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Editorial on the Research Topic
Recent advances on renoprotection and kidney regeneration

Although several modes of renal replacement therapy have been co-existing for decades,
end-stage renal disease (ESRD) represents a huge global healthcare burden. ESRD prevalence
increased by over 40% between 2003 and 2016 (Thurlow et al., 2021). Pandemic diseases
such as hypertension, obesity, and diabetes where ESRD is a frequent co-morbidity
essentially contribute to this increase. Therefore, the demand for a better understanding
of the underlying mechanisms of kidney damage and regeneration, for improving the current
therapies as well as for the development of novel organoprotective and regenerative strategies
in nephrology is bigger than ever.

The Frontiers in Physiology Research Topic collection “Recent advances on
renoprotection and kidney regeneration” provides insight into several aspects of acute
kidney damage and into the role of fibroblast growth factor 21 in chronic kidney
disease. It also reports intriguing new findings on the function of the renin cells as a
progenitor cell niche, on the therapeutic modulation of glomerular hemodynamics in the
diabetic kidney, and on a kidney machine perfusion-based renoprotective drug discovery
platform. Last but not least, an in-depth review focuses on the use of materials mimicking
renal extracellular matrix in new kidney models.

Acute kidney injury (AKI) is a common disease that associates not only with high short-
term mortality but also with long-term adverse outcomes including chronic kidney disease
(CKD) and cardiovascular complications (Lameire et al., 2008; Mehta et al., 2015; Teo and
Endre, 2017). AKI is also particularly interesting with regard to regeneration because it could
be completely reversed by modern therapy (Legendre et al., 2013) thus underscoring the high
regenerative capacity of the kidney. Yet renal functional and structural integrity could not
always be restored after AKI, resulting in loss of kidney function and CKD. Therefore
ongoing efforts focus on better understanding the molecular mechanisms of AKI and the
development of novel regenerative and protective therapeutic approaches.

In this Research Topic collection, Buse et al. provide an overview of whole-cell
sequencing findings in AKI. Particularly single-cell transcriptome sequencing represents
a powerful new tool for studying in detail the global organ expression landscape. It is also a
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technique with immense diagnostic potential that heralds new
therapeutic strategies for AKI and AKI to CKD transition. This
technology will help to clarify the fundamental question regarding
the pre-existence of an intratubular progenitor cell population such
as the “scattered” tubular cells (Lindgren et al., 2011) being required
for tubular cell repair or whether all surviving cells are able to
acquire regenerative potential via dedifferentiation. Results from the
studies being discussed in this mini-review suggest the latter
mechanism. Single-cell sequencing experiments also provide
additional insights into the sex-specific differences of AKI after
ischemia-reperfusion, a phenomenon that has been consistently
demonstrated clinically in many animal models.

The diagnosis of AKI relies currently on measuring serum
creatinine and urine production. However, these functional
parameters only indirectly reflect the underlying tissue damage
(and regeneration) in AKI. Zou et al. tackle this issue by
reviewing novel subclinical biomarkers of AKI. The authors
address the problem of AKI as a hospitalization complication,
which is usually associated with renal tubule injury. They focus
on the issue of subclinical AKI, characterized by structural renal
damage in the absence or minor changes in functional markers:
serum creatinine, glomerular filtration rate, and urinary output.
This review provides a critical assessment of a comprehensive list
of markers of renal tissue damage. The development of renal
tubule injury markers aims to remedy the lack of specificity,
sensitivity, and timeliness of functional markers for the diagnosis
of structural damage in AKI. The review summarizes the
molecular nature, physiology, analytics, preclinical studies, and
clinical performance as subclinical AKI markers for cystatin C,
NGAL, KIM-1, IL-18, LFBAP, and TIMP2/IGFBP7. Two recent
candidates, clusterin and PenKid are reviewed in more detail.
Performance appears to be conditioned to the clinical setting and
the major limitation for most biomarkers is the lack of specificity.
Thus, the value of measuring AKI biomarkers still resides in their
integration with clinical assessment.

Corridon addresses the therapeutic potential of transient
overexpression of the mitochondrial enzyme isocitrate
dehydrogenase 2 (IDH2) in a rodent AKI model using plasmid-
based hydrodynamic gene delivery. IDH2 is the primary enzyme
maintaining the mitochondrial antioxidant system, which is
markedly altered in tubular epithelial cells after AKI and may be
responsible for successful ischemic pre-conditioning. In these
experiments, the author demonstrates successful renal gene
delivery as well as upregulated expression of IDH2 after early
hydrodynamic gene transfer. Being executed 1 h after AKI
induction, IDH2 gene transfer ameliorated AKI-mediated
increases in serum creatinine and urea nitrogen levels, while
urine output increased as well as the mitochondrial membrane
potential. Apparently, still many hurdles have to be overcome to
provide a successful transition of these experimental results to the
clinic.

Using an acute glomerulonephritis model Labes et al. study
the role of inflammation because it is thought to be crucial for the
transition from acute injury to CKD. This group studies the
renoprotection conferred by Annexin A1, a glucocorticoid
inducible protein. They employ an animal model of Annexin
A1 deficiency to show its role as a mediator of the resolution
phase of rapidly progressive crescent glomerulonephritis.

Deficiency of Annexin A1 led to an aggravated course of the
disease with a phenotype of severe non-resolving inflammation
and accelerated fibrosis. Annexin A1-deficient mice exposed to
the nephrotoxic serum model exhibited a larger number of
damaged glomeruli, increased abundance of inflammatory cells
(neutrophils, macrophages, and leukocytes), and alteration of
renal lipid levels towards a pro-inflammatory profile.
Transcriptome analysis revealed upregulation of pathways
related to leukocyte activation and cytokine production and
secretion in Annexin A1 deficient mice at day 10 after
induction of nephritis. Finally, augmented expression of
fibrotic markers was demonstrated by qPCR and tissue
staining for collagen. These results are in good agreement with
previous observations on the anti-inflammatory and anti-fibrotic
roles of Annexin A1 in the kidney. The upregulation of Annexin
A1 or its downstream effectors may represent a new target for
renoprotective strategies.

Zhou et al. summarize the accumulating evidence for the role
of Fibroblast Growth Factor 21 (FGF21) in CKD. FGF21 serum
levels increase in CKD. Importantly these could be used as a
predictor for declining kidney function. Particularly in diabetic
nephropathy, FGF21 appears to be a very precise prognostic
marker. FGF21 is produced by the liver and is upregulated in
states of cellular energy deficit. In the diabetic kidney
FGF21 appears to work protectively by improving lipid
metabolism and alleviating oxidative stress, thus essentially
limiting renal injury and fibrosis. It is still to be discovered
why FGF21 increases in the non-diabetic forms of CKD.
Another interesting aspect to be addressed by future studies is
why if FGF21 works protectively in CKD it is not sufficient to halt
disease progression. With this regard, there are already
promising findings showing that therapy with FGF21 analogs
exerts beneficial metabolic effects (for more detail see review
references).

The juxtaglomerular renin-producing cells in the afferent
arterioles (termed hereafter renin cells) have been known for a
long time as the primary source of renin in circulation. Renin is
the central regulatory factor within the plasma renin-
angiotensin-system, which plays a fundamental role in the
control of arterial blood pressure. However, in the last several
years these cells were reproducibly found to have also progenitor
and protective functions in the kidney (Pippin et al., 2013; Starke
et al., 2015; Lachmann et al., 2017; Steglich et al., 2020). Arndt
et al. expanded the knowledge on the progenitor role of the renin
cells by demonstrating that there is a seningle-nephron feedback
system, which drives the movement of the renin cells into the
glomerulus where they change their phenotype to replace
damaged glomerular cells. The authors used longitudinal
intravital microscopy and 3D image reconstruction to quantify
the injury-directed renin cell migration in laser-irradiated
glomeruli of mouse kidneys. Interestingly the directed
migration of renin cells starts almost 3 days after the initial
glomerular damage. At the same time, the intraglomerular
renin cell descendants remain in spatial contact with the
juxtaglomerular renin cell niche. While providing extensive
quantification of the migration process for the first time, the
authors only speculate about the signal mediating the feedback
between glomerulus and extraglomerular renin cells. Thus, the
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exact nature of the signal(s) driving the renin cell migration and
differentiation after glomerular injury remains to be resolved.

The intravital imaging technique was used by the same group
to study the therapeutic effects of renoprotective drugs on
glomerular hemodynamics in a mouse model of diabetic
kidney disease. Diabetes mellitus is the primary cause of
irreversible loss of kidney function and renal replacement
therapy (Tziomalos and Athyros, 2015; Alicic et al., 2017).
Glomerular hyperfiltration is a major pathophysiological
factor, particularly in the early phase of diabetic kidney
disease. Counteracting the increase of glomerular filtration
rate (GFR) is a standard renoprotective therapy in diabetic
patients. Kroeger et al. studied the effects of angiotensin-
converting enzyme (ACE) inhibitor enalapril or/and sodium
glucose cotransporter 2 (SGLT2) inhibitor empagliflozin on
single nephron GFR (snGFR) in diabetic mice using intravital
imaging. Treatment with enalapril, empagliflozin, or a
combination of both decreased snGFR. While the effect on
snGFR was uniform, the different treatment modes induced
distinct changes in the resistance of the corresponding afferent
and efferent arterioles, which consistently resulted in
decreased filtration. These findings demonstrated that the
complexity of the pathophysiologic mechanisms causing
glomerular hyperfiltration in diabetic patients offers also
multiple options for beneficial modulation by renoprotective
treatment regimens.

Allogeneic kidney transplantation is considered the most
advanced present-day renal replacement therapy. A major
limitation therein is the low number of donors available
compared to the number of patients with ESRD. Therefore,
transplant tissue care is decisive for increasing the number of
transplantable kidneys. A modern approach in preserving
transplant integrity is normothermic machine perfusion
(NMP). Although still limitedly tested with human kidneys,
NMP is expected to alleviate tissue ischemia and allow organ
preconditioning. In this Research Topic collection, Hofmann
et al. describe an ex vivo kidney slice perfusion as a further
development of a rodent NMP technique previously reported
by the same group (Czogalla et al., 2021). The novel perfusion
method is based on a 3D-printed kidney slice incubator (KSI)
with slots for up to nine kidney mouse slices. With this device, a
high-throughput pipeline for drug testing was established.
Since the testing conditions are very similar to the whole
organ perfusion, coupling KSI to NMP would dramatically
accelerate the preclinical studies on potential applications of
NMP in human kidney allotransplantations. In support of this
exciting perspective, the authors report the identification of β-
nicotinamide-adenine-dinucleotide as an agent reducing
endoplasmic reticulum stress in perfused kidneys through
their rodent KSI-NMP pipeline.

