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Female sex protects against development of acute kidney injury (AKI). While sex hor-
mones may be involved in protection, the role of differential gene expression is un-
known. We conducted gene profiling in male and female mice with or without kidney
ischemia–reperfusion injury (IRI). Mice underwent bilateral renal pedicle clamping (30 min),
and tissues were collected 24 h after reperfusion. RNA-sequencing (RNA-Seq) was per-
formed on proximal tubules (PTs) and kidney endothelial cells. Female mice were resistant
to ischemic injury compared with males, determined by plasma creatinine and neutrophil
gelatinase-associated lipocalin (NGAL), histologic scores, neutrophil infiltration, and extent
of apoptosis. Sham mice had sex-specific gene disparities in PT and endothelium, and male
mice showed profound gene dysregulation with ischemia–reperfusion compared with fe-
males. After ischemia PTs from females exhibited smaller increases compared with males in
injury-associated genes lipocalin-2 (Lcn2), hepatitis A virus cellular receptor 1 (Havcr1), and
keratin 18 (Krt18), and no up-regulation of SRY-Box transcription factor 9 (Sox9) or keratin
20 (Krt20). Endothelial up-regulation of adhesion molecules and cytokines/chemokines oc-
curred in males, but not females. Up-regulated genes in male ischemic PTs were linked to
tumor necrosis factor (TNF) and Toll-like receptor (TLR) pathways, while female ischemic PTs
showed up-regulated genes in pathways related to transport. The data highlight sex-specific
gene expression differences in male and female PTs and endothelium before and after is-
chemic injury that may underlie disparities in susceptibility to AKI.

Introduction
Acute kidney injury (AKI) affects up to 5% of hospitalized patients, with a high prevalence in critical care
units [1], and there are no effective treatments. Recovery from AKI is associated with adverse outcomes,
including a three-fold increased risk of chronic kidney disease (CKD), and a two-fold increase in mortality
[2]. In humans, AKI is commonly caused by ischemia–reperfusion injury (IRI), which targets cells of
the proximal tubule (PT) leading to necrosis and apoptosis [3,4]. IRI also causes significant endothelial
dysfunction, which exacerbates hypoxic injury and contributes to transition to CKD [5].

The majority of experimental studies of kidney IRI has been conducted in male animals, and lack of
female data has limited translation for human application [6]. Animal studies suggest that in ischemic AKI,
female sex confers protection compared with males [7–10]. This sex dimorphism appears to extend to
human AKI. In a United Kingdom database study between 1998 and 2013, men had a 2.19-fold greater risk
for dialysis requirement with AKI compared with women [11]. Furthermore, a meta-analysis found that
the risk of hospital-associated AKI was significantly greater in men than women, supporting a protective
effect of female sex [12].
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Sex hormones regulate cellular pathways involved in kidney IRI and have been implicated in defining AKI suscep-
tibility [6–9,13,14]. However, the potential role of sex dimorphism in gene expression remains unexplored. In this
regard, significant sex differences in transcriptome profiles have been reported in PTs from healthy mice [15,16], al-
though it is not known if sex differences in the transcriptome occur after ischemic injury. Accordingly, the objective
of the present study was to compare renal gene expression profiles in male and female mice with kidney ischemic
injury. To identify genes of potential pathophysiologic relevance in kidney IRI, we focused our studies on two cell
types that are key targets of ischemic injury: PTs and endothelial cells. Our results demonstrate that females are resis-
tant to kidney IRI, and reveal profound sex disparities in genes with or without IRI. The distinct gene profiles predict
alterations in biological processes that may underlie sex differences in AKI susceptibility.

Materials and methods
Kidney ischemia–reperfusion
Seven- to ten-week-old male and female friend leukemia virus B (FVB/N) mice (Charles River Laboratories, Sen-
neville, Quebec, Canada) were anesthetized by inhalation of 1–4% isoflurane (Fresenius Kabi, Toronto, Ontario,
Canada), and bilateral kidney IRI was performed as described [17–19]. Briefly, mice were placed on a homeothermic
blanket (Harvard Apparatus, Holliston, MA, U.S.A.) to maintain body temperature at 37◦C throughout the experi-
ment. After anesthesia, the kidneys were exposed and serrefine surgical clamps were placed on the renal artery and
vein of each kidney for 30 min, followed by removal of the clamps (reperfusion). Sham mice were subjected to iden-
tical surgery without renal vascular clamping. Mice were killed 24 h after reperfusion for blood and tissue collection.
For the present study, all mice were housed in Tecniplast IVC cages within the animal care facility, in a humidified
environment (50–70%) with positive air pressure at temperature range of 19–21◦C, with full access to food (Envigo
Teklad 2018, Envigo, Mississauga, ON, Canada) and water. Female mice were not screened for the stage of the estrus
cycle. The surgical procedures were performed at the experimental surgical area of the Animal Care and Veterinary
Services at the University of Ottawa. The protocol was approved by the Animal Care Ethics Committee at the Uni-
versity of Ottawa and performed according to the recommendations of the Canadian Council for Animal Care.

Biochemistry
Plasma creatinine levels were analyzed by cation-exchange high-performance liquid chromatography, and plasma
urea was measured using a urea assay kit (Abcam, Cambridge, U.K.) [17–19].

