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Abstract
Introduction: Several mouse models with diverse disease
etiologies are used in preclinical research for chronic kidney
disease (CKD). Here, we performed a head-to-head com-
parison of renal transcriptome signatures in standard mouse
models of CKD to assess shared and distinct molecular
changes in three mouse models commonly employed in
preclinical CKD research and drug discovery. Methods: All
experiments were conducted on male C57BL/6J mice. Mice
underwent sham, unilateral ureter obstruction (UUO), or
unilateral ischemic-reperfusion injury (uIRI) surgery and
were terminated two- and 6-weeks post-surgery, respec-

tively. The adenine-supplemented diet-induced (ADI) model
of CKD was established by feeding with adenine diet for
6 weeks and compared to control diet feeding. For all
models, endpoints included plasma biochemistry, kidney
histology, and RNA sequencing. Results: All models dis-
played increased macrophage infiltration (F4/80 IHC) and
fibrosis (collagen 1a1 IHC). Compared to corresponding
controls, all models were characterized by an extensive
number of renal differentially expressed genes (≥11,000),
with a notable overlap in transcriptomic signatures across
models. Gene expression markers of fibrosis, inflammation,
and kidney injury supported histological findings. Interest-
ingly, model-specific transcriptome signatures included
several genes representing current drug targets for CKD,
emphasizing advantages and limitations of the three CKD
models in preclinical target and drug discovery. Conclusion:
The UUO, uIRI, and ADI mouse models of CKD have sig-
nificant commonalities in their renal global transcriptome
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profile. Model-specific renal transcriptional signatures
should be considered when selecting the specific model in
preclinical target and drug discovery.

© 2024 S. Karger AG, Basel

Introduction

Chronic kidney disease (CKD) is characterized by pro-
gressive kidney damage and loss of function in the kidneys,
determined by decreased glomerular filtration rate (GFR)
and albuminuria [1]. Development of fibrosis is a common
driver of CKD and a hallmark of disease progression, which
may ultimately result in kidney failure [2]. Given the sig-
nificant effect of CKD on cardiovascular risk and end-stage
kidney disease, CKD represents a growing disease burden
and is among the fastest growing causes of mortality
worldwide. Accordingly, CKD is considered implicated in
more than 2% of all deaths and affects more than 10% of the
global population [3, 4]. The etiology of CKD varies, with
many types of CKD caused by glomerular and tubu-
lointerstitial disease or injury [5]. More than half of all cases
of CKD are complications of common cardiometabolic
conditions such as diabetes and hypertension [6].

The development of new and more effective CKD-
targeting drugs has proven to be challenging. As a result,
lifestyle changes, blood pressure lowering therapy (e.g., using
renin-angiotensin-aldosterone system inhibitors), and im-
proved glycemic control in diabetic kidney disease (DKD)
have been the cornerstone of CKD treatment for the last two
decades [7–9]. Sodium-glucose cotransporter-2 inhibitors
have consistently been demonstrated to lower decline in
kidney function and reduce overall risk of major renal
outcomes in CKDpatients with or without diabetes, and now
approved for the treatment of CKD, includingDKD [10–15].
In addition, the mineralocorticoid receptor antagonist fi-
nerenone has recently been approved for management of
DKD and is currently in clinical development for non-
diabetic CKD (FIND-CKD; NCT05047263) [16]. How-
ever, despite therapeutic advances inCKD, a large proportion
of patients still progress to renal failure, highlighting the
unmet need formore efficacious therapies that can prevent or
reverse progression of the disease.

Animal models of CKD are increasingly important
in preclinical target and drug discovery. These models
can be broadly grouped into surgical, genetic, and
dietary models, and portray different aspects of CKD
pathology. Common mouse models of CKD include
adenine-supplemented diet-induced (ADI), unilateral
urethral obstruction (UUO), and unilateral ischemia-
reperfusion injury (uIRI) models. These three models

are well-established in experimental CKD research and
widely used in preclinical drug screening programs
[17–19]. The ADI model is characterized by declining
GFR and induction of renal fibrosis and inflammation
[20, 21]. In comparison, the UUO model is a surgical
model with more rapid onset of renal inflammation
and fibrosis [22]. The uIRI model, another surgically
induced model, is advantageous for studying the
transition from ischemic acute kidney injury to CKD
[23]. Importantly, the three models are recognized for
their reproducibility and robust kidney inflammatory
and fibrotic responses and thus remain instrumental in
preclinical target and drug discovery [20, 21, 24–26].
Considering that the three models differ with regards
to induction method, disease severity, and clinical
translatability, they have individual advantages and
limitations and thus different utility in preclinical
target and drug discovery [27, 28]. To gain further
insight into the complex molecular mechanisms in-
volved in CKD and assist selection of the most relevant
mouse model for testing drugs directed at a specific
disease mechanism, the present study aimed to com-
pare renal global transcriptome signatures of the ADI,
UUO, and uIRI mouse model, respectively.