Preclinical animal models fail to reproduce all the
characteristics of AKI and CKD in humans. This is
particularly evident and relevant in the field of
nephrotoxicity. However, there is not a good alternative
because traditional in vitro models based on the bi-

dimensional culture of renal cells lack many of the
biochemical and biomechanical stimuli present in vivo.
Lacueva-Aparicio et al. summarize different strategies for
improving in vitro models, based on the incorporation of
biochemical and biomechanical properties of extracellular
matrix (ECM) surrogates. Their thorough but concise review
covers 2D, 2.5D, and 3D architecture models and discusses how
biological and synthetic ECM influence renal phenotype and
response to damage. Recent advances in the fields of organoids,
decellularized ECM, bioprinting, and microfluidics are
presented, to stress the need of incorporating complex
architectures and biochemical ECM stimuli. The
combination of these techniques will result in complex
models close enough to in vivo kidney function and disease
to allow for the substitution of animal preclinical models,
facilitating the evaluation of nephroprotection, kidney
damage, and regeneration.

In conclusion, the papers in this Research Topic collection
not only summarize modern aspects of renoprotection but also
report original findings on the regenerative capacity of the
kidney and inspiring therapeutic approaches with strategic
potential.
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Chronic kidney disease (CKD) is an incurable progressive disease with the progressive
impairment of kidney function, which can accelerate the progression of cardiovascular
disease, increase the risk of infection, and lead to related complications such as
anemia and bone disease. CKD is to a great extent preventable and treatable, and
it is particularly important to improve the early diagnosis, strengthen the research
underlying the mechanism of disease occurrence and development, and innovate new
intervention measures. Fibroblast growth factor 21 (FGF21) belongs to one of members
of endocrine FGF subfamily with evolutionarily conserved functions and performs a vital
role in the regulation of energy balance and adipose metabolism. FGF21 needs to rely on
β-Klotho protein to specifically bind to FGF receptor (FGFR), which activates the FGF21
signaling exerting the biological function. FGF21 is deemed as an important regulatory
factor extensively modulating many cellular functions under physiologic and pathologic
conditions. Although the metabolic effect of FGF21 has been extensively studied, its
potential biological role in the kidney has not been generally investigated. In this review,
we summarize the biological characteristics, regulation and biological function of FGF21
based on the current studies, and briefly discuss the potential relationship with chronic
kidney disease.

Keywords: fibroblast growth factor 21, biomarker, chronic kidney disease, diabetic nephropathy, cardiovascular
disease

INTRODUCTION

Chronic kidney disease (CKD) is a progressive disease characterized by high morbidity and
mortality, which is characterized by the changes in the structure and function of the kidney
owing to various reasons (Kalantar-Zadeh et al., 2021). With the high and still increasing
global burden of CKD, approximately 10% of adults are affected by CKD (GBD Chronic
Kidney Disease Collaboration, 2020). Overall speaking, the incidence of CKD increases with
age, especially in patients with obesity, diabetes and hypertension (Silverwood et al., 2013;

Abbreviations: CAG, coronary angiography; CIN, contrast-induced nephropathy; CKD, chronic kidney disease; eGFR,
estimated glomerular filtration rate; ESRD, end-stage renal disease; FGF21, fibroblast growth factor 21; FGFR, fibroblast
growth factor receptor; GLP-1, glucagon-like peptide-1; NAFLD, non-alcoholic fatty liver disease; NASH, non-alcoholic
steatohepatitis; PPARα, peroxisome proliferator-activated receptor-α; ROS, reactive oxygen species; SGLT2, sodium glucose
cotransporter 2; UGE, urinary glucose excretion.
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Cockwell and Fisher, 2020). CKD can accelerate the progression
of cardiovascular disease, increase the risk of infection, and lead
to anemia and bone disease, as well as other complications that
increase the risk of premature death. Since the progression of
CKD usually takes several years and the symptoms remain not
obvious, early detection of the disease is particularly important.
Non-drug strategies such as diet and lifestyle adjustments, and
specific drug interventions can be adopted to improve the clinical
outcomes of the patients with CKD.

In the past few decades, some new biomarkers have been
discovered, which contributes to recognizing renal function
impairment earlier. Fibroblast growth factor 21 (FGF21), one of
the emerging biomarkers, has been associated with CKD (Kondo
et al., 2020). Studies have verified that serum FGF21 levels in
patients with CKD increase progressively and reach 20 times
over the normal range (Hindricks et al., 2014). Moreover, in
type 2 diabetes patients, the level of serum FGF21 is significantly
linked to the occurrence of nephropathy, proteinuria, and the
progression of end-stage renal disease (ESRD) (Jian et al.,
2012; Lee et al., 2015). This article will review the biological
characteristics, regulation and biological function of FGF21 in
the onset and development of CKD, and finally evaluate the
underlying role as a therapeutic target.

BIOLOGICAL CHARACTERISTICS OF
FIBROBLAST GROWTH FACTOR 21

Molecular Structure of Fibroblast Growth
Factor 21
As a member of the superfamily of fibroblast growth factors,
FGF21 is composed of similar structure containing 150–300
amino acids (Itoh and Ornitz, 2011). FGF21, initially discovered
in 2000, was most similar to FGF19 with approximately 35%
similarity in the members of human FGFs (Nishimura et al.,
2000). FGF21 precursor is composed of 209 amino acids encoded
by 4 exons. Next, undergoing cleavage of a signal peptide,
FGF21 precursor is converted into mature FGF21 containing
181 amino acids with molecular weight of approximately 20 kDa
(Zhang et al., 2015).

Fibroblast Growth Factor 21 Related
Receptors
Studies have found that FGF exerts biological functions by
binding to FGF receptors (FGFRs) belonging to tyrosine kinase
receptors. However, the endocrine FGF (FGF19, FGF21, and
FGF23) has a low affinity with FGFRs, and requires the
participation of specific transmembrane glycoproteins (α or
β-klotho) in the target organs. Klotho protein is an important
part of the endocrine FGF receptor complex and is indispensable
to the high-affinity binding between FGF and FGFR (Fernandes-
Freitas and Owen, 2015; Kuro-O, 2019b). In recent years,
a growing body of researches have revealed that the FGF-
Klotho complex also participates in the pathophysiology of some
diseases, involving CKD, diabetes, arteriosclerosis and cancer
(Kuro-o, 2012). Consequently, through the thorough research

on the FGF-Klotho-FGFR complex, the development of drugs
targeting the FGF-Klotho endocrine axis may bring clinical
benefits in multiple systems.

The specific binding between FGF21 and corresponding FGFR
relies on β-Klotho protein (Ding et al., 2012). β-Klotho protein
preferentially combines with FGFR for inhibiting paracrine FGFs
signaling (Goetz et al., 2007), which helps endocrine FGFs to
specifically bind to FGFRs in target cells avoiding the interference
of paracrine FGFs. FGF signaling pathway with abundant
structural information extensively modulates distinct biological
process in development, tissue homeostasis and metabolism
(Goetz and Mohammadi, 2013). In liver, FGF21 participates in
regulating carbohydrate and fatty acid metabolism, including
fatty acid oxidation and gluconeogenesis (Potthoff et al., 2009). In
addition, FGF21 increases glucose uptake and lipolysis through
converting white fat into brown fat for increasing energy
metabolism (Emanuelli et al., 2014).

Regulation and Function of Fibroblast
Growth Factor 21
FGF21, a hormone mainly produced in liver, is induced
directly by peroxisome proliferator-activated receptor-α (PPARα)
(Inagaki et al., 2007). In the fasting or starvation state, PPAR
mediates the increase in the expression of FGF21 in the liver,
leading to gluconeogenesis, fatty acid oxidation and ketone body
production as an adaptive response to hunger (Woo et al.,
2013). PPARα agonists, such as bezafibrate and a novel drug
MHY2013, can significantly increase the expression of FGF21
for alleviating obesity-induced insulin resistance, dyslipidemia
and hepatic steatosis (An et al., 2017). The regulatory process of
FGF21 expression can be exhibited utilizing a diagram (Figure 1).

Recently, the biological characteristics of FGF have been
extensively studied. The endocrine FGFs play multifaceted roles
in the treatment of many chronic diseases involving in kidney
disease, cardiovascular disease, obesity, type 2 diabetes, and
cancer (Degirolamo et al., 2016). The abnormal signal of FGF is
significantly linked to the development of cancer and metabolic
diseases. The function of FGF21 was originally discovered in
2005 when looking for new drugs for the treatment of diabetes.
FGF21 metabolic axes extensively participates in regulating the
metabolic homeostasis (Li, 2019). FGF21 can improve glucose
uptake by fibroblasts and adipocytes showing the characteristics
of effective treatment of diabetes (Kharitonenkov et al., 2005).
At present, FGF21, deemed as a metabolism-related hormone, is
an emerging therapeutic target for metabolic diseases (Angelin
et al., 2012; Lancha et al., 2012; Reitman, 2013). Furthermore,
FGF21 can improve tissue damage caused by the harmful effects
of metabolic abnormalities, including oxidative, inflammatory,
and immune stress state (Luo et al., 2017). Consequently, some
targeting FGF21 analogs have been developed for the treatment
of metabolic disorders (Zhang and Li, 2015).

The latest research evidence confirms that FGF21 can improve
metabolic status with anti-fibrotic effects and has the potential
treatment for non-alcoholic steatohepatitis (NASH) (Harrison
et al., 2021). A new type of long-acting FGF21 (LAPS-FGF21)
has been developed for potential therapeutic effects on obesity.
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FIGURE 1 | Schematic diagram of the regulatory process of FGF21 expression. FGF21 is a liver-derived hormone regulated by some elements such as nutritional
factors, metabolic hormones or transcriptional factors. These factors contribute to improving the transcription and translation process and promoting FGF21
production via activating corresponding signaling pathways. FGF21 secreted from the liver performs potential biological roles in the target organs.

LAPS-FGF21 is chemically coupled with human IgG4 Fc
fragment for a longer half-life in the serum, which can effectively
reduce body weight and improve glucose tolerance in a dose-
dependent manner at the same time (Kim et al., 2021). FGF21
is highly expressed in the exocrine glands of the pancreas,
the mechanism of which requires the FGFR-Klotho signaling
transduction (Coate et al., 2017). Under physiological conditions,
acute exercise can upregulate the expression level of FGF21
in skeletal muscle (Di Raimondo et al., 2016; Tanimura et al.,
2016). At the same time, FGF21 has a higher level in patients
with mitochondrial diseases affecting skeletal muscle, which can

be used as a biomarker for mitochondrial respiratory chain
defects in muscles (Suomalainen et al., 2011; Suomalainen, 2013;
Nohara et al., 2019).

FGF21 is released by cardiomyocytes for avoiding
hypertrophy, and also participates in regulating the expression
of antioxidant pathway genes for reducing reactive oxygen
species (ROS) mediated oxidative stress in cardiomyocytes,
and acting as an antioxidant factor in the heart to control
inflammation and cardiac hypertrophy (Planavila et al.,
2013, 2015). Moreover, FGF21 can prevent atherosclerosis by
regulating the interconnection among adipose tissue, liver and

Frontiers in Physiology | www.frontiersin.org 3 October 2021 | Volume 12 | Article 76450310

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-12-764503 September 29, 2021 Time: 16:55 # 4

Zhou et al. FGF21 in Chronic Kidney Disease

blood vessels (Lin et al., 2015), and activating the angiotensin
converting enzyme 2-angiotensin axis for preventing angiotensin
II-induced hypertension and vascular damage (Pan et al.,
2018). In addition, FGF21 can also play a therapeutic effect
on atherosclerosis through the NF-κB pathway (Zhang et al.,
2018). During cardiac remodeling in uremic cardiomyopathy,
the effect of increased FGF21 expression on cardioprotective
is needed to be further clarified (Suassuna et al., 2020). FGF21
partially ameliorates hyperglycemia by reducing renal glucose
reabsorption based on the sodium glucose cotransporter 2
(SGLT2) pathway (Li et al., 2018b).