Neutrophil gelatinase-associated lipocalin determination
Plasma neutrophil gelatinase-associated lipocalin (NGAL) levels were detected with the Mouse Lipocalin-2/NGAL
DuoSet ELISA (R&D Systems, Minneapolis, MN, U.S.A.). Plasma samples were diluted 1:200 and processed according
to the manufacturer’s instructions.

Histology
Kidneys were fixed in 4% formalin, dehydrated, embedded in paraffin, and stained. Kidney histologic injury scores
and neutrophil infiltration were performed as described [17,18]. All histological analyses were conducted in a blinded
manner by a renal pathologist. Megalin staining was assessed using a monoclonal mouse antibody, 1:200 (Santa Cruz
Biotechnology, Dallas, Texas, U.S.A.), with Alexa488 secondary antibodies (Jackson ImmunoResearch Laboratories,
West Grove, PA, U.S.A.). Tubular apoptosis was assayed using the TUNEL Apoptosis Detection Kit (Genscript, Pis-
cataway, NJ, U.S.A.), as described [17,18].

Caspase-3 activity
Caspase-3 activity was measured on 5 mg of kidney tissue, using the Caspase-3 Assay Kit (Abcam) [17,18].

Immunoblots
Kidney lysates were run on PAGE and incubated with antibodies directed against Bcl-2-associated X protein (Bax)
and B-cell lymphoma 2 (Bcl2) (1:1000, Cell Signaling, Beverly, MA, U.S.A.) for 16 h at 4◦C. Blots were analyzed using
ImageJ software (NIH, Bethesda, MD, U.S.A.), and corrected for β-actin loading controls.

Isolation of PTs and renal endothelial cells
Kidneys from mice were removed and decapsulated 24 h after reperfusion, and dissection of PTs was performed as
described [19]. Isolation of endothelial cells was performed on digested kidney tissue using CD31+ microbeads [19].
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RNA-sequencing
RNA was isolated from PTs or renal endothelial cells from three male and three female mice in each experimental
group, using the RNeasy Plus Micro Kit (Qiagen Inc., Toronto, Ontario, Canada). RNA quality was assessed using the
Fragment Analyzer (Advanced Analytical Technologies, Inc., Ames, LA, U.S.A.). Only RNA with RQN scores of >7
was selected for further analysis. Library construction was performed with the NEB Next Ultra II RNA Library Prep
Kit for Illumina using the polyA mRNA workflow (New England Biolabs Ltd., Ipswich, MA, U.S.A.). For each sample,
20 ng of total RNA was used as input for the library preparation. Following library construction, the 24 samples were
sequenced separately and simultaneously to minimize potential sequencing bias. Samples were run on NextSeq 500
(Illumina, San Diego, CA, U.S.A.). A total of six 75 cycle high output flow cells were run to achieve at least 35 million
reads per sample.

Gene validation
Validation of selected genes was performed using TaqMan® Gene Expression Assays configured and preplated on
TaqMan® Array Plates (Thermo Fisher Scientific, Waltham, MA, U.S.A.). After RNA extraction from kidneys and
cDNA preparation, real-time polymerase chain reaction (PCR) was performed using TaqMan Universal Master Mix
followed by thermal cycling in an Applied Biosystems 7000 sequence detection system (Foster City, CA, U.S.A.).
Eukaryotic 18S rRNA endogenous control was used to normalize differences in RNA levels, and the relative amount
of mRNA to 18s was expressed using the 2−��Ct method [20].

Bioinformatics
Following initial sequencing runs, one RNA-sequencing (RNA-Seq) library was excluded from the analysis because
of low yield. After completion of sequencing to a depth of at least 35 million reads per library, transcripts were quan-
tified against vM19 of the GENCODE mouse genome annotation using salmon v0.13.1 [21]. Data were loaded into
R (v3.6.0) using the tximport library [22] and the gene/count matrix was filtered to retain only genes with five or
more mapped reads in two or more samples. Differential expression was assessed using DESeq2 (v1.24.0) [23], cal-
culating size factors independently for PT and endothelial cell libraries. Principal component analysis (PCA) was
performed using the DESeq2 plotPCA function, and hierarchical clustering was run using Euclidian distance; both
using rlog-transformed count data.

Expression differences were computed separately for PT and endothelial cell libraries, comparing IRI vs sham sam-
ples for male and female mice, and comparing male and female libraries for IRI and sham conditions. Fold-changes
were calculated using the lfcShrink function, applying the apeglm method (v 1.6.0) [24], and P-values were recal-
culated without filtering for outliers using Cook’s cutoff in DESeq2. Lists of significantly changed genes were iden-
tified using a q-value (i.e. a Benjamini–Hochberg corrected P-value) cutoff of 0.05. Volcano plots were made using
EnhancedVolcano, R package version 1.4.0. 2019 (https://github.com/kevinblighe/EnhancedVolcano), and heatmaps
using the pheatmap (https://cran.r-project.org/package=pheatmap), R packages. The R script used to generate the
results is available at https://github.com/retropc66/Mouse kidney IRI RNA-seq.