Materials and Methods

Animals
Male C57BL/6J mice were from Janvier Laboratories (Le Genest

Saint Isle, France) and housed in a controlled environment (12 h
light/dark cycle, lights on at 3:00 a.m., 21 ± 2°C, humidity 50 ±
10%). Upon arrival, each animal was identified by an implantable
subcutaneous microchip (PetID Microchip, E-vet, Haderslev,
Denmark). Mice had ad libitum access to tap water and standard
chow (3.22 kcal/g, Altromin 1324, Brogaarden, Hoersholm,
Denmark), unless otherwise stated. Mice were acclimatized for
2 weeks before study started. Mice were randomized into study
groups based on body weight measured on day −3. For an overview
of study designs, see Figure 1. All animal experiments were
conducted in agreement with internal Gubra bioethical guidelines
that are fully compliant with internationally accepted principles
for the care and use of laboratory animals.

ADI Model
The experiment utilizing ADImice was approved by the Danish

Animal Experiments Council under license number 2021-15-
0201-00915. Twelve-week-old mice received control diet (S9352-
E064, Ssniff, Soest, Germany) for 2 days before study started. ADI
mice were then switched to an adenine-supplemented diet (0.2%
adenine, cat no. S9352-E060, Ssniff, Soest, Germany) for 6 weeks,
whereas control mice remained on the control diet. Both ADI and
control mice had ad libitum access to tap water and food. Mice
were terminated under isoflurane anesthesia by cardiac puncture
6 weeks after study start.
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Unilateral Ureteral Obstruction Model
The experiment utilizing UUO mice was approved by the

Danish Animal Experiments Council under license number
2018-15-0201-01559. UUO was performed in 9-week-old mice.
Animals were placed on electrical heating pads under isoflurane
anesthesia through the entire surgical procedure. A ventral
midline incision was made for localizing the left kidney. The
ipsilateral ureter was localized, isolated, and ligated at two lo-
cations and cut between the sutures. The linea alba and skin were
closed in two layers. Postoperative analgesia (Rimadyl [car-
profen]) was administered and continued for three consecutive
days post-surgery. Age-matched, sham-operated C57BL/6J mice
served as healthy controls. For sham operation, the abdominal
cavity was opened, the left kidney and ureter were manipulated
but left intact. Anesthesia, analgesia, and opening and closure of
the abdominal cavity were conducted as described above. An-
imals were terminated under isoflurane anesthesia by cardiac
puncture 2 weeks after UUO surgery.

uIRI Model
The experiment utilizing uIRI mice was approved by the

Danish Animal Experiments Council under license number 2020-
15-0201-00623. uIRI was performed in 10-week-old mice. Ani-
mals were placed on electrical heating pads under isoflurane
anesthesia through the entire surgical procedure. A dorsal midline
incision was made through the skin, the muscle above the left
kidney was incised and the left kidney hilum was localized and
gently dissected free from fat and connective tissue, before a clamp
(cat. No. ROBOZ RS-5452, Roboz Surgical Instrument Co.,
Gaithersburg, MD) was placed to obstruct blood flow. After
35 min the clamp was removed, and the kidney was visually
inspected to confirm stabile reperfusion. The muscle and skin
were closed in two layers. Post-operative analgesia (Vetergesic
[buprenorphine] Orion Pharma, Denmark) and antibiotics

(Baytril, [enrofloxacin] Bayer, Germany) were administered and
continued for three consecutive days post-surgery. Age-matched,
sham-operated C57BL/6J mice served as healthy controls. For
sham operations, anesthesia, analgesia and opening and closure of
the abdominal cavity was conducted as described above except for
omitting the clamp procedure. Animals were terminated 6 weeks
post-surgery by cardiac puncture under isoflurane anesthesia.

Blood Biochemistry
Blood samples were centrifuged at 3,000 g (4°C) and plasma

was collected. Plasma urea was measured using a commercial kit
(cat. No. 4460715190, Roche Diagnostics, Mannheim, Germany)
on a Cobas™ C-501 autoanalyzer (Roche Diagnostics, Mannheim,
Germany).

Tissue Collection
Kidneys were weighed after urine release, and the left renal

capsule was removed before splitting the kidney into three
transverse sections. The middle section was used for histology (see
below). The upper pole of the kidney was split sagitally, snap-
frozen in liquid nitrogen and stored at −70°C until further pro-
cessing for RNA sequencing (see below).