Since FGF21 is mainly excreted by the kidney (He et al.,
2018), it can be predicted by the relative change of creatinine.
The estimated glomerular filtration rate (eGFR) is a strong
independent negative predictor of FGF21. Synergistic therapy
of glucagon-like peptide-1 (GLP-1) and glucagon receptors can
upregulate the expression of FGF21 and abate renal insufficiency
induced by diabetes (Patel et al., 2018). Furthermore, one study
has found that FGF21 has a protective effect on kidney against
low protein diet-induced renal damage and inflammation (Fang
et al., 2021). It has been reported that the level of circulating
FGF21 is independently correlated with the occurrence of
contrast-induced nephropathy (CIN) and corresponding kidney
injury in patients receiving coronary angiography (CAG)
(Wu et al., 2018).

FIBROBLAST GROWTH FACTOR 21 AND
DIABETIC NEPHROPATHY

FGF21 is closely related to metabolic disorders including
diabetes. In order to clarify the relationship between FGF21 and
blood glucose, the results of a cohort study demonstrated that
the level of FGF21 in the plasma of diabetic patients significantly
increased, and was identified as an independent predictor of
type 2 diabetes predicting the development of diabetes (Chen
et al., 2011). A study has found that the high serum FGF21
level is correlated with low urinary glucose excretion (UGE) in
type 2 diabetes patients (Zhang et al., 2021). Moreover, a meta-
analysis found that FGF21 level in the plasma of type 2 diabetes
patients significantly increased compared with the control group,
which was affected by the variables of body mass index (BMI),
total cholesterol and triglycerides (Wang et al., 2019). There is
evidence existing to support that genetic variation in the FGF21
gene region is related to the renal function of type 2 diabetes
patients and affects the eGFR of diabetic patients (Yu et al., 2019).

Studies have found that FGF21 levels can be used as a
biomarker related to the prognosis of patients with diabetic
nephropathy (El-Saeed and El-Mohasseb, 2017; Chang et al.,
2021). Serum FGF21 levels are closely associated with early
diabetic nephropathy in high-risk groups of type 2 diabetes
patients, especially the circulating FGF21 value increasing more
than 181 pg/mL, so that effectively targeting FGF21 therapy
may contribute to early detection and prevention of diabetic
microvessels complication (Esteghamati et al., 2017). A cross-
sectional study also confirmed that elevated serum FGF21 level
may be a useful biomarker for predicting the progression

of kidney disease, especially in the early stage of diabetic
nephropathy. Additionally, a recombinant human FGF21,
PEGylated rhFGF21 (PEG-rhFGF21), has been developed for the
treatment effect on diabetic nephropathy in diet induced obesity
animal model (Zhao et al., 2017).

Insulin resistance is a pivotal process in the occurrence and
development of diabetic nephropathy. Studies have found that
alprostadil (prostaglandin E1) can reduce the insulin resistance
via the autophagy-dependent FGF21 pathway for preventing
the progression of diabetic nephropathy (Wei et al., 2018).
FGF21 can negatively regulate TGF-β-p53-Smad2/3-mediated
epithelial-to-mesenchymal transition by activating AKT for
reducing diabetes-induced renal fibrosis (Lin et al., 2020). Based
on the db/db mouse model research, targeting FGF21 treatment
could function as a potential therapeutic strategy in type 2
diabetic nephropathy for significantly down-regulating FGF21
receptor components, activating ERK phosphorylation, reducing
the excretion of urinary albumin and mesangial expansion,
inhibiting the synthesis of pro-fibrotic molecules, and improving
renal lipid metabolism and oxidative stress damage (Kim et al.,
2013). FGF21 protects kidney from damage by alleviating renal
lipid accumulation and inhibiting inflammation, and fibrosis
effects in diabetic nephropathy (Zhang et al., 2013). Through
upregulating the expression of FGF21 and activating Akt2/GSK-
3β/Fyn/Nrf2 antioxidants and the AMPK pathway, fenofibrate
can exert a role in preventing diabetic nephropathy in the patients
with type 1 diabetes (Cheng et al., 2020). In addition, activation of
FGF21 pathway may correlate with the effect of SGLT2 inhibitors
on protecting the renal function in type 2 diabetes and delaying
progression of CKD (Packer, 2020).

FIGURE 2 | The potential roles of FGF21 in CKD patients with other
pathological situations, including NAFLD, osteoporosis, diabetes, and
vascular calcification.
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FIBROBLAST GROWTH FACTOR 21 AND
CHRONIC KIDNEY DISEASE

In 2009, Stein et al. (2009) reported the correlation between
FGF21 and kidney disease for the first time, and found that
the circulating FGF21 level of chronic hemodialysis patients
increased by 15 times compared with the control group
based on Caucasian population in a study from Germany.
Subsequently, some studies have found an 8-fold increase of
FGF21 in peritoneal dialysis patients compared to normal
subjects according to a study from Korean (Han et al., 2010).
In clinical practice, multiple studies have shown that the level
of serum FGF21 is correlated with renal function of the patients
with CKD (Crasto et al., 2012). Furthermore, the elevated plasma
FGF21 level in the Chinese population significantly correlated
with the state of CKD progression, and is independently linked
to renal function and poor blood lipid levels (Lin et al., 2011).

The determination of FGF21 may help evaluate CKD and its
complications, which is expected to become a relevant biomarker

of CKD (Kuro-O, 2019a; Yamamoto et al., 2020). Serum FGF21
levels in CKD patients are positively associated with oxidative
stress, and negatively associated with eGFR based on a cross-
sectional study from Mexico (Ángel et al., 2021). The increase
in FGF21 concentration in CKD patients may be related to
the metabolism of lipids and carbohydrates, and FGF21 levels
in CKD patients can be reduced through hemodialysis and
transplantation from a Poland study (Marchelek-Myśliwiec et al.,
2019). In peritoneal dialysis patients, FGF21 can be used as a
hormone signal exerting a protective role in maintaining blood
glucose homeostasis and preventing potential insulin resistance
(González et al., 2016).

There exert potential roles of FGF21 in CKD patients with
other pathological situations (Figure 2). Growing evidence points
to the potential interplay between non-alcoholic fatty liver disease
(NAFLD) and CKD, the patients with NAFLD can result in
renal injury by means of the alterations of FGF21 secretion
(Musso et al., 2015). Similar findings have uncovered that
FGF21 can serve as a biomarker for CKD progression and is

FIGURE 3 | Schematic diagram of FGF21 signaling and the potential biological role of FGF21 in different types of tissue. FGF21 exerts potential biological roles in
target organs, including liver, kidney, heart, muscle, pancreas, and adipose tissue, through binding to the βKlotho-FGFR complex achieving the signal transduction.
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associated with an increased risk of vascular calcification in CKD
patients (Kuro-O, 2019a). FGF21 can be deemed as a sensitive
predictor associated with osteoporosis in hemodialysis patients
with worse renal function (Zhu et al., 2021). Serum FGF21 has
been confirmed as a biomarker for predicting rapid progression
of CKD patients with type 2 diabetes through eGFR decline
(Looker et al., 2015).

Some studies have shown that acute kidney injury may
accelerate the progression of CKD. Therefore, prevention of
acute kidney injury is an important part of the treatment for
CKD. In a mouse model of acute kidney injury induced by
cisplatin, the application of recombinant FGF21 can remarkably
downregulate the relevant protein levels of kidney injury (Li
et al., 2018a; Chen et al., 2020). Additionally, another study
demonstrates that the protective role of FGF21 in kidney injury
can be induced by vascular calcification (Shi et al., 2018). Higher
circulating FGF21 levels in patients with ESRD, but not with
cardiovascular events, are associated with high mortality, which
indicates that circulating FGF21 level can be used as a predictor
for the prognosis of patients with CKD (Kohara et al., 2017).
Although the metabolic disorder in CKD is usually thought to be
the cause of the elevated FGF21, its precise mechanism has not
been illustrated so far.

FIBROBLAST GROWTH FACTOR 21 AS A
POTENTIAL THERAPEUTIC TARGET

FGF21 has been clarified to have the effect on lowering blood
sugar and lipids, so it is expected to be a potential candidate
for development of CKD therapeutic. However, short half-life
and poor stability are the bottleneck of clinical application of
natural FGF21 protein. By constructing a stable mutant FGF21
(mFGF21) and then genetically fusing it with human albumin
through a polypeptide to form HSA-mFGF21, whose half-life
is 20 times higher than that of FGF21. It can enter the body
to play a continuous inhibitory effect on blood glucose, which
is expected to become a new biological therapy for metabolic
disorders including diabetes (Watanabe et al., 2020). In addition,
the FGF21 analog LY2405319 (LY) with the half-life improving
exerts an inhibitory effect on blood sugar and lipids, which
indicates that the FGF21 pathway may be an ideal candidate for
the treatment of metabolic diseases (Adams et al., 2013). The new

long-acting FGF21 analog PF-05231023 is a promising potential
drug for the treatment of type 2 diabetes, obesity and obesity-
related diseases (Weng et al., 2015; Thompson et al., 2016). The
current research on targeting FGF21 therapy in CKD has certain
limitations with a lack of corresponding clinical trials. At the
same time, the current research results of some animal models
may not be applicable to humans.

CONCLUSION

FGF21 signaling and the potential biological role of FGF21
in different types of tissue are summarized and displayed by
the schematic diagram (Figure 3). FGF21 regulation performs
the potential biological roles in different tissues based on
FGFR-βklotho signaling transduction, including participating in
the glucose and lipid regulation, the improvement of hepatic
steatosis, and anti-fibrotic effects in liver, improving damage
and fibrosis in kidney, preventing ROS, cardiac hypertrophy,
and atherosclerosis in heart, predicting mitochondrial disease
in muscles, regulating insulin production in pancreas, and
lipid regulation in adipose tissue. The increase of FGF21 levels
in CKD patients is influenced by a number of factors, and
the pathophysiological significance and its positive or negative
impact on patients have not been fully determined. It is possible
to speculate that the level of FGF21 is adaptively increased in the
early stages of CKD, which contributes to alleviate the metabolic
disorders. As the severity of the continuous progress of CKD, the
level of FGF21 is also rising correspondingly without more active
role. Later the chronically elevated FGF21 may have adverse
consequences for the patients with CKD. Consequently, FGF21
may become a potential target and blocking the effect of FGF21-
βklotho endocrine axis may improve the curative effects on CKD
patients. However, this needs more researches and clinical trials
to further confirm.
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Kidney Injury
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Acute Kidney injury is a major clinical problem associated with increased morbidity and
mortality. Despite, intensive research the clinical outcome remains poor and apart from
supportive therapy no other specific therapy exists. Single cell technologies have enabled
us to get deeper insights into the transcriptome of individual cells in complex tissues like the
kidney. With respect to kidney injury, this would allow us to better define the unique role of
individual cell populations in the pathophysiology of acute kidney injury and progression to
chronic kidney disease. In this mini review, we would like to give an overview and discuss
the current major findings in the field of acute kidney injury through Single-Cell
technologies.