Gene Ontology (GO) and functional enrichment analyses were conducted using the DAVID bioinformatics re-
source [25], Reactome and KEGG pathway database (https://reactome.org), and the g:Profiler tool (https://biit.cs.ut.
ee/gprofiler/gost) using significantly changed genes with an absolute fold difference of 2 or greater.

Statistical analysis
Results are expressed as mean +− SEM and were analyzed using two-way ANOVA with Bonferroni’s post-test, or
Student’s t test as appropriate. Statistical analyses were performed with GraphPad Prism 5.0 (GraphPad Software,
Inc., San Diego, CA, U.S.A.). P<0.05 was considered significant.

Results
Effect of kidney IRI in male and female mice
In male and female mice, IRI caused significant elevations in plasma creatinine (Cr) and urea after 24 h, although
females had less pronounced increases in Cr (Figure 1A,B).

Plasma NGAL levels were significantly increased in male mice 24 h after IRI compared with sham, but were not
significantly affected by IRI in female mice (Figure 1C). Histologic injury was evident in male kidneys 24 h after IRI
(mean score 2.60 +− 0.12 vs sham: 0.06 +− 0.03, P<0.001), while kidney damage in females was mild (mean score: 0.62
+− 0.11) (Figure 1D). Immunostaining for megalin, a marker of PT injury [26], was markedly decreased in male mice
after IRI compared with females (Figure 1E), and neutrophil infiltration was more prominent in males (Figure 1F).
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Figure 1. Effect of kidney IRI in male (M) and female (F) mice

Graphs depict effects on (A) Plasma Cr, (B) Plasma urea, (C) Plasma NGAL, (D) Kidney histologic injury scores, with representative

photomicrographs shown above graph. Arrows: hallmark tubular dilation, asterisks: cast formation, and arrowheads: nuclear loss.

Scale, 20 μm. (E) Tubular megalin immunostaining, (red fluorescence in arbitrary units (AUs)) with representative images above graph

in male and female mice kidneys after IRI. Scale 20 μm. (F) Neutrophil infiltration, per high powered field (hpf), with representative

images above graph. Scale 20 μm. *P<0.05, ***P<0.001 vs corresponding sham; +P<0.05, +++P<0.001, all by two-way ANOVA vs

corresponding female group; interaction P<0.05 for (C) and P<0.01 for (D–F); n=4 (female) or 5 (male).
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Table 1 Top 20 up-regulated and down-regulated genes in sham male compared with sham female mice in proximal tubular
cells

Sham M vs F PTs
Up-regulated genes Down-regulated genes

Gene symbol log2 fold change Gene symbol log2 fold change

Gvin1 12.241 Ugt1a2 −9.555

Gstp3 8.731 Cplx3 −9.508

Gm29609 8.539 Atp13a4 −9.368

Styk1 8.422 Slc17a2 −7.327

Adh6b 8.238 Prokr1 −7.208

Gm32687 8.090 Tunar −6.766

Cyp4f15 7.882 Hdc −6.502

Zfp365 7.812 E330021D16Rik −6.459

Smoc1 7.794 Clic6 −6.181

Adamts4 7.748 Prlr −5.541

Mpped1 7.740 Slc22a29 −5.055

Cldn9 7.378 Cfap77 −4.881

Kdm5d 7.143 Mbl2 −4.784

Gm10409 7.040 Bhmt −4.780

Nwd2 7.020 Camk1g −4.743

Gm20537 6.853 Lctl −4.629

Mlf1 6.823 Gm21973 −4.610

Sorcs1 6.743 Akr1c20 −4.581

Chst12 6.672 Angptl3 −4.566

4930579F01Rik 6.670 Folr2 −4.544

IRI caused greater increases in kidney caspase-3 activity and terminal deoxynucleotidyl transferase-mediated dUTP
nick-end labeling (TUNEL) staining in males compared with females (Figure 2A,B). Bax expression increased equally
in male and female kidneys after IRI, and Bcl-2 also decreased equally in both sexes (Figure 2C,D).

Transcriptional profiling in sham mice
RNA-Seq was conducted on isolated PTs and renal endothelial cells from male and female mice, either sham-treated
or 24 h after IRI, with three biological replicates per experimental group (one sham female endothelial cell library was
discarded due to insufficient reads). PCA revealed clustering of RNA-Seq data for both PT (Figure 3A) and endothelial
cells (Figure 3B), with clear separation of male and female data.