Histology
Samples were fixed overnight in a 10% neutral buffered for-

malin solution (4% formaldehyde) (Sigma-Aldrich, Denmark) at
4°C, embedded in paraffin and 3 µm sections were cut on a
microtome. Immunohistochemistry was performed using stan-
dard procedures, as described previously [29, 30]. Briefly, the
samples were deparaffinated in xylene and rehydrated in series of
graded ethanol. Following antigen retrieval and blocking of en-
dogenous peroxidase activity, the samples were incubated with the
primary antibody for collagen 1a1 (Col1a1) (goat anti-type I
Collagen 1:100 dilution, Southern Biotech #1310-01, Birmingham,

Fig. 1. Outline on ADI, UUO, and uIRI mouse model studies.
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AL) or F4/80 (rat anti-F4/80 [C1:A3-1] 1:200 dilution, cat. No.
ab6640, Abcam, Cambridge, United Kingdom). The primary
antibody was detected using a polymeric HRP-linker antibody
conjugate and visualized using DAB as chromogen. Finally, sec-
tions were counterstained in hematoxylin, cover slipped, and
scanned under a 20× objective in a Aperio ScanScope AT slide
scanner (Leica, Deer Park, IL, USA). Care was taken to ensure that
the kidneys were cut using identical anatomical andmorphological
landmarks on each specimen to reproducibly collect samples at the
same anatomical location. Quantitative image analysis was per-
formed using Visiomorph software (Visiopharm, Hørsholm,
Denmark). Col1a1 and F4/80 expressions were quantified in the
entire renal section. Quantitative levels of Col1a1 and F4/80 were
expressed as proportionate (%) area of immunopositive staining.

RNA Sequencing
RNA from snap-frozen kidney cortex samples (20 ± 5 mg per

animal) was extracted using a NucleoSpin 8 RNA kit (Macherey-
Nagel, Germany) and a vacuum manifold. cDNA library prepa-
ration was performed using a NEBNext Ultra II Directional RNA
Library Prep Kit for Illumina (E7760L, NEG, Ipswich, MA, USA).
The sequencing of cDNA libraries was performed using an NS 500
high Output Kit v2 (75 cycles) (Illumina, San Diego, CA, USA) on
an Illumina NextSeq 500 platform (Illumina, San Diego, CA,
USA). The gene expression level is displayed as reads per kilobase
million, quantifying gene expression from mRNA sequencing data
by normalizing for both total read and the number of sequencing
reads. Reads were mapped to the GRCm38 v96 Ensembl Mus
musculus genome using Spliced Transcripts Alignment to a Ref-
erence (STAR) v.2.7.0f [31]. The R-package DESeq2 v.1.24.0 was
used for differential expression analysis [32]. p values were ad-
justed using the Benjamini-Hochberg method and genes with an
adjusted p < 0.05 were considered statistically significantly reg-
ulated. Gene set analysis was conducted with the R-package PI-
ANO version 2.0.0 using the Stouffer method [33]. Normalized
counts were calculated using the DEseq2 variance stabilizing ratio
method for representation using pheatmap v1.0.12 [34]. In
pheatmap, the formula:

Countscaled � Count − Countsrow( )

σ Countsrow( )
was utilized for row-wise scaling of the normalized counts.

Statistical Analysis
Results are presented as mean ± standard error mean

(SEM). All data were analyzed using R (v. 3.6.0) and, except for
RNAseq data sets, presented using GraphPad Prism software
(v. 9.4.1). The two-tailed Dunnett’s test was used for signif-
icance testing, with a p value less than 0.05 considered sta-
tistically significant.

Results

Model-Specific Changes in Body Weight and Blood
Biochemistry
Metabolic and biochemical data are summarized in

Table 1. Terminal body weight was significantly re-
duced in ADI and uIRI mice as compared to corre-
sponding controls (ADI p < 0.001, uIRI p < 0.05). Body
weight was unaffected in the UUO model. ADI, but
not UUO and uIRI mice, showed significantly in-
creased plasma urea levels (p < 0.001; Table 1). uIRI
mice demonstrated significantly reduced weight
(≥50%) of the affected (left) kidney compared to sham
controls (p < 0.001). In contrast, UUO mice dem-
onstrated hypertrophy of the unaffected (right) kidney
(p < 0.01; Table 1). While both left and right kidney
mass appeared lowered in ADI mice, only right kidney
weight was significantly reduced compared to controls
(p < 0.05, Table 1).