Keywords: tubular regeneration, acute kidney injury, single cell sequencing, chronic kidney disease, transcriptomics

INTRODUCTION

Acute kidney injury (AKI) is a major clinical problem and one of the most serious complications in
hospitalized patients. It affects about two percent of all hospitalized patients and up to 35–57%
patients in intensive care unit (Liangos et al., 2006; Ostermann and Chang, 2007; Bagshaw et al.,
2008; Hoste et al., 2015). Additionally, its incidence has increased substantially over the last years due
to the growing ageing population and increased prevalence of comorbidities such as diabetes or
obesity (Susantitaphong et al., 2013; Hoste et al., 2015).

It is associated with high costs, prolonged hospital stays, and most important with a higher
mortality (Hoste et al., 2015). Furthermore, acute kidney injury increases the risk of developing a
chronic kidney disease (CKD) and end stage-renal-disease (Coca et al., 2012).

Despite a better understanding of the pathophysiology of AKI over the last years, still no specific
therapy, apart from supportive measurements and dialysis, exist. Therefore, there is an urgent unmet
need to better diagnose and treat AKI.

Pathophysiology
AKI is a heterogeneous disease with various causes mainly including transient ischemia and/or toxic
injury. Acute tubular injury accounts for the most common intrinsic cause for AKI. The main site of
injury is the proximal tubule due to its high workload and energy demand. Upon injury, an
intratubular subpopulation of proximal epithelial cells proliferates and restores tubular integrity.
However, the origin of these cells still remains a controversy and so far, two hypotheses exist. One
argues for the existence of a stable progenitor population (Sagrinati et al., 2006; Lazzeri et al., 2007;
Ronconi et al., 2009; Angelotti et al., 2012) and the second supports that any tubular cell can adapt a
transient regenerative phenotype as a common reaction to injury (Smeets et al., 2013; Berger et al.,
2014; Kusaba et al., 2014; Stamellou et al., 2021). Nevertheless, despite its strong regenerative
capacity, the kidney does not always achieve its former integrity and function and incomplete
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recovery leads to persistent and progressive CKD. (Yang et al.,
2010; Chawla and Kimmel, 2012; Liu et al., 2017). The remaining
nephrons then have to carry a higher workload leading to
pathological hyperfiltration, hypertrophy and further fibrosis
due to secondary glomerulosclerosis, ending in a vicious circle.

The New Area of Single Cell Sequencing
Since the appearance of Next-Generation-Sequencing, it has been
become possible to get deeper insights into the transcriptome.
Even though bulk-RNA-Sequencing was a powerful resource,
enabling to understand diseases at molecular level, it is limited in
that relevant cell-specific gene expression signatures may be lost
within the integrated expression profiles of the other cell types in
the sample. Techniques for high throughput RNA-sequencing of
individual single cells, so called single cell RNA-sequencing
(scRNA-seq), introduced in 2009, have allowed to dissect the
genetic program of single cells at very high resolution, enabling
detection of heterogeneity among individual cells and
characterization of rare cell population. While the evolution to
spatial gene expression or ATAC-Sequencing have
enabled individual cell resolution incorporated with spatial
information and exploration of epigenetic modifications
(Hwang et al., 2018).

Cell Sequencing in Acute Kidney Injury
In the last 2 years (2020/21), three studies appeared which
investigated acute kidney injury using Single-Cell-Sequencing
technologies (Kirita et al., 2020; Rudman-Melnick et al., 2020;
Gerhardt et al., 2021) and one using spatial transcriptomics
(Dixon et al., 2022). In all of these, the Ischemia-Reperfusion-
model (IRI) was used as an injury model (Table 1).

The first study appeared in 2020 from Humphrey’s group
(Kirita et al., 2020). In this study, single cell profiles were
generated 4 h, 12 h, 2 days, 14 days, 6 weeks after injury in
C57BL/6J wildtype mice. Early after induction of the injury (4
and 12 h), the authors could identify different clusters which
contain healthy and injured proximal tubular cells (PTs) and were
able to annotate them according to their origin (injured S1/2,
injured S3) and the magnitude of injury (severe injured vs injured
S1/2, S3). All injured clusters upregulated KIM-1 and share
similarities with each other as well as with healthy PTs. Severe
injured PT upregulated Keratin 20 and genes encoding heat shock
proteins, proposing a stronger damage to these cells, and showed
a cell cycle arrest. Interestingly the injured and severely injured
clusters upregulated the myc gene, which encodes c-Myc and
plays a role in cell cycle progression.

The injured and severely injured clusters almost disappeared
2 days after AKI, while another cluster which exhibited
upregulation of cell cycle genes (i.e Top2a) appeared. Since
this cluster had the highest proportion of proliferating cells, it
was annotated as “repairing PT” cluster. In addition, by 2 days a
new distinct cell cluster appeared, reaching almost 30% of all PTs
by 14 days. These cells shared a unique transcriptional profile,
characterized by the down-regulation of terminal differentiation
markers and the up-regulation of a distinct set of genes i. e
Vcam1, Sema5a, Dcdc2. This cluster was annotated as ‘failed
repair proximal tubule cells. Gene set enrichment analysis
revealed pathways related to inflammation.
Immunofluorescence staining could confirm the presence of
these cells in further injury models (folic acid nephropathy)
and in human kidney allografts.

Finally, the authors investigated the intercellular
communication within the kidney by performing ligand-
receptor analysis and particularly they quantified Ccl2-Ccr2
signaling across all time points. Ccl2 and its receptor Ccr2 are
important in the pathophysiology of AKI by recruiting T-cells
and monocytes (Xu et al., 2019). Fibroblasts and endothelial cells
signaled leucocytes first, followed by leucocyte-leucocyte
signaling, whereas failed repair cells appeared at last to induce
an increased signal.

Next, Gerhardt et al. fromMcMahon group, employed genetic
labeling strategies focused on PTs using single nuclei RNA
sequencing (Gerhardt et al., 2021). In this study mice were
sacrificed 7 days (designated as early time point) and 28 days
(designated as late time point) after induction of the injury. Based
on the notion that keratin 20 represent an injury marker of PTs,
in order to enable the isolation and tracing of Krt20+ cells, the
authors generated a Krt20 mouse line (Liu et al., 2017), which
enabled irreversible tamoxifen-dependent labeling of nuclei in
injured PTs.

Analysis revealed 7PT clusters which appear in both the
control and Ischemia-reperfusion (IR) dataset and 5 clusters
appearing only in IRI, annotated by the authors as IRI-
clusters. Within these IRI-clusters there were two clusters
which emerge mainly during the early time point (7 days)
after AKI. One of these clusters exhibits exclusively a strong
upregulation of cell-cycling genes like Mki67 and Top2a
indicating a proliferative response to ischemia, similar as
observed by Kirita et al. (Kirita et al., 2020). During the late
time point these proliferative cells almost disappeared and
another cluster related to inflammation and fibrosis appeared.
These cells upregulated Pdgfd, Kcnip4, Vcam1 and Ccl2, all

TABLE 1 | IRI and scRNA seq platforms.

IRI-Time (min) Type of
IRI

Time Points Sex Age scRNA Platform

Gerhard et al 18 bilateral 7 and 28 d male 11–19 w 10X Genomics
Rudman-Melnick et al 30 unilateral 1, 2, 4, 7, 11, and 14 d male 4 and 10 w DropSeq
Kirita et al 18 bilateral 4 h, 12 h, 2 d, 14 d, 42 d male 8–10 w 10X Genomics
Dixon et al 34 Bilateral 4 h, 12 h, 2 d, 6 w female 8–10 w 10X Genomics Visium

h, denotes hours; d, denotes days and w, denotes weeks.
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known markers for fibrosis and inflammation (Seron et al., 1991;
Ostendorf et al., 2012; Kirita et al., 2020), while pathway analysis
showed activation of AP-1 and NF-kB pathways, both pathways
that have been identified previously to play an important role in
driving kidney fibrosis after AKI (Liu et al., 2014; Ferenbach and
Bonventre, 2015; Nakagawa et al., 2016; Kitani et al., 2022). Based
on that, these cells were namedmaladaptive PTs. Next, in order to
decipher the origin of these cells, the authors used a Ki67 mouse
line, which enabled tamoxifen-dependent labeling of proliferating
cells. They assumed that these cells arise from proliferating cells
which failed to repair. Intriguingly 89% of the maladaptive cells in
the cortico-medullary boundary were GFP positive, whereas in
the cortex only 27% of the maladaptive cells were GFP positive.
Based on these results, the authors proposed that most cortical
Vcam1+/Ccl2+ cells either originate from cells that were injured
during the initial IRI, but did not initiate replication or show
obvious injury responses at this time, or from a secondary spread
of the injury within the cortico-medullary boundary to the cortex,
presumptively by paracrine signaling.

In the study of Rudman-Melnick et al. from Potter’s group,
single cell profiles were generated 1, 2, 4, 7, 11 and 14 days after
injury in Swiss-Webster (CFW) mice (Rudman-Melnick et al.,
2020). Again, a cluster exhibiting a strong upregulation of cell-
cycling could be identified, as observed in the above discussed
studies (Kirita et al., 2020; Gerhardt et al., 2021). In addition, they
identified a novel cell phenotype named as “mixed identity cells”,
as these cells expressed ectopic markers of different cell types, i. e
Umod (marker of loop of Henle), Lrp2 (marker for PT) and
Nephrin (podocyte marker), while they down-regulate terminal
differentiation markers. This cluster appeared directly after
induction of the injury and it was no longer present at day 7.
Next the authors, try to describe the gene expression patterns of
injured tubule cells. Injured tubule cells were characterized by the
downregulation of terminal differentiation proximal tubular
markers, suggesting a dedifferentiation-process. Parallelly, they
observed in these cells an elevation of genes implicated in
nephrogenesis, i. e Sox4, Cd24, Hes1, Puuf3f3 and Hox genes.
They focused mainly on Sox4, a transcription factor mainly
expressed in the developing kidney (Yu et al., 2012) and Cd24,
which encodes for a cell-surface sialoglycoprotein expressed
during nephrogenesis (Challen et al., 2004). By studying Sox4
expression pattern in the injured kidney, interestingly they found
an opposite relationship of Sox4 to terminal differentiation
proximal tubule markers, i. e when resolution of injury began,
Sox4 returned gradually to its original expression level and
differentiation markers were upregulated, suggesting that Sox4
expression labels proximal tubule dedifferentiation. However,
this was not the case in a subpopulation cell with a
proinflammatory and profibrotic behavior, which showed
prolonged elevated expression of Sox4 and no differentiation
into PT. Furthermore, they observed that despite Cd24 is elevated
in injured proximal tubule cells, its upregulation was more
prominent in injured distal tubule. In addition, Spp1, which
encodes secreted phophoprotein 1, and Cytokeratins (Krt7,
Krt8, Krt18), both implicated in several kidney pathologies,
among them renal cell carcinoma (RCC), found also to
increase immediately after induction of the injury and

remained upregulated till day 4, when they lowered to the
normal levels. While later (by day 4), genes related to fibrosis,
i. e Vim and Col18a1 upregulated in both injured and mixed
identity cells. Finally, the authors compare the regenerative
capacity of young to older mice (10 weeks) and they proposed
an increased maladaptive response, estimated by a sustained
expression of Sox4/Cd24a and missed upregulation of
differentiation markers.