Comparison between male and female sham mice revealed 1800 differentially expressed genes (DEGs) in PTs (vol-
cano plot Figure 4A, and heatmap Supplementary Figure S1A). Tables 1 and 2 depicts the top 20 up-regulated and
down-regulated DEGs in male vs female sham mice, in PTs and endothelial cells. Several DEGs were consistent with
recent reports of up-regulated genes in male PT (e.g. acyl-CoA synthetase medium chain family member 3 (Acsm3),
carboxylesterase 1F (Ces1f ), cytochrome P450 4B1 (Cyp4b1), cytochrome P450 7B1 (Cyp7b1), cytochrome P450
2E1 (Cyp2e1), and solute carrier family 22, member 30 (Slc22a30) and female PT (e.g. solute carrier family 7, mem-
ber 12 (Slc7a12), kynureninase (Kynu), prolactin hormone receptor (Prlr), and the hormone metabolism genes type I
iodothyronine deiodinase (Dio1), GM4450, osteopontin (Spp1), and retinol dehydrogenase 16 (Rdh16) [15,16]. Ex-
pression of the lipocalin-2 (Lcn2) gene, encoding NGAL was significantly increased in sham male PTs compared with
females (P=0.006). In sham mouse endothelial cells a smaller number of sex-related DEGs (n=418) was identified
compared with PTs (Figure 4B, and heatmap Supplementary Figure S1B). Notably, expression of the vascular mark-
ers kinase insert domain receptor (Kdr), cadherin-5 (Cdh5), Pecam1 (platelet endothelial cell adhesion molecule
(cluster of differentiation 31) [CD31]), and inhibin β B chain (Inhbb) [15,27] did not differ between sexes.

Gene profiles with kidney IRI
Heatmaps for DEGs with IRI (compared with sham) in PTs (Figure 5A, 4087 genes) and endothelial cells (Figure
5B, 1025 genes) revealed profound disparities related to sex. As shown on volcano plot, PTs from males showed dys-
regulation of several genes previously linked to kidney IRI [27–29], including up-regulation of Lcn2, hepatitis A
virus cellular receptor 1 (Havcr1) (KIM-1), SRY-Box transcription factor 9 (Sox9), keratin 20 (Krt20), keratin 18
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Figure 2. Effect of kidney IRI on apoptosis in male (M) and female (F) mice

(A) Kidney caspase-3 activity, (B) TUNEL staining, showing positive nuclei per high powered field (hpf); representative photomicro-

graphs are shown above graph after IRI. Arrows: TUNEL-positive nuclei. (C) Bax protein expression; representative immunoblot

and molecular weight marker from membrane without image development are depicted above graph. (D) Bcl-2 protein expres-

sion; representative immunoblot and molecular weight marker from membrane without image development are depicted above

graph. Black line around each blot indicates that the bands have been grouped together on one membrane. SM; Sham male, SF;

Sham female, IRIM; IRI male, IRIF; IRI female. *P<0.05, **P<0.01, ***P<0.001 vs corresponding sham, +P<0.05, +++P<0.001 vs

corresponding female group, all by two-way ANOVA; Interaction; P<0.05 for A and P<0.01 for B; n=4 (female) or 5 (male).
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Figure 3. PCA of RNA-Seq data

(A) PT RNA-Seq data in male and female mice, with or without kidney IRI. Data segregated into four distinct groups as indicated;

n=3 samples per group. (B) Renal endothelial cell RNA-Seq data, showing data segregated into four groups; n=3 samples per

group, except for female sham group (n=2).

(Krt18), Cldn1 (Claudin 1), and Clu (Clusterin), with down-regulation of Acss2, Slc7a13 and low-density lipopro-
tein receptor-related protein 2 (Lrp2) (megalin) (Figure 6A). Only 488 DEGs were detected in PTs from female mice
after IRI compared with sham, and increases in Lcn2, Havcr1, Clu and Krt18 were less prominent than in males
(Figure 6B, and heatmap, Supplementary Figure S2). Furthermore, no change occurred in Sox9, Krt20, or Cldn,
genes linked to long-term renal injury after AKI [29]. Although Lrp2 decreased in female PTs post IRI, few other
genes were down-regulated.

In endothelial cells, the effect of IRI in both sexes was less pronounced than in PT, with 1025 DEGs in males (Figure
7A) and only 56 DEGs in females (Figure 7B, and heatmap, Supplementary Figure S3). Only male endothelial cells
demonstrated up-regulation of adhesion molecules intercellular adhesion molecule 1 (Icam1) and Sele (E-selectin),
and the cytokine C–C motif chemokine 2 (Ccl2) and chemokine C–X–C motif chemokine 2 (Cxcl2), genes that are
associated with enhanced inflammatory infiltration after ischemic injury (P<0.001 for all) [27,29].

A direct comparison of genes between males and females after IRI revealed a large number of DEGs (n=4557) in
PTs (Figure 8A), with only 992 DEGs in endothelial cells (Figure 8B, and heatmaps Supplementary Figure S4). Tables
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Figure 4. DEGs in sham male and female mice

(A) Volcano plot of 1800 DEGs (red) in PTs from sham male mice, compared with sham females. Top up-regulated and down-reg-

ulated genes are indicated (arrows), and genes of interest are depicted in purple. (B) Volcano plot of 418 DEGs (red) in endothelial

cells from sham male mice, compared with sham females. Top up-regulated and down-regulated genes are indicated, and genes

of interest are depicted in purple. Blue dots indicate genes in which log2-fold change was <1; gray area includes genes where

P=NS for differential expression.
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Figure 5. Heatmaps for DEGs from male (M) mice with IRI, compared with sham mice

(A) Heatmap for PT DEGs (n=4087) shown for all groups. (B) Heatmap for endothelial cell DEGs (n=1025) shown for all groups.

