but enhanced in females during recovery, which correlates with the apoptotic and necrotic events
occurring in males and females at these time points, respectively. Our histology data also revealed higher mono-
nuclear infiltrates in females at recovery, which is in agreement with gene sets following pattern 2 (upregulated
in females during recovery) controlling inflammatory response, TNF alpha production, humoral response and
adaptive immune responses. These processes are even clearer when we compare male and female at the same
time points, which reveals that genes related to phagocytosis are more activated in males at injury and during
recovery (Pattern C and Pattern D).

The renal tubular epithelium has a huge capacity for regeneration after injury. During the repair process, sur-
viving tubular cells actively proliferate and differentiate into mature tubular cells to reconstruct their functional
structures. Regeneration of the tubular system is essential for recovery from AKI and a clear marker of patient
morbidity*. The clinical end-point of abnormal repair is chronic kidney disease that is reflected, histologically,
by tubular atrophy and renal fibrosis due to myofibroblast proliferation and deposition of extra-cellular matrix®.
Regeneration involves actions of endogenous inhibitors of inflammation, up-regulation of repair genes, actions
of the immune system, clearance of necrotic and apoptotic cells and tubular regeneration”. Gene sets regulat-
ing these pro-regenerative processes through the immune system are activated one week after the injury in our
model, especially in females (Pattern 4). We also observed that gene sets related to extra-cellular matrix and
cellular migration are upregulated in males during injury (Pattern 3), which indicates an effort to replace lost
cells to repair the tubular system, a phenomenon that usually occurs within less than a week*.

As shown by gene sets included in Pattern C, males show a positive regulation of Wnt signaling pathway, endo-
cytosis and engulfment at injury and during recovery, likely reflecting that injury has a stronger effect in males. It
is also apparent a negative regulation of the intrinsic apoptotic pathway during injury (Pattern B) possibly due to
the induction of EMT (epithelial-mesenchymal transition) in males (Pattern 3). The EMT activation together with
increased epithelial and endothelial cell proliferation that occurs in males during injury and recovery (Pattern
C) might allow males to recover from the ischemic insult. Moreover, the migratory capacity provided by EMT
enables these transitional cells to invade the basement membrane and repopulate the injured tubules®. Pattern D
shows that males at recovery exhibit augmented transcriptional programs related with endothelial cell migration
and differentiation, kidney development, morphogenesis and epithelium recovery, associated to the activation of
canonical and non-canonical Wnt signaling. Activation of Wnt/p-catenin seems to be instrumental for tubular
repair and regeneration after AKI, recapitulating the role of Wnt signaling in kidney embryonic development™.

Conclusions

Our results show that sex hormone have an impact on the type of gene sets regulated in the kidney during IRI
and recovery and also on the timing of their activity. Steroid biosynthesis, hormone secretion and hormones
transport are up-regulated in males compared to females in basal conditions and after injury. These differences
are abolished one-week after injury, fitting with the feminized gene expression pattern shown by males during
recovery, which might likely represent a survival mechanism to diminish androgen promotion of stress-mediated
apoptosis. Altogether, our study provides a template to further characterize renal IRI in a temporal and sex spe-
cific manner that might bring us one step closer to the development of effective treatment strategies for kidney
diseases in the human population.

Materials and methods

Animals

This study was conducted using farm pigs, hybrids between Large White and Landrace. Five females, five males
and one castrated male of four months old, free of specific pathogens, between 30 and 40 kg of weight were
included in this study. This age range was chosen due to the sexual maturity of the animal, allowing hormone
effects. Regarding the number of animals per group, we follow the three Rs principle (Reduce, Replace, Refine)
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in our experimental design. In addition, there are several ethical issues to be considered when using pigs as
experimental model®. Finally, the fact that we can take samples from the same animals at different time points,
reduces variability, therefore requiring a lower number of animals per group. All animal experiments complied
with the ARRIVE guidelines. All animal care and procedures were performed in accordance with the require-
ments of the European laws on the protection of animals used for scientific and experimental purposes (86/609
EEC), and has the approval by the Experimental Ethics Committee of the Vall d’Hebron Institute of Research
(VHIR) (34/08 EAEC).

Experimental design

On the first day of surgery, expert urology surgeons from the team practiced a laparoscopic left nephrectomy
followed by 30 min of warm ischemia in the right kidney. The left kidney was defined as control tissue at basal
state (PR), clear form injury. By performing a left nephrectomy, the compensation of the other kidney to maintain
renal function during ischemia-reperfusion injury was prevented. Upon ischemia, the lower pole of the kidney
was removed (approximately 3 cm of kidney parenchyma) and after suturing, and 5 more minutes of arterial
reperfusion, an upper polar biopsy was obtained (approximately 1 cm of renal parenchyma). Animals were
housed until day 7-post surgery, when a laparoscopic nephrectomy of the right kidney was performed. Pigs were
then euthanized at that point. Overall, three kidney biopsies were collected for each animal: prior to injury (PR),
5 min following 30 min of ischemia (PS) and one week after ischemia (WL) (Fig. 1A). In addition to tissues, blood
samples were collected at the different time points of the experiment including 1 and 3 days following ischemia.