Dixon et al. from Humprhey’s group applied spatial
transcriptomics during AKI and repair (Dixon et al., 2022). In
this study, tissues were collected at early acute (4 and 12 h), early
(2 days) and late (6 weeks) time points, while for the first time
female C57BL6/J mice were used. The authors could identify
several patterns of gene expression during injury and repair, i. e
up-regulation of injury markers and down-regulation of proximal
tubular markers. While, genes implicated in fibrosis or
inflammation were rather upregulated only at late time points.
Furthermore, they observed increased T cell and macrophage
interactions with injured proximal tubular cells later on the
course of injury retained up to 6 weeks, suggesting ongoing
injury and inflammation. This work provides some additional
findings regarding the molecular evidence and the cellular
crosstalk of AKI to CKD transition.

DISCUSSION

Here, we describe the findings of four recently published works
on AKI, through which it became possible to define better the
cells implicated in the pathophysiology of AKI. Kirita et al. (Kirita
et al., 2020) and Gerhardt et al. (Gerhardt et al., 2021) both
describe a tubule cell population that fails to repair named either
as failed-repair or maladaptive. These cells appear late in the
course of injury and are characterized by the up-regulation of a
new distinct set of genes, i. e Vcam-1, Ccl2, Pdgfd and by the
down-regulation of terminal differentiation markers. According
to the authors these cells are acquiring a proinflammatory and
profibrotic phenotype, and it was suggested that they are
implicated in the progression to CKD. Additionally, Rudman-
Melnick et al. described a cell subpopulation with a
proinflammatory and profibrotic phenotype, characterized by
the prolonged elevated expression of Sox4 and Cd24, both
genes associated with nephrogenesis and a later up-regulation
of Vimentin. Interestingly most of the above-mentioned genes
have been associated with a distinct proximal cell tubule
phenotype, known as scattered tubular cells. Scattered tubular
cells were firstly described by Lindgren et al. as a distinct cell
subpopulation of cells acquiring a unique phenotype; smaller,
with less cytoplasm, fewer mitochondria and less pronounced
brush border (Lindgren et al., 2011). These cells are characterized
by the expression of Cd24, Cd133, Vimentin, Vcam-1, Kim-1 and
several other marker proteins (Sagrinati et al., 2006; Smeets et al.,
2013; Kusaba et al., 2014). While, additionally they show down-
regulation of terminal differentiation proximal tubule markers.
However, as already mentioned above, there is a disagreement
whether they represent a pre-existing intratubular cell population
or whether all surviving cells acquire an equivalent regenerative
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capacity through dedifferentiation (Kramann et al., 2015;
Stamellou et al., 2021).

To our opinion, the findings from the above discussed studies
even though they do not exclude the existence of an intratubular
progenitor population, they demonstrate that these cells rather
represent damaged epithelial cells that have dedifferentiated and
lost their epithelial characteristics than progenitor cells. If the
highly cycling cells identified in all three studies represent
progenitor cells remains still unclear and has still to be elucidated.

Finally, the study from Dixon et al. re-introduces a variable
that is often disregarded which is the sex of the studied model.
Animal models have consistently demonstrated that female sex is
protective in the development of AKI after ischemia-reperfusion
injury (Wyatt et al., 2016; Hosszu et al., 2020). Dixon et al.
confirmed previous observations that there is a difference in
male/female regarding the time of ischemia to induce similar
extent of injury and identified some sex-specific differentially
expressed genes.

Overall, we believe that these studies contribute significantly to
solving the puzzle around AKI and AKI to CKD transition
enabling us to understand the role of individual cells, with the

overall aim to develop new strategies to treat AKI and prevent
progression to CKD.
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Acute kidney injury (AKI) is a prevalent and serious illness in all clinical

departments, with a high morbidity and death rate, particularly in

intensive care units, where prevention and treatment are crucial. As a

result, active prevention, early detection, and timely intervention for

acute kidney injury are critical. The current diagnostic criteria for acute

kidney injury are an increase in serum creatinine concentration and/or a

decrease in urine output, although creatinine and urine output merely reflect

changes in kidney function, and AKI suggests injury or damage, but not

necessarily dysfunction. The human kidney plays a crucial functional reserve

role, and dysfunction is only visible when more than half of the renal mass is

impaired. Tubular damagemarkers can be used to detect AKI before filtration

function is lost, and new biomarkers have shown a new subset of AKI patients

known as “subclinical AKI.” Furthermore, creatinine and urine volume are

only marginally effective for detecting subclinical AKI. As a result, the search

for new biomarkers not only identifies deterioration of renal function but

also allows for the early detection of structural kidney damage. Several

biomarkers have been identified and validated. This study discusses some of

the most promising novel biomarkers of AKI, including CysC, NGAL, KIM-1,

lL-18, L-FABP, IGFBP7, TIMP-2, Clusterin, and Penkid. We examine their

performance in the diagnosis of subclinical AKI, limitations, and future

clinical practice directions.

KEYWORDS

acute kidney injury, subclinical acute kidney injury, biomarkers, early diagnosis,
research progress

Introduction

Acute Kidney Injury (AKI) is a serious hospital complication that compromises

crucial illness. It is related with increase rates of short-term dialysis, morbidity, death

rate, and prolonged hospitalization, and long-term negative output such as

cardiovascular mortality and chronic kidney disease (Teo and Endre, 2017).

Although renal tubular ischemia is the predominant mechanism of damage in

AKI, it is frequently caused by multiple aspects including major surgery, sepsis,

hypovolemia, poor cardiac output, urinary tract obstruction, rhabdomyolysis, and

drug toxicity in clinical practice (Beker et al., 2018). Despite breakthroughs in AKI

management, its morbidity and mortality remain high, owing primarily to
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unrecognizable kidney injury and delayed diagnosis. Relying

on the patient’s underlying condition, the mortality rate of

AKI patients ranges from 10% in hospitalized patients to 60%

in intensive care unit (ICU) patients (Bhosale and Kulkarni,

2020). AKI also lengthens hospitalization, raises medical

expenditures, and places a significant financial burden on

patients (Rosner et al., 2018), and the prevention and

treatment form is quite severe. Therefore, active

prevention, early detection and timely intervention for

acute kidney injury are vital.

Limitations of creatinine (SCr) and
urine output (UO)

The diagnosis of AKI remains highly complex, and multiple

categorization criteria for diagnosing AKI have emerged,

ranging from risk, injury, failure, renal function loss, end-

stage renal disease (RIFLE), and the Acute Kidney Injury

Network (AKIN) to the 2012 Kidney Disease Improving

Global Outcomes (KDIGO) criteria. There are still

limitations in using these criteria to diagnose AKI. Changes

in SCr and UO represent only functional changes in the kidney.

The increase in SCr concentration often comes after a large fall

in GFR, and the renal tubular epithelium is the principal site of

injury in most forms of AKI, SCr does not directly capture

tubulointerstitial injury, and lacks accuracy in diagnosing

structural renal damage (Moledina and Parikh, 2018).

Furthermore, renal reserve, degree of tubular injury,

intravascular volume status, patient muscle mass and

nutrition, hemodynamic alterations, and fluid transfer all

impact SCr levels (Bhosale and Kulkarni, 2020). Because

creatinine accumulates in the body over time, acute

alterations in GFR after renal injury do not lead in a rapid

tise in SCr (Endre et al., 2011). After damage, it usually takes

24–36 h to achieve a steady-state (Waikar and Bonventre,

2009). The rise in SCr is slowed in patients with reduced

GFR and associated fluid overload. Similarly, when GFR

improves, SCr does not fall immediately (Chen, 2013). As a

result, the lack of specificity, sensitivity, and timeliness limits

serum creatinine levels. Urine output (UO) may be a time-

sensitive marker of glomerular filtration rate (GFR), as it tends

to decrease before serum creatinine concentrations increase

(Rizvi and Kashani, 2017). However, in the absence of a

catheter, UO is challenging to quantify and can be

significantly affected by hypovolemic conditions and

diuretics. Severe AKI can occur despite standard urine

output. Fluid overflow is always seen in patients with critical

AKI diagnosed by UO (Gameiro and Lopes, 2019). As a result,

urine volume is insensitive, and non-oliguric AKI can develop

with limited specificity (Srisawat and Kellum, 2020). Therefore,

detection of AKI is greatly deferred in up to 43% of admitted

patients, resulting in missed treatment windows.

Subclinical AKI

It is well known that the human kidney plays an important

role as a functional reserve, and it is only when more than 50% of

the kidney mass is compromised (i.e., GFR decreases by more

than 50%) that dysfunction becomes apparent and SCr begins to

rise. Because of this, observing changes in SCr may cause the

clinical “window of opportunity” for treatment to be missed,

especially in the acute stage. It is possible that the clinical

“window of opportunity” for treatment will be missed if

alterations in SCr are observed. This is especially during the

acute tubular necrosis phase, as SCr does not differentiate

between the many causes of AKI at this stage. AKI diagnosed

only by elevated markers of tubular/glomerular injury is called

subclinical AKI, and it is imperative to improve the recognition

of subclinical AKI (Haase et al., 2012), when a clinical syndrome

characterized by normal clinical SCr levels and normal or mildly

decreased GFR occurs. Preclinical studies have repeatedly

demonstrated that untreated acute tubular injury can lead to

progression of AKI to chronic kidney injury (CKD), a finding

that has been confirmed in patients with long-term follow-up

AKI, and data from experimental and clinical studies have now

established the role of tubular injury markers and demonstrated

that these biomarkers can diagnose AKI early in the absence of

other signals and clinical symptoms. This observation has also

been validated in individuals with AKI who have been followed

for a long time (Jones et al., 2012). Markers of renal tubular

injury, particularly elevated levels of NGAL and KIM-1, which

are associated with the transition from AKI to CKD, are specific

indicators of high risk of progression to CKD. The study

comprised of 1,635 patients from 3 centers (Nickolas et al.,

2012), who were divided based on their blood creatinine level,

KIM-1 level (>2.8 ng/ml) and NGAL level (>104 ng/ml). In the

absence of acute renal function loss, a considerable proportion of

patients (15%–20%) exhibited elevated markers of tubular injury,

which increased the risk of death or requiring RRT by 2–3 times

compared to patients without elevated levels of blood creatinine

and markers of tubular injury (Haase et al., 2011). When patients

have significant renal function loss, tubular injury marker levels

can be tested to provide a prognostic assessment, with patients

with two elevated tubular injury marker levels (NGAL, KIM-1)

and elevated blood creatinine levels having the worst prognosis,

with a 15.5%–17.5% mortality rate or need for RRT.