Hierarchical clustering of genes indicated at left of each heatmap, and z-score indicated by color; n=3 per group, except for sham

female endothelial cells (n=2).
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Figure 6. DEGs in mouse PTs with IRI, compared with sham

(A) Volcano plot of 4087 DEGs (red) in PTs from male mice with IRI, compared with sham males. Top up-regulated and down-regu-

lated genes are indicated, and genes of interest are depicted in purple. (B) Volcano plot of 488 DEGs (red) in PTs from female mice

with IRI, compared with sham females. Top up-regulated and down-regulated genes are indicated, and genes of interest are de-

picted in purple. Blue dots indicate genes in which log2-fold change was <1; gray area includes genes where P=NS for differential

expression.
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Figure 7. DEGs in mouse renal endothelial cells with IRI, compared with sham

(A) Volcano plot of 1025 DEGs (red) in endothelial cells from male mice with IRI, compared with sham males. Top up-regulated and

down-regulated genes are indicated, and genes of interest are depicted in purple. (B) Volcano plot of 56 DEGs (red) in endothelial

cells from female mice with IRI, compared with sham females. Top up-regulated and down-regulated genes are indicated. Blue

dots indicate genes in which log2-fold change was <1; gray area includes genes where P=NS for differential expression.
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Figure 8. DEGs in males with IRI vs females with IRI

(A) Volcano plot of 4557 DEGs (red) in PTs from male mice with IRI, compared with female PTs with IRI. Top up-regulated and

down-regulated genes are indicated, and genes of interest are depicted in purple. (B) Volcano plot of 992 DEGs (red) in endothelial

cells from male mice with IRI, compared with female PTs with IRI. Top up-regulated and down-regulated genes are indicated, and

genes of interest are depicted in purple. Blue dots indicate genes in which log2-fold change was <1; gray area includes genes

where P=NS for differential expression.
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Table 2 Top 20 up-regulated and down-regulated genes in sham male compared with sham female mice in endothelial cells

Sham M vs F endothelial cells
Up-regulated genes Down-regulated genes

Gene symbol log2 fold change Gene symbol log2 fold change

Ddx3y 14.112 Ugt1a2 −10.600

Eif2s3y 14.081 Clic6 −8.550

Slco1a1 13.014 Atp13a4 −7.893

Apoh 11.776 Prlr −5.770

Cyp2j13 9.870 Hdc −5.281

Cntnap5a 9.503 Akr1c20 −4.913

4930502E18Rik 9.132 Gm21973 −4.788

Col19a1 9.033 Hells −4.337

Kap 8.218 Slc22a29 −4.135

Acsm3 8.072 Mab21l4 −4.126

Gstp3 7.397 Bhmt −4.087

Cyp2d9 7.291 Mis18bp1 −3.965

Pzp 6.958 Slc22a27 −3.831

Akr1c14 6.941 Ugt2b34 −3.731

Ces1f 6.701 Trpm2 −3.718

Adh6b 6.685 Cpn1 −3.528

Ugt2b37 6.532 Gsta2 −3.490

Hist1h2bl 6.384 Dio1 −3.413

Kdm5d 6.340 Xpnpep2 −3.357

Ffar3 6.263 Slc22a13 −3.302

Table 3 Top 20 up-regulated and down-regulated genes in IRI male compared with IRI female mice in proximal tubular cells

IRI M vs F PTs
Up-regulated genes Down-regulated genes

Gene symbol log2 fold change Gene symbol log2 fold change

Cyp2b10 14.132 Clic6 −10.071

4930579F01Rik 8.776 Ugt1a2 −7.919

Ccl20 8.633 Pjvk −7.057

Krt20 8.600 Scml2 −6.487

Mpped1 8.424 Gm14444 −5.967

Fosl1 8.263 Cyp2c70 −5.903

Sult1e1 8.028 Serpina1f −5.531

Gm10409 7.916 Ceacam2 −5.424

Lhx2 7.839 Slc7a12 −5.215

Serpina3m 7.809 Prlr −5.195

Slc13a5 7.779 Hsd17b6 −5.046

5830411N06Rik 7.385 Slc22a13 −4.919

Fgf21 7.295 Bhmt −4.873

Eif2s3y 6.991 Akr1c20 −4.590

Pzp 6.874 Kcnab2 −4.508

Cabp2 6.858 Slc22a29 −4.349

Gstp3 6.744 Slc22a27 −4.294

Lif 6.708 Wdfy4 −4.280

Kdm5d 6.607 Gm1123 −4.111

Ugt2b37 6.476 Kcnj3 −4.099

3 and 4 show the top 20 up-regulated and down-regulated DEGs in males vs females after IRI, in PTs and endothe-
lial cells. Comparing PT DEGs after ischemic injury, males had significant up-regulation of Havcr1, Lcn2, Sox9,
Cldn1, and Krt20 compared with females. Lrp2 was decreased in males compared with females, while epidermal
growth factor receptor (Egfr) was increased in male PTs, suggesting possible involvement in increased susceptibility
to ischemic AKI (P=0.013) [30]. The gene encoding peroxisome proliferator-activated receptor γ co-activator 1-α
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Table 4 Top 20 up-regulated and down-regulated genes in IRI male compared with IRI female mice in endothelial cells