Model-Specific Differences in Renal Inflammation and
Fibrosis Histology
The left kidney in UUO, uIRI, and ADI mice was

characterized by quantitative immunohistochemistry
(Fig. 2). Fractional (%) area of F4/80 staining, a marker of
macrophage infiltration, was significantly increased in all
three models as compared to respective controls, most
markedly in ADI (12.6 ± 2.2% vs. 1.4 ± 0.1%, p < 0.001)
and UUO (19.91% vs. 2.1 ± 0.1%, p < 0.001) mice

Table 1. Body weight, kidney weight, and plasma urea levels

ADI control ADI UUO Sham UUO uIRI sham uIRI

n 8 8 8 8 10 10
BW (randomization), g 27.6±0.3 27.6±0.3 23.2±0.4 23.2±0.3 22.9±0.4 24.2±0.3
BW (terminal), g 27.4±0.5 21.1±0.4*** 23.6±0.5 23.8±0.5 26.4±0.6 24.5±0.3*
Left kidney weight, mg 167.5±5.1 152.7±5.9 146.5±4.2 148±10.9 156±6.4 63.8±4.1***
Right kidney weight, mg 168.7±5.0 145.2±6.1** 154±4.5 179±5.9* 164±6.5 182.1±5.7
Plasma urea, mmol/L 7.9±0.3 25.6±1.4*** 8.9±0.4 9.2±0.6 9.9±0.6 10.7±0.3

All values are ±SEM. *p < 0.05, **p < 0.01, ***p < 0.001 compared to corresponding control group (two-tailed Dunnet’s
test).
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(Fig. 2b). uIRI mice showed a less pronounced increase in
%-area of F4/80 staining (7.5 ± 1.4% vs. 2.0 ± 0.1%, p <
0.001).

Compared to corresponding controls, ADI and UUO
mice showed significant increase in %-area of kidney
Col1a1 staining, a marker of fibrosis (ADI, 24.7 ± 0.8% vs.
6.9 ± 0.27%, 3.6 ± 0.1-fold; UUO, 40.3 ± 1.1% vs. 8.7 ±
0.86%, both p < 0.001), respectively (Fig. 3b). uIRI mice
demonstrated a less robust increase in %-area of Col1a1
(39.6 ± 2.8% vs. 17.7 ± 1.0%, p < 0.001).

Shared and Distinct Transcriptome Signatures
A principal component analysis was performed to

assess and compare global transcriptome changes in the
three models (Fig. 4a). The major variance in the RNAseq
data set was explained by the presence of CKD (84%, PC1;
model vs. control) and to a lesser degree by the disease
induction method applied (6%, PC2), overall indicating
extensive gene expression changes in all CKD models
compared to corresponding controls. The number of
differentially expressed genes (DEGs) were excessive in all

Fig. 2. ADI, UUO, and uIRI mice show increased renal macrophage infiltration (a) Representative histo-
logical images (left kidney) on F4/80 staining. Scale bar, 200 µm. b Relative (%) area of F4/80 staining. All
values are ±SEM. ‡‡‡p < 0.001 compared to ADI control, ***p < 0.001 compared to UUO sham, ###p < 0.001
compared to uIRI sham (two-tailed Dunnet’s test).
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three models (n = 12,236 [uIRI], n = 12,046 [UUO] and
n = 11,468 [ADI]), as compared to corresponding con-
trols (Fig. 4b). Notably, the three models shared a large
proportion of DEGs, both upregulated (n = 4,578) and
downregulated (n = 3,745) (Fig. 4c).

To obtain an overview of perturbed molecular sig-
naling in the three models, a reactome pathway analysis
[35] was performed, which indicated highly similar
pathway perturbations across models including ECM
remodeling and the immune system (online suppl. Fig.
S1; for all online suppl. material, see https://doi.org/10.

1159/000535918). To assess model-specific signatures,
only DEGs unique to each individual model (ADI, n =
1,183, UUO, n = 900 and uIRI, n = 1,860) were included
in the analysis (Fig. 5a–c). The top regulated pathways in
the ADI model were associated with metabolism and the
immune system, with RNA metabolism being the
dominant pathway. In contrast, the top regulated path-
way for both UUO and uIRI mice was associated with
signal transduction, where differences in the type of signal
transduction were apparent (online suppl. Fig. S2). The
UUO and uIRI mice differed in their second and third

Fig. 3.ADI, UUO, and uIRI models show increased renal fibrosis. a Representative histological images of Col1a1
staining in kidney sections. Scale bar, 200 µm. b Relative (% area) of Col1a1 staining. All values are ±SEM. ‡‡‡p <
0.001 compared to ADI control, ***p < 0.001 compared to UUO sham, ###p < 0.001 compared to uIRI sham (two-
tailed Dunnet’s test).
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most perturbed pathways with UUO mice being asso-
ciated with ECM organization and hemostasis, while uIRI
mice were associated with the neuronal system and
transcription.