Furthermore, some research suggests that tubular injury

markers may fluctuate with time and length of injury, and

that their levels represent the extent of injury. Based on these

findings, ADQI proposes that the diagnosis of AKI be

reformulated to include not only markers of renal function

(e.g., changes in SCr and UO), but also markers of tubular

injury such as NGAL, KIM-1, IL-18, and L-FABP (e.g.,

Figure 1), which, when combined, would not only better

characterize the phenotype of AKI and enhance the diagnostic

accuracy, but would also detect kidney damage prior to the rise of
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creatinine, which leads to the identification and treatment of

subclinical AKI (Ostermann et al., 2020). In this study, we

evaluate the most frequently investigated subclinical AKI

biomarkers that are likely to be employed in clinical practice.

We also summarize their performance in the diagnosis of

subclinical AKI, as well as their current limits and future

directions in clinical practice.

Subclinical AKI biomarkers

CysC

CysC is a cysteine protease inhibitor with a small molecular

weight of 13 kDa, which allows it to be freely filtered in the

glomerulus, disseminated on the cell surface, and about to

completely reabsorbed and catabolized by proximal tubular

cells (Yong et al., 2011). Given that the kidney is the sole

organ capable of clearing CysC, it is a more accurate marker

for determining glomerular filtration rate (GFR) than creatinine

(Bhosale and Kulkarni, 2020). Compared to creatinine, CysC

levels are not changed by age, sex, or muscle mass (Pozzoli et al.,

2018). CysC performed substantially better than SCr and BUN in

the mouse model of sepsis, with a three-fold increase in CysC at

3 h post sepsis compared to baseline (0 h) CysC. At this stage, the

values of both SCr and BUN were twice as low as the baseline

(Leelahavanichkul et al., 2014). It was discovered that an increase

in CysC indicates tubular injury or damage and predicts AKI

24–48 h before an increase in SCr, suggesting that CysC can

identify subclinical renal injury, in which renal injury occurs

without a deterioration in renal function (Fang et al., 2018). In

crucially ill patients, it is crucial to analyze patients with

subclinical AKI who have renal damage but typical SCr levels.

It is attainable to avoid the enlargement and growth of acute renal

FIGURE 1
Subclinical AKI biomarkers are labeled according to anatomic location and/or production mechanism (Created with BioRender).
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insufficiency if a timely diagnosis is made and preventative

measures are adopted. Among the early diagnostic markers,

CysC is a promising indicator. A recent study revealed that

ICU patients who presented with elevated CysC levels at

admission were more likely to develop AKI during their

hospitalization. ROC curve analysis revealed that the AUC of

Cys-C for predicting AKI was 0.67. With a sensitivity of 63% and

a specificity of 66%, 0.94 mg/L was established to be the Cys-C

threshold level (Gaygısız et al., 2016). Fang et al. discovered that

CysC detects subclinical AKI in critically ill infants and children

with an AUC of 0.72 and a sensitivity of 61.1% and specificity of

76.0% for peak uCysC, strengthening the support link between

high CysC and AKI. CysC levels are a delicate indicator of

subclinical AKI, and CysC-positive subclinical AKI is related

to bad clinical results in crucially ill infants and children.

Additional randomized and controlled clinical tests are

required to determine if treating subclinical AKI improves

clinical results in this populace (Fang et al., 2018). In a study

of patients over 60 years old, Dalboni et al. found a contrary

conclusion that Cys-C did not predict AKI, but greater Cys-C

levels were an independent risk factor for death (Dalboni et al.,

2013). Several investigations have found that Cys-C levels can

alter as a result of conditions other than renal filtration (e.g., use

of glucocorticoids, thyroid hormones, and systemic

inflammation), however, acute inflammation, especially that

induced by sepsis, has no effect on it (Manetti et al., 2005;

Stevens et al., 2009). These studies have significant limitations,

and the idea of CysC-positive subclinical AKI has yet to be

verified in other case mixes, particularly in patients with high

disease severity scores. More multicenter prospective studies are

also needed to corroborate CysC’s age-related reference value

(Fang et al., 2018).

KIM-1

KIM-1 is a 38.7 kDa type I transmembrane glycoprotein (Oh,

2020) with immunoglobulin and mucin structural domains

(Ichimura et al., 1998). In recent years, KIM-1 has been

utilized as a sensitive indicator for the early detection of renal

tubular injury with distinct advantages: in normal renal tissues, it

is hardly expressed, however, its expression is significantly

increased in mouse models of ischemia-reperfusion injury and

drug-induced AKI, and KIM-1 is upregulation primarily in

rodent and human S3 segments, where it is inserted into the

apical membrane of the proximal tubule and remains in epithelial

cells present until recovery (Vaidya et al., 2008). Furthermore, it

is highly specific, particularly for ischemic or nephrotoxic AKI,

rarely expressed in other organs, unaffected by pre-renal

azotemia, urinary tract infections and chronic kidney disease

(Assadi and Sharbaf, 2019). Moreover, KIM-1 has a protein

hydrolysis area. It is easily detectable in urine, where it

FIGURE 2
G1 Cell cycle arrest markers: TIMP-2 and IGFBP7(Created with BioRender).
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increases within the first hour following tubular toxicity or

ischemic injury, far before serum creatinine (Lei et al., 2018;

Pietrukaniec et al., 2020). Urinary KIM-1 can be used to

differentiate patients with acute tubular necrosis from those

with non-acute tubular necrosis, and measuring uKIM-1 levels

in patients without AKI can serve as a marker of early kidney

injury and predict adverse clinical outcomes, such as dialysis

requirements and mortality (Kashani et al., 2017). KIM-1 can

detect patients with subclinical AKI, who are at a higher risk of

unfavorable consequences (Pietrukaniec et al., 2020). KIM-1 in

urine has the potential to be a helpful biomarker for subclinical

AKI associated with obstruction, according to Olvera-Posada

et al. The significance lies not only in the ability to identify an

obstruction marker in urine but also in the ability to quantify the

grade of renal impairment to modify the treatment paradigm

(Olvera-Posada et al., 2017). In a comparison of three promising

urinary AKI biomarkers, KIM-1, NGAL, and IL-18, urinary

KIM-1 had the maximal diagnostic performance in the initial

diagnosis of AKI in children with hypovolemia, cardiogenic or

aseptic shock before alterations in SCr became apparent (Assadi

and Sharbaf, 2019). Urinary KIM-1 levels correspond with the

amount of renal tissue injury and can be used to predict adverse

renal outcomes in patients with acute tubular injury (ATI).

Furthermore, correlating uKIM-1 and sKIM-1 can enhance

the sensitivity and specificity for the detection of serious ATI,

allowing clinicians to treat earlier, particularly in patients who are

highly suspected of having ATI but are not appropriate for

kidney biopsy (Cai et al., 2019). KIM-1 is approved in North

America for preclinical monitoring of nephrotoxicity in drug

development studies (Moledina et al., 2017). In a recent study,

patients with mild and moderate COVID-19 who did not meet

the requirement for AKI presented with findings of proximal

tubular injury, particular non-albuminuria, and elevated uKIM-1

levels, indicating the emergence of subclinical AKI, in this study,

the AUC was 0.830, with a sensitivity of 77% and a specificity of

76% (Yasar et al., 2022). However, some studies have found that

comorbidities such as diabetes, hypertension, and atherosclerotic

cerebral ischemia can have a significant impact on uKIM-1

concentrations. KIM-1 value is also susceptible to

inflammatory diseases. All of these factors would reduce the

specificity of AKI prediction.

NGAL

NGAL is a 25 kDa protein that belongs to the lipocalin

superfamily. Human NGAL was initially recognized from the

supernatant of activated neutrophils (Kjeldsen et al., 1993) that

are usually the primary cellular source of circulating NGAL.

Physiologically, NGAL binds to iron-siderophore complexes,

limiting bacterial iron uptake, and by sequestering iron-

siderophore complexes, NGAL intercede the mitogenic impact

of epidermal growth factor receptor (EGFR) signaling (Flo et al.,

2004; Barasch et al., 2016). EGFR activation is related with

stimulation of hypoxia-inducible factor-1α (HIF-1α) and

NGAL expression, resulting in increased cellular proliferation,

cytogenesis, and renal injury (Viau et al., 2010). NGAL is

conveyed at reduce levels in different cell types, including

prostate, uterus, salivary gland, trachea, lung, stomach, kidney,

and colon (Friedl et al., 1999). It is the most extremely researched

AKI biomarker, which is reabsorbed by the proximal tubules and

released by the damaged distal tubules in the setting of acute

tubular injury and can be identified within hours of tubular

injury, even in lack of functional AKI (Lupu et al., 2021). NGAL

was discovered to be one of the fastest growing genes in the

kidney early after tubular injury, particularly in the distal tubular

segment in transcriptome analysis studies in rodent models, and

there is evidence that it may be the earliest knownmarker of renal

injury. In mice, NGAL levels in the urine are significantly higher

within 2 h after renal ischemia-reperfusion injury (Zhang and

Parikh, 2019), while in humans, elevated NGAL levels can

increase within 3 h after tubular injury and peak around

6–12 h, depending on the severity of the injury (Parikh et al.,

2011). According to new research, elevated NGAL in urine can

detect AKI as early as 2 h (Karademir et al., 2016). Haase et al.

discovered that high NGAL levels were related with poor results

even in the lack of diagnostic SCr elevations in a pooled data

analysis of 10 studies of patients hospitalized to ICU (Casas-

Aparicio et al., 2022). Urine NGAL was shown to detect NSAID-

mediated renal tubular injury in the initial phase of renal injury

in a cohort study of children with congenital heart disease who

underwent cardiopulmonary bypass (CPB), and urine NGAL had

good diagnostic accuracy in identifying children receiving

NSAIDs, with an AUC of 0.95–0.96 at 24–48 h after

administration of NSAIDs. Continuous NGAL monitoring in

children using NSAIDs would allow doctors to identify

subclinical AKI and its progression as depicted by elevated

NGAL levels and would offer a therapeutic time window to

prevent AKI and functional impairment (Nehus et al., 2017).

NGAL is by far the most extensively characterized and

researched biomarker of AKI in patients undergoing cardiac

surgery, and it is also the focus of current research. NGAL

demonstrated good diagnostic ability in predicting pediatric

(AUC:0.96) (Dent et al., 2007) and adult cardiac surgery

(AUC:0.72) (Ho et al., 2015). Patients are frequently

administered diuretics, angiotensin-converting enzyme

inhibitors, and antibiotics as needed following cardiac surgery

(CSA), which may exacerbate the identified acute tubular injury.

CSA-NGAL score can help avoid this from happening.

Preoperative risk assessment can be aided by baseline

measurements, and an elevated NGAL value may even suggest

delaying surgery until renal function can be maximized and

additional injury avoided. The CSA-NGAL score, in addition to

the functional score of AKI, can be used in prospective studies of

patients having cardiac operations to identify subclinical AKI

early and to take relevant interventions to prevent further injury
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or the development of functional AKI (de Geus et al., 2016). The

performance of NGAL has also been studied in other contexts,

including critically ill patients (AUC: 0.80) (de Geus et al., 2011),

emergency department patients (AUC: 0.95) (Nickolas et al.,

2008), and renal transplant patients (AUC: 0.82) (Pajek et al.,

2014). In a cohort analysis of COVID-19 patients, urinary

NGAL >150 ng/ml anticipated the duration, diagnosis, and

severity of AKI and acute tubular damage, and admission,

dialysis, shock, and death in patients with acute COVID-19

(Xu et al., 2021). NGAL was also discovered to be an

independent risk factor for COVID-19 patients (He et al.,

2021). In another cohort study, those with NGAL ≥45 ng/ml

had a substantially shorter time to AKI than those with <45 ng/
ml, but NGAL was not a risk factor for AKI during admission,

and NGAL performed considerably better on day 7 than

throughout hospitalization, implying that NGAL has a limited

time window for predicting AKI and that higher NGAL

thresholds appear to help predict the progression of AKI

rather than the onset of AKI (Casas-Aparicio et al., 2022).