IRI M vs F endothelial cells
Up-regulated genes Down-regulated genes

Gene symbol log2 fold change Gene symbol log2 fold change

Eif2s3y 14.892 Hsd17b6 −10.372

Slco1a1 11.349 Atp13a4 −8.826

Ddx3y 11.158 Ugt1a2 −8.014

Acsm3 8.656 Slc22a27 −5.627

Cyp2j13 8.168 Bhmt −5.565

Adh6b 7.881 Gm21973 −5.442

Cntnap5a 7.851 Prlr −5.363

Gm20671 7.578 Slc22a29 −5.347

4930579F01Rik 7.390 Slc22a13 −4.803

Kdm5d 7.341 Slc22a19 −4.669

Lhx2 6.594 Serpina1f −4.506

Pzp 6.461 Slc22a26 −4.320

Vgf 6.003 Xpnpep2 −4.203

Kap 5.972 Clic6 −4.186

Ptpn22 5.855 Rdh16f2 −4.058

Hhipl2 5.749 Adgrg4 −4.020

Akr1c14 5.603 Ceacam2 −3.933

Acod1 5.332 Gltpd2 −3.916

Ces1f 5.224 Kynu −3.845

Nptx2 5.197 Baat −3.779

(PGC1α) (Ppargc1a), implicated in IRI pathogenesis [31,32], was down-regulated in males (P=0.036). With regard
to apoptotic genes, Bcl2 decreased in male PTs after IRI (P=0.047), while Bax expression was not significantly differ-
ent. In endothelium, males had increased expression of AKI-related genes Icam1 and Inhbb [15,27] compared with
females after IRI.

Validation of RNA-Seq data
Real-time PCR was performed on kidney tissue for three genes from sham male and female mice, and four genes
from males with IRI. These genes were arbitrarily selected, based on previously reported differences between kidneys
from healthy males and females or in mice with kidney IRI [15,16,28,29]. The results of PCR were in agreement with
RNA-Seq data (Figure 9).

GO
We conducted GO and pathway analysis on DEGs. In sham mice, there was sex disparity for the 20 most significant
GO terms associated with up-regulated and down-regulated genes in PTs and endothelial cells (Supplementary Fig-
ures S5 and S6). Sham female PTs showed distinct up-regulation of 16 genes involved in cytochrome P450/xenobiotic
metabolism, compared with males (heatmap, Supplementary Figure S7). With IRI, the top GO term in male PTs
included 52 up-regulated genes for inflammatory responses, while down-regulated genes were linked to metabolic
processes, including oxidation-reduction (Figure 10A). In PTs from females with IRI, fewer genes were up-regulated,
and the top 20 GO terms included positive regulation of cell proliferation, and several transport processes (Figure
10B). Due to the low number of down-regulated genes in female PTs after IRI, no GO terms were identified. In PTs
with IRI, heatmaps showed up-regulation of genes involved in tumor necrosis factor (TNF) and Toll-like receptor
(TLR) signaling pathways in males (Figure 11A,B), while females had up-regulation of 52 genes involved in transport
pathways (Figure 11C).

The top 20 GO terms of up-regulated genes in endothelial cells from males with IRI (compared with sham) included
inflammatory responses and angiogenesis. Down-regulated genes were related to oxidation-reduction, and various
metabolic processes (Figure 12A). In endothelial cells from female mice with IRI, only three GO terms were identified
from ten up-regulated genes (Figure 12B). No GO terms arose for down-regulated genes in female endothelial cells
after IRI, due to the small number of DEGs. Heatmaps from male endothelial cells with IRI showed activation of
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Figure 9. Validation of RNA-Seq

Graphs depict results of real-time PCR (AU, arbitrary units) for (A) three genes compared in male (�) and female (�) sham mouse

kidneys (Cyp7b1, Slc7a12, Cyp2b10), and (B) four genes in PTs from male mice, sham (�) vs IRI (�) (Havcr1, Lcn2, Krt20, Csnk1e).

*P<0.05, **P<0.01, ***P<0.001 vs corresponding group, by Student’s t test; n=3 per group.

genes linked to TNF signaling and cytokine receptor interaction, although there was variability in response between
mice (Figure 13).

Discussion
Males are more susceptible to AKI than females, and this sex dimorphism extends to the risk of development of CKD
in animal studies and humans. To date, disparities in kidney gene expression between males and females with IRI
have not been examined. Here, we found that female mice were protected from kidney IRI compared with males.
While it might be expected that increases in plasma Cr should be lower in females after IRI compared with males due
to decreased muscle mass, we observed no significant difference in baseline Cr measurements, and other markers
of renal damage, including plasma NGAL, histologic injury scores, megalin expression, and neutrophil infiltration
demonstrated no change or only a minor degree of injury in female mice. Importantly, using RNA-Seq we report
profound sex differences in the transcriptome in mice with and without kidney ischemic injury, within PTs and en-
dothelial cells. Sex-specific gene profiles are predicted to significantly impact molecular pathways involved in AKI
pathogenesis and repair, and it is possible that they are involved in the resistance to ischemic AKI in females.