Considering the clear histological evidence of kidney
inflammation and fibrosis in ADI, UUO, and uIRI mice,
we first profiled an in-house candidate gene set (online
suppl. Table S1) associated with the immune system and
ECM (Fig. 6a, b). Most genes involved in fibrogenesis
(28 out of 35 genes) showed similar directional change
in the three models, with notable upregulation of genes
promoting collagen formation (e.g., Col1a1, Col3a1,
Col4a1, Col4a2, Fn1) and extracellular matrix remod-
eling (e.g., Lamc2, Mmp9, Serpine1, Timp1, Vim).
Several genes involved in TGF-β signaling were also
upregulated in the three models (e.g., Grem1, Tgfb1,

Tgfb2, Tgfb3, Tgfbr1).While being regulated in all three
models, we detected model-specific directional changes
in the expression of a subset of genes involved in TGF-β
signaling (i.e., Avcr1b, Bmpr1a, Bmpr2, Crim1, Eng,
Smad4 and Smad5). For example, Crim1 was down-
regulated in ADI mice while being upregulated in uIRI
mice and Smad4 was only upregulated in UUO and
uIRI mice.

Immune system-related genes were to a large degree
upregulated in all three models (Fig. 6c, d). This applied
to, e.g., genes involved in chemokine signaling and im-
mune cell migration (e.g., Ccl2, Ccr2, Icam1, Vcam1) as
well as monocyte/macrophage markers (e.g., Il1b, Cd68,
Cd86, Mrc1). Consistent with histological findings, Ad-
gre1 (F4/80) was also robustly upregulated in all three
models.

Fig. 4. RNA sequencing analysis reveals distinct model tran-
scriptome signatures, however, with significant overlap between
CKDmodels (a) PCA-plot of gene expression changes in top 500
most variable genes. Small dots indicate samples; large dots
indicate the center of all samples in a group. b Bar plot depicting

total regulated genes in the ADI, UUO, and uIRI model com-
pared to corresponding control group. c Venn diagrams de-
picting the overlapping and distinct differentially expressed
genes in ADI, uIRI, and UUO mice. PCA, principal component
analysis.
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Fig. 5. Reactome
pathway analysis of
model-specific gene
regulations in the
ADI, UUO, and uIRI
mouse. a ADI mice,
(b) UUO mice, and
(c) uIRImice showing
inverse log10 p values
of genes in the top 20
regulated pathways.
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In addition, selected gene expression markers of
kidney injury [36] were probed in the data set (Fig. 6e, f).
Common tubular injury markers such as Havcr1, Lcn2,
and Spp1 (kidney injury molecule 1, lipocalin 2, and
osteopontin) were upregulated in ADI, UUO, and uIRI
mice, whereasUmod (uromodulin) was downregulated in
all models. Compared to ADI and UUO mice, uIRI mice
demonstrated inconsistent changes in the renal injury
markers Ambp, Chil1, and Igfbp7.

Mapping Gene Expression Changes in Drug Targets
for CKD
Finally, we mapped the expression of molecular

targets currently pursued in preclinical and clinical
drug development for CKD [2, 37, 38]. Genes were
classified according to major biological function and
heatmaps were generated to visualize the expression of
the target genes across the CKD models as compared
to corresponding controls (Fig. 7a, b; online suppl.
Table S2). Furthermore, genes which showed model-
specific expression patterns as well as molecular tar-
gets for current clinical-stage drugs were further ex-
plored (Fig. 7c, d). Overall, the ADI, UUO, and uIRI
models showed similar patterns of quantitative gene
expression changes for drug targets across all func-
tional categories.

Clinical-Stage Drug Targets
All three models demonstrated significant down-

regulation of Slc5a2 (encoding sodium-glucose
cotransporter-2 inhibitors) and upregulation of Ednra
(endothelin receptor A) (Fig. 7a, b). Ednrb (endothelin
receptor B) was upregulated in ADI and downregulated
in UUO while seeing no regulation in uIRI. Nr3c2 and
Glp1r (mineralocorticoid receptor, glucagon-like peptide-
1 receptor), were both upregulated in uIRI mice while
being downregulated in UUO mice. Nr3c2 was signifi-
cantly downregulated in ADI mice.