Because NGAL threshold value is still controversial, including

NGAL in clinical prediction models to improve disease

identification requires additional research.

IL-18

IL-18 is an interleukin-1 family pro-inflammatory cytokine

generated by monocytes/macrophages and other antigen-

presenting cells. IL-18 functions as an inactive precursor and

is synthesized by a variety of tissues, such as monocytes,

macrophages, proximal tubular epithelial cells, and

intercalated duct cells of collecting ducts (Gauer et al., 2007).

It is found intracellularly, and it is converted to the active form by

caspase-1 (Schrezenmeier et al., 2017). IL-18 is an inflammatory

mediator that is increased in numerous endogenous

inflammatory processes, and its concentration is elevated in

serum during sepsis, joint inflammation, inflammatory bowel

disease syndrome, liver inflammation, and lupus (Beker et al.,

2018). It is created in response to ischemia in different organs,

including the kidney, heart, and brain. IL-18 levels in the kidney

are enhanced in the presence of ischemia in animal experiments,

and it has been demonstrated to be a mediator of acute tubular

injury, inducing tubular necrosis through mediating ischemia-

reperfusion injury and infiltration of neutrophils and monocytes

into the renal parenchyma (Melnikov et al., 2001). IL-18 levels

begin to rise roughly 6 h after kidney damage and peak between

12–18 h. Surprisingly, mice lacking IL-18 are protected fromAKI

caused by ischemia-reperfusion injury. Urinary IL-18 levels were

considerably greater in patients with acute tubular necrosis in

comparison to healthy subjects in subsequent trials (Parikh et al.,

2004). According to a current systematic analysis of 11 studies in

2,796 patients, IL-18 is considered a promising biomarker with

some diagnostic accuracy in the initial diagnosis of AKI, the AUC

was 0.77 (95%CI 0.71–0.83) (Lin et al., 2015). In a study of AKI

after CPB, urinary IL-18 levels were found to be more diagnostic

than SCr and urinary NGAL in early diagnosis of AKI in clinical

practice. At 2 h after CPB, the AUC was 83.25%, and when the

threshold was set at 100 μg/L, the sensitivity and specificity were

90.91 and 93.83%, respectively (Wang et al., 2017).

Isocyclophosphamide is a common nephrotoxic

chemotherapeutic agent, and urinary IL-18 has to promise as

a diagnostic test for early AKI in children treated with

isocyclophosphamide and may play a possible role in drug

toxicity monitoring (Sterling et al., 2017). As a result, it is an

appealing target for biomarker-directed therapy for AKI, and

more research on anti-IL-18 therapy is pending. Only a few

clinical trials appear to have investigated the use of IL-18 as a

biomarker for AKI (Lin et al., 2015). These studies have revealed

acceptable outcomes in pediatric AKI patients following cardiac

surgery (AUC:0.82) (Krawczeski et al., 2011; Zheng et al., 2013).

Other studies, however, have found that IL-18 is not a strong

predictor of AKI in ICU(AUC:0.59) or emergency department

populations (AUC:0.64) (Nickolas et al., 2012; Nisula et al.,

2015). According to a current systematic analysis, these

inconsistencies may be resulted from the absence of clear

consensus on the appropriate cutoff level of IL-18 for AKI

prediction (Lin et al., 2015).

L-FABP

L-FABP is a 14 kDa protein that belongs to the fatty acid-

binding protein (FABP) family (Tan et al., 2002). It was

discovered in the liver, where serum L-FABP levels are

elevated in liver dysfunction (Pelsers et al., 2005), and it is

also expressed in the kidney, intestine, pancreas, lung, and

stomach. L-FABP has a high affinity and binding capacity for

long-chain fatty acid oxidation products, suggesting that it could

be a potent endogenous antioxidant (Ek-Von Mentzer et al.,

2001). The transcriptional regulatory region upstream of the

human L-FABP gene comprise transcription aspect confining

areas related to ischemia and lipid metabolism, including

hypoxia-inducible factor-1 (HIF-1), hepatocyte nuclear factor

(HNF-1, HNF-4) and peroxisomal response element (PPRE),

and gene expression is activated in response to ischemia and

oxidative stress (Divine et al., 2003; Schachtrup et al., 2004).

Furthermore, L-FABP binds to fatty acids and transports them to

mitochondria or peroxisomes, participates in intracellular fatty

acid homeostasis, and is one of the fundamental regulators of free

fatty acid (FFA) stability in vivo (Martin et al., 2005). Excessive

aggregation of FFA in the proximal tubules of the kidney, as well

as its oxidation and peroxidation products, can cause enhanced

tubular damage and high expression of L-FABP in renal tubular

epithelial cells under stressful conditions (McMahon and

Murray, 2010). Moreover, elevated levels of L-FABP in urine

and plasma have been linked to the degree of renal injury
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(Kokkoris et al., 2013). In a cisplatin-induced kidney damage

model in mice, urinary L-FABP levels rose before creatinine level

elevation over 72 h. Noiriet revealed that urinary L-FABP

increased 1 h after ischemia and that urinary L-FABP was

superior to BUN and urinary NAG in initial and correct

diagnosis of acute tubular necrosis in distinct AKI animal

models (Noiri et al., 2009). Urinary L-FABP levels were

substantially changed after cardiac catheterization in a study

on contrast-induced AKI after cardiac catheterization in cardiac

patients, but urinary NGAL, IL-18, and KIM-1 levels were not

substantially changed, so this research determined that urinary

L-FABP could be one of the helpful markers for detecting

subclinical AKI due to contrast after cardiac catheterization

(Hwang et al., 2014). Urinary L-FABP concentration was

discovered by Portilla et al. to be utilized as an early and

sensitive predictor of AKI complicating pediatric postoperative

cardiac surgery, a 24-fold increase in urinary L-FABP at 4 h

postoperatively, an AUC of 0.810, sensitivity of 0.714 and

specificity of 0.684 (Portilla et al., 2008). Tang et al. (2017)

also showed that urinary L-FABP was considerably elevated

early in AKI (2 h postoperatively); utilizing SCr to diagnose

AKI requires waiting until 48–72 h postoperatively, whereas

applying 2-h postoperative urinary L-FABP for prediction.

The utilization of Urine L-FABP at 2 h postoperatively can

greatly advance the diagnosis of AKI. In predicting AKI, the

AUCs of 2 and 6 h postoperative urinary L-FABP were 0.921 and

0.896, respectively. Meanwhile, urine samples were simple to

collect and analyze, implying that elevated urinary L-FABP levels

in the early postoperative period could better predict the

occurrence of AKI. The combined application of urinary

L-FABP and NGAL at 2 and 6 h postoperative cardiac surgery

predicted the occurrence of AKI with AUC of 0.942 and 0.929,

respectively, indicating that the combined test can more

accurately predict the AKI’s occurrence and has a greater

clinical value in the early diagnosis of AKI after cardiac

surgery in children. Urine L-FABP has also demonstrated

good performance in predicting AKI after cardiac surgery in

adults, AUC of 0.720, and the application of urine L-FABP/

creatinine ratio can improve urine L-FABP discrimination even

more. Related research has also demonstrated that using

extracorporeal circulation (CPB) time can help recognize

people at high risk of AKI in cardiovascular surgery. CPB

time is firstly used to assess the risk of postoperative AKI,

afterwards, urinary L-FABP or urinary L-FABP/creatinine

ratio was used to predict and diagnose AKI early, with

urinary L-FABP at 16–18 h demonstrating improved

discrimination with an AUC of 0.742, enabling more cost-

effective and reliable risk identification than utilizing urinary

L-FABP tests (Lee et al., 2021). In addition, urinary L-FABP

levels at admission are a powerful predictor of long-term negative

results in medical cardiac intensive care unit (CICU) patients.

Urinary L-FABP may substantially improve long-term risk

stratification in patients hospitalized to the medical CICU

when combined with creatinine-defined AKI (Naruse et al.,

2020). Moreover, baseline urinary L-FABP levels are a reliable

biomarker for predicting AKI in patients with acute

decompensated heart failure (ADHF), AUC was 0.930,

sensitivity was 94.2%, specificity was 87.0% (Hishikari et al.,

2017). However, certain existing renal diseases, including non-

diabetic chronic kidney disease, early diabetic nephropathy,

polycystic kidney disease, and idiopathic focal

glomerulosclerosis, may affect the diagnostic performance of

urinary L-FABP. Since L-FABP is conveyed in the liver,

urinary L-FABP may lose its specificity for kidney disease

when liver disease is also present. To summarize, L-FABP

seems to be the best biomarker for the initial prediction of

AKI (Cho et al., 2013), but its potential value must be verified

in large-scale research and a broader clinical setting.

TIMP-2·IGFBP7

TIMP-2 is a 21 kDa protein with anti-apoptotic and pro-

proliferative properties, while IGFBP7 is a 29 kDa protein which

acts as an IGF-1 receptor antagonist that causes tumor

suppression and regulates cellular aging by inhibiting kinase

signaling. Renal tubular cells express and secrete them

(Bhosale and Kulkarni, 2020). TIMP-2 and IGFBP7 are both

inducers of G1 cell cycle arrest that are produced during the early

phases of cellular stress or injury (Cavalcante et al., 2022). Some

tumor suppressor proteins such as p27, p53, and p21 are

activated and upregulated differently after renal injury (e.g.,

oxidative stress, toxins, ischemia, sepsis, inflammation, etc.)