Assessment of renal injury by serum analysis

Creatinine and urea serum levels were analyzed on blood samples obtained through the cannulation of the carotid
artery and the internal jugular vein (placed during the first surgery). The catheters subcutaneously tunneled were
kept until the end of the experiment for each animal. The determination of serum creatinine was performed by
the buffered kinetic reaction of Jaffe (diagnostic system of Boehringer Mannheim) with a Roche / Hitachi 917
system. Serum urea determination was performed by extracting 3 ml of blood with heparin to extract plasma
(GD kinetic UV, Human, No. 10521). Measures were taken with a Cobas Mira Plus®6 autoanalyzer and a Hitachi
4020° spectrophotometer.

Assessment of renal injury by histological examination

All animals underwent baseline renal biopsies followed by subsequent biopsies just after ischemia and one-week
after injury. Samples were prepared by 10% formalin fixation and paraffin embedding, followed by staining with
hematoxylin and eosin and Periodic acid-Schiff. A blinded pathologist using standard light microscopy assessed
the degree of lesions at the tubular and interstitial level of all biopsy samples. The epithelial tubular affectation
was scored as follow: 0: absence or dilation with reduction of the brush border; 1: proximal vacuolization with
some isolated necrotic cell; 2: proximal vacuolization with disseminated necrotic cells; 3: proximal vacuolization
with groups of necrotic cells. The Interstitial affection was score thereby: 0: absence of inflammatory infiltrate
or <10% of parenchyma; 1: inflammatory infiltrate 10-25% of the parenchyma; 2: Inflammatory infiltrate 25-50%
of the parenchyma; 3: Inflammatory infiltrate > 50% of the parenchyma.

Microarray experiment

RNA was extracted from the PR, PS and WL kidney biopsies from each animal. The extractions were performed
starting from 50 mg of each biopsy performed with the NZyol Kit following manufacturer instructions (Nzytech
genes & enzymes). Microarray hybridization was carried out at High Technology Unit (UAT) at VHIR. RNA
integrity was assessed by Agilent 2100 Bioanalyzer (Agilent, Palo Alto, Ca). Only samples with similar RNA integ-
rity number were accepted for microarray analysis. Gene Titan Affymetrix microarray platform and the Genechip
Porcine Gene 2.1 ST 16-Array plate were used for this experiment. This array analyzes gene expression patterns
on a whole-genome scale on a single array with probes covering many exons on the target genome, and thus
permitting expression summarization at the exon level or gene level. Starting material was 200 ng of total RNA
of each sample. Briefly, sense ssDNA suitable for labeling was generated from total RNA with the GeneChip WT
Plus Reagent Kit from Affymetrix (Affymetrix, Santa Clara, CA) according to the manufacturer’s instructions.
Sense ssDNA was fragmented, labeled and hybridized to the arrays with the GeneChip WT Terminal Labeling
and Hybridization Kit from the same manufacturer.

Microarray data analysis

All microarray data in this publication have been deposited in NCBI’s Gene Expression Omnibus®>*® and are
accessible through GEO Series accession number GSE259281 (https://www.ncbi.nlm.nih.gov/geo/query/acc.
cgi?acc=GSE259281). Bioinformatic analysis was performed at the Statistics and Bioinformatics Unit (UEB) at
VHIR. Robust Multi-array Average (RMA) algorithm® was used for pre-processing microarray data. Background
adjustment, normalization and summarization of raw core probe expression values were defined so that the
exon level values were averaged to yield one expression value per gene. The analysis was done considering the
experimental factors (time points and sex) and taking into account the pairing between samples in most of the
comparisons performed. Data were subjected to non-specific filtering to remove low signal and low variability
genes. Conservative thresholds were used to reduce possible false negative results. This yields a list of 3435 genes
to be analyzed. Selection of differentially expressed genes was based on a linear model analysis with empirical
Bayes modification for the variance estimates®. This method is similar to using a ‘t-test’ with an improved esti-
mate of the variance. To account for multiple testing, p values were adjusted to obtain stronger control over the
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false discovery rate (FDR), as described by the Benjamini and Hochberg method®!. Genes with adjusted p value
below 0.05 and absolute value of log2 fold change over 1 were called differentially expressed.