Drug Targets Involved in Fibrosis and Inflammation
Most target genes linked to ECM [2] were upregulated

in the three CKD models, including those involved in
myofibroblast activation (Gli1, Tnc, Tnfsf12), fibroblast
proliferation (Pdgfa, Pdgfb, Pdgfd, Pdgfra, Pdgfrb),
matrix metalloproteinases (Mmp2, Mmp9, Serpine1),
and TGF-β signaling (Smad3, Tgfb) (Fig. 7a, b). Simi-
larly, a range of potential drug targets regulating the
immune system [2] showed similar directional changes
across the models characterized. Most of these genes
were upregulated and involved in macrophage-
associated pro-inflammatory signaling (Il1b, Il6, Il10,

Tnf) and cytokine responses (Ccl2, Nfkb1, Nfkb2). Ifng
expression was upregulated in UUO and uIRI mice, but
unaltered in ADI mice.

Drugs Targets Involved in Tubular Injury and
Regeneration
The gene expression changes of molecular targets

linked to tubular injury and regeneration [2] were overall
similar in ADI, UUO, and uIRI mice, including upre-
gulation of genes associated with apoptosis (Trp53), cell
dedifferentiation (Snai1, Twist1) and necrosis (Ripk3),
downregulation of genes associated with autophagy
(Atg5,Map1lc3a) and cell cycle arrest (Lamp2,Mif,Mtor)
and mixed regulation in genes associated with cell se-
nescence (Cdkn2a, Foxo4, Myd88) (Fig. 7a, b). Ripk1 was
not significantly regulated in any model, while Atg7, Bax,
Egfr, Map1lc3b showed model-specific changes in
expression.

Other Mechanisms Pursued in Drug Discovery
The three CKD models showed similar directional

changes in the expression of a subset of genes related to
angiogenesis (downregulation of Kdr, Vegfa) and tissue
differentiation (upregulation of Sox9, Notch1, Notch2,
Notch3) (Fig. 7a, b). Model-specific transcriptional
changes were observed for other genes involved in
angiogenesis (Flt1), tissue differentiation (Ctnnb1,
Gli2, Shh, Ptch1), and peptide receptor signaling
(Gipr [38]).

Discussion

We here report the first head-to-head comparative
study of kidney histopathological and global gene
expression changes in 3 widely used mouse models of
CKD, including the ADI, UUO, and uIRI model.
While the three models demonstrated different se-
verity of kidney inflammation and fibrosis, our
comprehensive RNAseq and bioinformatics analysis
indicated remarkably overlapping renal transcriptome
signatures. All three models can therefore inform
about renal molecular signaling implicated in CKD
and selection of the relevant mouse model in pre-
clinical target and drug discovery will depend on the
specific study design, which should consider drug/
target mode of action, model disease severity and
study cost-effectiveness.

Our histomorphometric analysis confirmed and ex-
tended previous histological studies in ADI, UUO, and
uIRI mice [39–43]. Overall, the UUO model showed the
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Fig. 6. a Gene expression (normalized counts) of fibrotic markers
in all models and all controls scaled row-wise, with squares
representing individual animals (n = 8 for ADI, UUO, n = 10 for
uIRI). b Log2-fold change in gene expression of fibrotic markers
from controls to CKD animals. Rows are unscaled. Also shown are
p values representing directionality of regulation for all three
models. c Gene expression (normalized counts) of inflammatory
markers in all models and all controls scaled row-wise, with
squares representing individual animals. d Log2-fold change in

gene expression of inflammatory markers from controls to CKD
animals. Rows are unscaled. Also shown are p values representing
directionality of regulation for all three models. e Gene expression
(normalized counts) of kidney injury markers in all models and all
controls scaled row-wise, with squares representing individual
animals. f Log2-fold change in gene expression of injury markers
from controls to CKD animals. Rows are unscaled. Also shown are
p values representing directionality of regulation for all three
models.
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most advanced renal fibrosis and inflammation. Kidney
fibrosis was also prominent in uIRI mice while demon-
strating a relatively mild inflammatory response. In
comparison, the ADI mouse model developed milder
kidney fibrosis with moderate-grade inflammation.
While previous kidney transcriptomic studies have been
reported in the UUO and uIRI mouse [44, 45], similar
information is lacking for the ADI mouse model. Also, no
head-to-head comparison of the renal transcriptome
changes in these 3 mouse models has been performed.
While the models were clearly separated based on dif-
ferent degree of inflammatory and fibrotic injury, overall
kidney transcriptome signatures were remarkably similar
in these common mouse models of CKD. A shared
characteristic in all three models was a very high number
of differentially expressed genes involving almost half of
the kidney global transcriptome. Collectively, the
genome-wide responses appeared to a large degree in-
dependent of the individual CKD induction method
applied, indicating that the three model paradigms all
promote considerable and widespread alterations in renal
molecular signaling.