Differences in expression of 1800 PT genes occurred between male and female sham mice, which exceeded num-
bers of sex-specific DEGs in the endothelium by more than four-fold. Several DEGs in PT were in good agreement
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Figure 10. GO terms for up-regulated and down-regulated genes in PTs after IRI

(A) Top 20 GO codes and terms for up-regulated and down-regulated genes from males are indicated, ranked according to level

of significance, with number of genes in each term in parentheses. (B) Top 20 GO codes and terms for up-regulated genes from

females are indicated, ranked according to level of significance, with number of genes in each term in parentheses.
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Figure 11. Heatmaps for differentially regulated genes (DEGs) from PTs after IRI in males and females

(A) Up-regulated genes linked to TNF signaling in males; (B) up-regulated genes involved in TLR signaling in males; (C) up-regulated

genes linked to transport pathways in females. Hierarchical clustering of genes is shown at left of each heatmap, and z-score

indicated by color; gene notation is shown at right of each map; n=3 per group.
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Figure 12. GO terms for up-regulated and down-regulated genes in endothelial cells after IRI

(A) Top 20 GO codes and terms for up-regulated and down-regulated genes from males are indicated, ranked according to level

of significance, with number of genes in each term in parentheses. (B) Top three GO codes and terms for up-regulated genes from

females are indicated, ranked according to level of significance, with number of genes in each term in parentheses.

1904 © 2020 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons
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Figure 13. Heatmaps for differentially regulated genes (DEGs) from endothelial cells after IRI

(A) Up-regulated genes linked to TNF signaling in males; (B) up-regulated genes linked to cytokine receptor interaction in males.

Hierarchical clustering of genes is shown at left of each heatmap, and z-score indicated by color; gene notation is shown at right

of each map; n=3 per group, except for sham female endothelial cells (n=2).
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with recent transcriptome profiling studies in mouse kidney [15,16], including predominance of cationic amino acid
transporter Slc7a12 and the Prlr in females, and increased expression of the cytochrome P450 gene Cyp7b1 and fatty
acid metabolism enzyme Acsm3 in males. Interestingly, and also consistent with the results of Ransick et al. [15], en-
hanced expression of the estrogen receptor gene (Esr1) was observed in male PT. Sex disparities in PT gene expres-
sion in sham mice were linked to a variety of biological processes, and pathway analysis highlighted up-regulation of
cytochrome P450/xenobiotic metabolism in females. Baseline sex differences in PT gene expression and biological
processes could potentially contribute to disparities in susceptibility to ischemic AKI, although this requires further
study.

With kidney IRI, PT gene expression in male mice was markedly dysregulated, with an almost ten-fold increase in
DEGs compared with females. DEGs in male PTs included several rapidly activated genes linked to kidney IRI such
as Havcr, Lcn2, and the keratin gene Krt18, a marker of renal epithelial cell injury [33]. In female PTs, these genes
were less significantly activated. Furthermore, males alone demonstrated pronounced PT activation of Krt20, a gene
with de novo expression in this segment in response to injury [29]. Male PTs showed enhanced relative expression of
the EGF receptor gene compared with females after IRI, suggesting a potential role in predisposition to injury. In this
regard, recent studies in mice and adult human kidneys demonstrated increased expression of the renal EGF receptor
in males, which in mice is linked to progressive glomerulopathy and tubulointerstitial fibrosis [30]. Finally, Sox9, a
transcription factor gene that is persistently activated for weeks after IRI and involved in tubular epithelial cell repair
[34,35] was up-regulated in PTs from males, but not females.

Overall, the PT gene response in females with IRI was limited compared with males, except for up-regulation of
certain transport-related genes. This up-regulation was unexpected, and may play a role in protection in females since
tubular transport gene expression has been reported to decrease early after IRI, perhaps to limit energy consumption
[36]. The limited gene response in females with IRI also correlated with decreased markers of injury, and suggests
that molecular responses associated with chronic injury/repair are not activated. This interpretation is supported
by significantly decreased megalin gene expression in males compared with females, as well as Bcl2 expression. On
the other hand, while the extent of apoptosis was increased in male kidneys, there was no difference in Bax gene
expression between PTs from males and females after IRI, or in Bcl2 protein expression. These data suggest that
changes in Bax or Bcl2 may occur only transiently after reperfusion, or that post-translational modifications may
account for altered protein expression as observed in our studies.

The pathogenesis of kidney IRI involves activation of inflammatory responses, and renal tubular cells contribute
by elaborating proinflammatory cytokines, including interleukins and TNF-α [37]. Enhanced tubular cell TLR ex-
pression and signaling also exacerbates kidney IRI [38]. Pathway analysis and heatmaps revealed activation of PT
genes involved in TNF and TLR signaling in males, but not females with IRI. Sex disparities in DEGs within these
pathways were prominent and consistent with the limited neutrophil infiltration observed in female mice, and suggest
that altered innate immune responses may underlie the difference in susceptibility to IRI.