Quantitative Reverse-transcription polymerase chain reaction (QRT-PCR)
Microarray experiments were validated by qRT-PCR experiments. Up to 2 pg of total RNA was retro-transcribed
using the High-Capacity RNA-to-cDNA Master Mix (Applied Biosystems) and used to perform quantitative gene
expression analyses using TagMan® Gene Expression Master Mix (Applied Biosystems). qPCR was performed in
a7900HT Fast Real Time PCR system (Applied Biosystems, Inc.) These specific TagMan probes were used: IFIT3
(Ss04248506_s1); FABP5 (Ss03392150_m1); CXCL10 (Ss03391845_g1); CD274 (Ss03391947_m1) and RSAD2
(Ss03381589_ul). To confirm the use of equal amounts of RNA in each reaction, all samples were examined in
parallel for beta-actin (Ss03376160_ul). Triplicate PCR amplifications were performed for each sample. mRNA
levels of human ischemic kidney biopsies were also measured at the same conditions. Non-tumoral post-ischemic
renal tissues from 10 men and 9 women (36-83 years old) undergoing nephrectomy for renal cancer treatment
were collected after 30 min of ischemia, thus corresponding to the post-surgery (PS) condition in our pig model.
Description of patient’s relevant clinical indexes, especially those which may affect kidney (cardiovascular pathol-
ogy, diabetes and renal pathology, mainly) is included in supplementary table 11 (Supplementary table 11).
None of the patients had undergone chemotherapy or immunotherapy before nephrectomy. Specific TagMan
probes were used: IFIT3 (Hs01922752_s1); FABP5 (Hs02339439_g1); CXCL10 (Hs00171042_m1) CD274
(Hs00204257_m1) and RSAD2 (Hs00369813_m1) for qRT-PCR experiments. To confirm the use of equal
amounts of RNA in each reaction, all samples were examined in parallel for beta-actin (Hs01060665_g1). Patient
enrollment for these studies was done in collaboration with the Urology Service of the Vall d' Hebron Hospital.
The study was approved by the Review Board of the Vall d'Hebron Hospital and informed consent was obtained
from all patients before surgery (Ethics Committee reference: 00003437).

Ingenuity pathway analysis (IPA)

Ingenuity Pathway Analysis (IPA) to study the microarray data was conducted using the Qiagen software (https://
digitalinsights.qiagen.com/). In our study, IPA was used to detect and overlap the most significant regulated genes
across different time and sex comparisons. A distinct data-filtering criterion was set: a log fold change cut-off
of +0.5. An individual analysis was performed for each comparison and the top 10 genes up- and down-regulated
were reported. Their expression was represented in heatmaps.

Gene set enrichment analysis (GSEA) based pathway enrichment analysis

Pathway enrichment analysis was carried out by searching for enriched gene sets (e.g. pathways, molecular func-
tional categories, complexes) for the different microarray comparisons using GSEA as previously described®? and
depicted in Figure Supp3. The pathway gene set definition (GMT) files loaded on the software were created with
the archived instance of g:Profiler (Ensembl 93, Ensembl Genomes 40 (rev 1760, build date 2018-10-02) with a
p value cutoff: 0.01 for the microarray files. We used “gene set permutation” with 200 permutations to compute
p values for enriched gene-sets, followed by GSEA’s standard multiple testing correction.

Enrichment map pathway analysis visualization

The resulting enrichment results were visualized with the Enrichment Map plugin for the Cytoscape network
visualization and analysis software. We loaded GSEA individual dataset using an FDR threshold between 0.01
and 0.1. A multi-dataset enrichment map comprising all comparisons was created with an FDR of 0.25. In the
enrichment maps, each gene set is symbolized by a node in the network. Node size corresponds to the number
of genes comprising the gene-set. The enrichment scores for the gene-set are represented by the node’s color (red
indicates up-regulation, blue represents down-regulation). To identify redundancies between gene sets, the nodes
are connected with edges if their contents overlap by more than 50%. The thickness of the edge corresponds to
the size of the overlap. The 3.7.1 Cytoscape version®® was used with the following apps: EnrichmentMap®>%4,
clusterMaker2%, WordCloud,*, NetworkAnalyzer®” and AutoAnnotate®®. Pathways are shown as circles (nodes)
that are connected with lines (edges) if the pathways share many genes. Nodes are colored by ES, blue and red
meaning down and up-regulated pathways, respectively. Edges are sized on the basis of the number of genes
shared by the connected pathways. Network layout and clustering algorithms automatically group similar path-
ways into major biological themes. The EnrichmentMap software takes as input a text file containing pathway
enrichment analysis results and another text file containing the pathway gene sets used in the original enrichment
analysis. Gene sets were also visualized by heatmaps using online Heatmapper tool®.

Statistics

Results were expressed as the mean + standard error of the mean (SEM). Student’s t-test (two-tailed) was used
for statistical analysis. A P value of less than 0.05 was considered to indicate statistically-significant differences.
Statistical analyses were made with commercially available software (GraphPad Prism, version 6.00 for Win-
dows, GraphPad Software, La Jolla California USA). Bioinformatic Analysis was performed using the free R and
Bioinformatic software.

Data availability
All microarray data in this publication have been deposited in NCBI’s Gene Expression Omnibus®>** and are
accessible through GEO Series accession number GSE259281 (https://www.ncbi.nlm.nih.gov/geo/query/acc.
cgi?acc=GSE259281).
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