The three models were investigated for model-specific
transcriptome changes. Our analysis indicated that the
three models to a minor degree differed in gene ex-
pression events associated with wide range of kidney
functional domains, including metabolism, ECM orga-
nization, immune system as well as hemostatic and
neuronal signaling pathways. While the models were
clearly distinguished based on fibrosis severity, our
RNAseq data suggest relatively comparable pro-
fibrogenic activity in the three models based on se-
lected fibrosis markers. It should be emphasized that
changes in gene expression do not always correlate with
changes in protein levels, given the vast range of post-
translational regulatory mechanisms that can influence
the expression and turnover rate of the corresponding
protein.

For all models, the most conspicuous gene expression
changes were linked to transcriptional programs in-
dicative of enhanced fibrogenesis and reduced clearance

of collagen fibers, thus favoring fibrosis progression. In
agreement with previous studies in ADI, UUO, and uIRI
mice [46–52], we observed a marked upregulation of
Col1a1, Col3a1 Col4a1, Col4a2, and Fn1 across the
models. Similar findings have been reported in CKD
patients [53]. Also consistent with regulation of pro-
fibrotic TGF-β signaling in human CKD [54], genes
associated with TGF-β signaling (e.g., Bmpr2, Mmp9,
Tgfb1, Timp1, Tgfb1r) were significantly upregulated in
all three models, further supporting that TGF-β sig-
naling is critical in fibrotic kidney injury and thus an
attractive drug target in CKD [26, 41, 47, 55–59]. Few
ECM-related genes were downregulated, notably Bmp7
and Egf. These two genes are involved in cellular de-
differentiation and also reported downregulated in
human CKD, a mechanism thought to favor fibrosis
[60, 61].

As for fibrosis, the models showed comparable
changes in gene expression markers of inflammation,
indicating a broad inflammatory response involving
marked upregulation of pro-inflammatory signaling and
recruitment of immune cells, notably macrophages and
T-cells. These regulatory events were supported by
previous preclinical [26, 48, 50, 52, 62, 63] and clinical
[64–67] studies.

Kidney damage in the three CKD models was further
supported by significant regulation of gene expression
markers of acute and chronic renal injury. In agreement
with previous studies in ADI, UUO, and uIRI mice, we
observed a marked upregulation of key markers of
kidney injury, including Havcr1 [47, 48, 68], Lcn2
[68–70], and Spp1 [40, 71]. These genes have been
demonstrated to play an important role in renal re-
generation and inflammatory responses in preclinical
studies [72–75] and also implicated in human CKD
pathogenesis [76, 77].

Given the applicability of the ADI, UUO, and uIRI
mouse models in preclinical target and drug discovery, we
performed a comparative analysis of renal molecular
targets currently pursued in preclinical and clinical drug
discovery. Targets selected were classified into four major

Fig. 7. Gene expression analysis of current and putative drug
targets showed key differences in regulation between models.
a Heatmap of gene expression (Variance corrected counts) of
CKD drug targets, scaled row-wise, with squares representing
individual animals (n = 8 for ADI, UUO, n = 10 for uIRI). Drug
targets are separated into several groups, based on putative
function [2, 37, 38]. b Log2-fold change in gene expression of
CKD drug targets from controls to disease-model animals. Rows
are unscaled. Also shown are p values representing directionality

of regulation for all three models. Drug targets are separated into
several groups, based on putative function. c Expression levels of
current drug targets are shown as mean ± SEM RPKM values.
d Expression levels of targets with differences in regulation di-
rectionality are shown as mean ± SEM RPKM values. *p < 0.05,
**p < 0.01, ***p < 0.001 compared to UUO sham. ‡‡p < 0.01,
‡‡‡p < 0.001 compared to ADI control. #p < 0.05, ##p < 0.01,
###p < 0.001 compared to uIRI sham. RPKM, reads per kilobase
million.

498 Nephron 2024;148:487–502
DOI: 10.1159/000535918

Marstrand-Jørgensen et al.

D
ow

nloaded from
 http://karger.com

/nef/article-pdf/148/7/487/4247268/000535918.pdf by guest on 22 July 2024

https://doi.org/10.1159/000535918


functional categories, i.e., fibrosis, inflammation, tubular
injury and regeneration [2]. As for other gene sets applied
in the present study, the models demonstrated a signif-
icant overlap in the regulation of genes encoding renal
targets considered relevant in CKD therapy. One ex-
ception was Ifng not being regulated in ADI mice. Others
have reported upregulated Ifng expression in ADI mice
[68], possibly reflecting the shorter feeding and study
duration of the referenced study. Future studies should
aim to investigate a potentially differential role of Ifng in
the three CKD models.