Renal endothelial cells are critical targets of IRI, and become activated early, with production of proinflammatory
cytokines, leukocyte adhesion, increased permeability, and altered vasomotor tone [39]. Endothelial regenerative ca-
pacity is also impaired in the renal vasculature after IRI, leading to vascular dropout [40]. A striking finding was
that female mice exhibited only a small number of DEGs in endothelial cells after IRI (n=56) compared with males
(n=1025). In agreement with previous studies [15], we observed marked up-regulation of Inhbb, the gene encod-
ing the β-chain of inhibin B homodimers, a member of the transforming growth factor β (TGF-β) superfamily, in
endothelial cells from males with IRI. The selective up-regulation of genes encoding adhesion molecules and cy-
tokines/chemokines in male endothelial cells with IRI suggests that females are intrinsically protected from these
early responses and are thereby less likely to experience ongoing hypoxic injury that contributes to vascular rarefac-
tion and CKD. Consistent with this was the low number of DEGs in female endothelial cells, and the paucity of
biological processes identified by GO.

A strength of our study is that two kidney cell types (PT and endothelium) critical to the pathogenesis of kidney
IRI were specifically isolated for RNA-Seq, as opposed to transcriptome profiling on whole kidney homogenates.
RNA-Seq also provided an unbiased approach to genes potentially mediating sex disparities in kidney IRI, which was
validated with real time-PCR. Finally, we included data from three replicates per experimental group for RNA-Seq,
which allowed for PCA and data segregation by group. We acknowledge certain limitations to the study. First, isolation
of PTs and endothelial cells may have independently induced stress responses that could have affected gene signatures,
although this limitation was mitigated by inclusion of control sham groups, and our PT data in sham mice is in good
agreement with recent transcriptome analyses in healthy mouse kidneys [15,16]. Nonetheless, some variability in
individual gene responses was observed in the three males with IRI. Second, we did not conduct RNA-Seq on all
nephron segments, nor did we distinguish S1, S2 or S3 PTs. Other tubular segments as well as vascular cells, resident
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fibroblasts or infiltrating inflammatory cells may contribute to sex disparities in IRI. Furthermore, since our RNA-Seq
did not include translating ribosome affinity purification (TRAP), which can enhance the functionally importance
of transcriptome profiles [16], our results must be considered as hypothesis-generating. Finally, the relevance of our
findings to sex disparity in human ischemic AKI remains unclear. The data generated here is available from the Gene
Expression Omnibus (GEO) repository (GSE144622) and can support additional studies on the functional impact of
sex differences in individual genes.

Clinical perspectives
• AKI causes significant morbidity and mortality, and lacks effective treatments. In experimental

animals and humans, males are more susceptible to AKI than females, although the molecular
basis for this sex difference is unclear.

• Our RNA-Seq studies demonstrate sex-specific gene profiles in mouse PT and kidney endothelial
cells with or without ischemia. Females exhibit markedly less activation of injury-associated genes
with ischemia compared with males.

• These transcriptome data may help define biological processes that underlie sex differences in
AKI susceptibility, and could lead to identification of therapeutic targets in humans with ischemic
AKI.
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S1. Heat maps for differentially regulated genes (DEGs) from sham male (Sham M) mice compared to sham 

female (Sham F) mice. A) Heat map for proximal tubular DEGs (1,800 genes). B) Heat map for endothelial cell 

DEGs (418 genes). Hierarchical clustering of genes indicated at left of each heatmap, and z-score indicated by color; 

n=3 per group except for sham female endothelial cells (n=2). 
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S2. Heat map for 488 differentially regulated genes (DEGs) in IRI female mice (IRI F) compared to 

sham female mice (Sham F) for proximal tubular cells. Hierarchical clustering of genes indicated at left 

of each heatmap, and z-score indicated by color; n=3 per group. 
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S3. Heat map for 56 differentially regulated genes (DEGs) in endothelial cells from IRI female mice (IRI F) 

compared to sham female mice (Sham F). Hierarchical clustering of genes indicated at left of each heatmap, 

and z-score indicated by color; n=3 per group except for sham female endothelial cells (n=2). 
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S4. Heat maps for differentially regulated genes (DEGs) in IRI male mice (IRI M) compared to IRI female 

mice (IRI F). A) Heat map for proximal tubular cell DEGs (4,557 genes). B) Heat map for endothelial cell DEGs 

(992 genes). Hierarchical clustering of genes indicated at left of each heatmap, and z-score indicated by color; 

n=3 per group except for sham female endothelial cells (n=2).  
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S5. Gene ontology (GO) analysis for upregulated and downregulated differentially regulated genes (DEGs) in 

proximal tubular cells from sham male mice compared to sham female mice. A) Top 20 GO codes for 

upregulated genes from males ranked according to level of significance, with number of genes in each term in 

parentheses. B) Top 20 GO codes for downregulated genes from males ranked according to level of significance, 

with number of genes in each term in parentheses. 
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S6. Gene ontology (GO) analysis for upregulated and downregulated differentially regulated genes 

(DEGs) in endothelial cells from sham male mice compared to sham female mice. A) Top 20 GO codes for 

upregulated genes from males ranked according to level of significance, with number of genes in each term in 

parentheses. B) Top 20 GO codes for downregulated genes from males ranked according to level of 

significance, with number of genes in each term in parentheses. 
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S7. Heat map showing upregulated genes related to the P450 drug/xenobiotic metabolism 

pathway in sham female proximal tubular cells  (Sham F) compared to sham male (Sham M); 

Differentially regulated genes (DEGs) (16 genes). Hierarchical clustering of genes indicated at left of 

each heatmap, and z-score indicated by color; n=3 per group. 