Interestingly, a range of genes encoding drug targets
pursued in clinical trials [37] were regulated differently in
the models, including genes involved in Sonic hedgehog
signaling (Gli2, Ptch1, Shh) and angiogenesis (Flt1).
Accordingly, Gli2 and Shh were upregulated and Ptch1
downregulated in UUO mice, corroborating previous
studies in this model [78, 79]. Upregulation of renal Gli2
expression, albeit with unchanged Ptch1 expression, has
been reported in CKD patients [80]. Both Ptch1 and Flt1
were downregulated in ADI mice. Previous studies have
linked increased levels of soluble FLT1 (Fms Related
Receptor Tyrosine Kinase 1) to increased proteinuria in
humans [81]. Whether the decrease in Flt1 expression
reflects a lower level of soluble Flt1 in the murine ADI
model must await further studies. Genes encoding re-
ceptors targeted by drugs in current clinical development
for CKD (Ednrb, Glp1r, Nr3c2) showed model-specific
regulation. Previous studies in ADI and UUO mice have
reported non-significant regulation of Ednrb, contrasting
the current study [82]. Likewise, lowered Nr3c2 expres-
sion in UUO mice contrasts the finding of upregulated
Nr3cs expression in a previous study [83]. A peptide
receptor with therapeutic potential in metabolic diseases
(Gipr [38]) was only upregulated in the UUO model.
Collectively, the clinically relevant targets for CKD
showed different directionality in the ADI, UUO, and
uIRI models, which should be considered when probing
test compounds for therapeutic effects in these models.

While our study highlights markedly overlapping
transcriptome signatures in ADI, UUO, and uIRI mice,
other features of the three models are important to
consider. For example, establishing the ADI model does
not require surgical skills but progression of CKD is slow
in the model. While UUO and uIRI mice show normal
eGFR due to compensatory upregulation of contralateral
kidney function [84], ADI mice have reduced eGFR [20,
21], thus enabling the use of a clinical functional endpoint
in this model. Although the UUO and uIRI mousemodels
are both surgically induced, the UUO model has the
advantage of accelerated development of kidney fibrosis

and inflammation, thus more applicable in drug
screening programs. It should, however, be noted that the
UUO model does not reflect the natural history of CKD.
In contrast, the uIRI model is considered recapitulating
human renal ischemic insults leading to acute kidney
injury and thus preferred for testing drugs targeting
mechanisms leading to oxidative cell damage [24–26].

Certain study limitations apply. For example, we only
characterized the models at a single time point after CKD
induction. Hence, we cannot exclude further model-
specific transcriptional responses at other timepoints.
This aspect must be addressed in future longitudinal
studies aiming to further inform about optimal study
design and applicable endpoints to assess for potential
nephroprotective drug action in each CKD model. The
timepoints investigated in the 3 individual mouse models
reflect CKD at a relatively advanced histological stage, in
particular with regards to the UUO and uIRI model. The
differential CKD model phenotypes, including disease
severity, should be taken into account when interpreting
commonalities and distinct changes in the expression of
current clinical CKDmolecular targets. Given the presence
of significant kidney inflammation and fibrosis in the three
models evaluated, this could suggest that differential ex-
pression of several clinically relevant drug targets reflect
their involvement in advanced CKD, which may be tar-
geted to prevent further progression or ultimately reverse
the disease. Overall, these models are therefore most ap-
plicable in disease intervention studies rather than pro-
phylactic treatment paradigms. Also, the current study
only involved young, male mice. Recent consensus
guidelines from the International Society of Nephrology
recommend also investigating the effect of sex and aging in
murinemodels of CKD [85]. In addition, quantitative gene
expression changes do not necessarily predict similar
changes in the expression of the corresponding protein
product. In line with this, relative increases in the ex-
pression of Adgre1 and Col1a1 mRNA were more pro-
nounced than the corresponding changes in F4/80 and
Col1a1 immunoreactivity. Therefore, proteomics studies
must be performed to further delineate shared and distinct
molecular signatures in the models. Finally, while the
present study did not aim to characterize treatment re-
sponses in the three models, future intervention studies
could serve to differentiate transcriptome responses in
these threemodels with the aim to further guide preclinical
target and drug discovery studies using these models.

In conclusion, our study reveals a large overlap in
kidney transcriptome signatures in the ADI, UUO, and
uIRI models of CKD. The commonalities in global gene
expression responses suggest that the three models are
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most likely equally applicable in preclinical CKD re-
search. However, the different induction methodologies
and model-specific changes in certain genes important in
CKD pathogenesis highlight that the three models have
individual advantages and limitations in preclinical target
and drug discovery for CKD. The model of interest
should therefore preferentially be selected based on
considerations on drug target, mode of action, applicable
endpoints, and feasibility of the CKD induction method
applied.
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