(Ortega and Heung, 2018), with IGFBP7 directly increasing

the expression of p53 and p21, while TIMP-2 enhances the

expression of p27. These p-proteins prevent the cell cycle-

dependent protease complexes (CyclD-CDK4 and CyclE-

CDK2) from supporting the cell cycle progression, leading in

transitory G1 cell arrest. This process inhibits cell division and

apoptosis, allowing the cell to restore DNA damage and function

(as shown in Figure 2) (Barnum and O’Connell, 2014). A

prolonged arrest of tubular cells in G1 phase would lead in a

senescent cell phenotype and fibrosis (Yang et al., 2010). TIMP-2

and IGFBP7 can signal in an autocrine and paracrine manner to

send alarms from the location of injury to other sites (Ortega and

Heung, 2018). The consolidation of these two biomarkers has

been explored as predictors of AKI and is beneficial in identifying

early structural kidney impairment, also known as subclinical

kidney injury, which can indicate an increased risk of adverse

outcomes. In a laboratory investigation in rats, the combination

of TIMP2 and IGFBP7 was more accurate for detecting AKI than

either marker alone. TIMP2-IGFBP7 was significantly raised

in >10% of patients in the low-risk CI-AKI population,

indicating structural kidney injury, while serum creatinine

remained silent, thus revealing subclinical CI-AKI (SCI-AKI),

according to a study on contrast-induced AKI (CI-AKI). The use
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of appropriate biomarkers early in the diagnostic process has the

potential to assist clinicians in identifying patients with renal

stress and injury for early observation or preventive intervention

to restrict the development of AKI (Breglia et al., 2020). A

significant proportion of COVID-19 severe illness patients are

admitted with subclinical symptoms of renal dysfunction that has

not yet constituted AKI. This study discovered that urinary

TIMP-2-IGFBP7 ≥0.2 (ng/ml) 2/1000 was a risk factor for

AKI, and individuals with higher TIMP-2-IGFBP7 had a

significantly shorter time to AKI. TIMP-2-IGFBP7, when

combined with clinical information, was an excellent predictor

of subclinical AKI in crucially ill COVID-19 patients (AUC:

0.682) (Casas-Aparicio et al. 2022). Meersch et al. measured

TIMP2-IGFBP7 concentrations in serial urine samples from

50 patients undergoing cardiac surgery; changes in creatinine

and urine volume did not occur until 1–3 days postoperatively,

whereas TIMP2-IGFBP7 concentrations began to rise as early as

4 h postoperatively in patients who had AKI, and the 4-h

postoperative cutoff value demonstrated positive sensitivity

and specificity, with an area under the ROC curve of 0.81 (CI:

0.68–0.93). Furthermore, a decrease in urine [TIMP-2] and

[IGFBP-7] at discharge was a strong predictor of renal

recovery (Meersch et al., 2014). Oezkur et al. measured

TIMP-2-IGFBP-7 in urine samples at baseline, at ICU

admission and 24 h following surgery with a cutoff of 0.3. The

main endpoint was the occurrence of AKI within 48 h

postoperatively. [TIMP-2] x [GFBP-7] values >0.3 were highly

linked with the development of AKI (OR 11.8, p < 0.001) upon

ICU admission, with a sensitivity of 0.60 and specificity of 0.88,

whereas measurements before surgery (baseline) were not

associated with the risk of AKI (Oezkur et al., 2017). Meersch

et al. (2017) carried out a randomized clinical test that early

predictive biomarkers like [TIMP-2]x [IGFBP7] identified

patients at risk for AKI and preventive treatments were used

to reduce AKI occurrence. Early diagnosis of AKI using urine

biomarkers after non-cardiac surgery allows for the initiation of

renal protective measures, including CRRT, a new approach for

assessing renal function in critically ill patients (Clark et al.,

2017). Elevated TIMP-2-IGFBP-7 levels are also predictors of

negative results in a variety of clinical situations, including

dialysis, death, or development to severe AKI in patients with

septic shock (AUC: 0.72); AKI in patients following major

surgery (AUC: 0.85); and AKI in platinum-treated patients in

the ICU (Casas-Aparicio et al., 2022). These findings show that

IGFBP-7 and TIMP-2 have powerful diagnostic properties. The

US Food and Drug Administration (FDA) has approved TIMP2-

IGFBP7 to predict AKI in critically ill adults within 12 h (Guzzi

et al., 2019). However, the presence of proteinuria, urinary

albumin >125 mg/dl interferes with the test results,

and >3,000 mg/dl negates the test results, as does a urinary

bilirubin concentration >7.2 g/dl (Vijayan et al., 2016).

Therefore, the approval of the new biomarker combination

[TIMP-2]-[IGFBP7] represents a significant step forward in

the investigation for a reliable and accurate method of

identifying early kidney injury. Early kidney disease

interventions will be critical in translating AKI biomarkers

advances into major improvements in clinical outcomes.

Additional trials are required to study the function of this

biomarker in preventative efforts and interventional trials to

evaluate its efficacy in enhancing AKI results.

Other novel biomarkers

Clusterin

Clusterin is a 75–80 kDa molecular weight heterodimeric

glycoprotein. Clusterin is only found in trace amounts in normal

kidneys, primarily in the intima of the renal arteries and renal

tubules. Clusterin expression increases in acute kidney injury,

mostly demonstrating anti-apoptotic effects, and is related with

lipid utilization, cell aggregation and adhesion. Clusterin has

been found to suppress apoptosis in human renal proximal

tubular epithelial HK-2 cells via an extracellular pathway, and

to protect renal cells (Wang et al., 2016). Its expression is

decreased during glomerular lesions, which exacerbates post-

ischemic renal injury and proteinuria. After the ischemia-

reperfusion injury, mice lacking Clusterin demonstrate the

development of renal inflammation and fibrosis (Guo et al.,

2016). Clusterin was expressed in dedifferentiated renal

tubular epithelial cells, and Clusterin levels considerably raised

in the kidney and urine in an early kidney injury model,

according to Vaidya et al.(2008) Gentamicin administration to

Lewis mice resulted in increased urinary NAG and Clusterin on

day 4, as well as a 10-, 116-, and 3-fold rise in renal tissue, urinary,

and serum Clusterin on day 9, respectively (Aulitzky et al., 1992).

mRNA expression of renal Clusterin was raised 8.5-fold in mice

with renal lesions compared to controls, consistent with

increased serum creatinine, and urinary levels correlated with

the degree of toxic renal damage (Hidaka et al., 2002). Clusterin

and KIM-1 are two of the earliest markers of proximal tubular

injury, with levels rising within 1 h of injury, far before serum

creatinine. In contrast to CysC and KIM-1, Clusterin predicts

drug-induced AKI in adults well (AUC:0.86) (Da et al., 2019).

Clusterin was found to be superior to conventional indices for the

diagnosis of proximal tubular injury by Dieterle et al., indicating

a high diagnostic value not only in severe acute kidney injury. It

can also be noticed in early stages, when there is no

histopathological evidence yet, showing that it can reflect early

and mild lesions (Dieterle et al., 2010). Regarding the localization

of urinary Clusterin injury, most research has demonstrated that

Clusterin expression is higher in tubular injury but not in

glomerular injury, implying that the amount of Clusterin may

be quantified to detect whether the injury occurred in the tubules

or glomeruli (Hidaka et al., 2002). However, in a recent study,

Clusterin outperformed renal function indicators targeting both
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glomeruli and tubules in the assessment of subclinical AKI,

indicating that it appears to be a promising marker of renal

injury, covering both tubular and glomerular injury (Musiał et al.,

2020), and thus Clusterin remains relevant for the detection of

not only tubular but also glomerular injury significance.

Clusterin has received little attention in human, and its ability

to be a marker of dual renal function and renal injury in a wider

patient population has yet to be determined.

Proenkephalin a 119-159(Penkid)

Proenkephalin A 119–159(Penkid) is a 5 kDa peptide that is

identical to the precursors of met-enkephalins and leu-

enkephalins and is considered to be an alternative marker of

the unstable endogenous opioid peptide enkephalins (Hollinger

et al., 2018). Enkephalins participate in a variety of physiological

processes through binding to opioid receptors, including the γ-
opioid receptor, which is expressed in a number of tissues but is

especially dense in renal tissues (Denning et al., 2008). Penkid has

a long in vivo half-life, is stable after collection, is not easily

catabolized, and its levels are unaffected by age or gender.

Furthermore, it is not a plasma-bound protein and is only

filtered solely in the glomerulus (Lima et al., 2022). Penkid

plasma concentrations have been observed to correlate

positively and inversely with measured glomerular filtration

rate (GFR) (Beunders et al., 2020), and high Penkid values

appear to represent a more important risk status than low

eGFR values, as Penkid predicts 28-days mortality but eGFR

does not, and it is therefore considered to be a biomarker of

glomerular filtration injury or a biomarker of renal function.

Penkid was found to identify AKI 48 h before serum creatinine,

and its specificity remained high in the context of major

inflammation-driven sepsis, since Penkid remained at very

low concentrations in patients with sepsis who did not have

renal failure (Rosenqvist et al., 2019). Penkid levels raised with

increasing severity of sepsis in Kim et al. (2017) cohort study of

167 patients, with a cut-off value of 154.5 pmol/L with an AUC of

0.73 for the diagnosis of AKI, and Penkid was found to be

significantly higher in patients with severe AKI in Camila Lima

et al., 2022 study before liver transplantation. Patients had

significantly higher AUC of 0.69 (CI 0.54–0.83), cut-off value

of 55.30 pmol/L, sensitivity of 0.86, specificity of 0.52 and

accuracy of 0.75, and at 48 h after liver transplantation, the

performance of Penkid in determining severe AKI was

unchanged with an AUC of 0.83 (CI 0.72–0.94), a cut-off

value of 119.05 pmol/L, a sensitivity of 0.81, a specificity of

0.90 and an accuracy of 0.84 (Lima et al., 2022). Moreover,

Penkid has shown promising results inmonitoring renal function

in acute patients, especially those with sepsis. Penkid has added

value in monitoring renal function in patients with acute heart

failure, in addition to reflecting cardiorenal state following acute

myocardial infarction and predicting AKI after cardiac surgery

(Hollinger et al., 2018). Penkid and TIMP2-IGFBP7

concentrations were measured at the time of ICU patient

admission and showed a correlation with AKI severity,

confirming a substantial association of PenKid as a

filtration marker with AKI (AUC:0.668). When

investigating renal replacement therapy (RRT) as an

outcome parameter, in our standard ICU population (n =

60), elevated PenKid levels predicted RRT requirement more

accurately (AUC:0.778) than elevated TIMP2-IGFBP7 (AUC:

0.678) levels (Gayat et al., 2018). Plasma Penkid

concentrations on admission are related to an increased

risk of death in AKI and burn patients, and predict 90-days

mortality, with Penkid having stronger prognostic value than

SCr and SOFA. Patients with subclinical AKI (no diagnosis of

AKI but with elevated Penkid) have a higher risk of death than

those with low Penkid concentrations (i.e., non-subclinical

AKI). Penkid provides clinical relevance in the detection of

subclinical AKI (Dépret et al., 2020). Detection of subclinical

AKI using PenKid provides better phenotypic analysis of

patients who do not meet the current definition of AKI.

PenKid’s potential utility is evidence of prognostic impact

connected with its level, which would transcend the

constraints of the current definition of AKI. Subclinical

AKI patients have a greater fatality rate than non-

subclinical AKI patients, approaching that of AKI patients.

PenKid improves the prognosis of patients who were

previously categorized as non-AKI (Dépret et al., 2020).

However, there have been fewer studies comparing PenKid

to other biomarkers, and it has to be seen whether the

combination with other indicators can further improve the

characterization and definition of sub-AKI and its association

with prognosis.

Clinical implementation of AKI
biomarkers

Although progress has been made in identifying AKI

biomarkers, their use in clinical practice has not been widely

accepted, and it was recommended at the 23rd ADQI Consensus

Conference that injury and functional biomarkers can be

combined with clinical information to improve the diagnostic

performance of AKI, identify different pathophysiological

processes, differentiate the etiology of AKI, and assess AKI

severity. The identification of particular kidney injury

biomarkers has allowed for a more accurate definition of

pathophysiology, site, mechanism, and severity of injury,

allowing for a more targeted and individualized treatment

plan for each AKI patient. Validated biomarkers can predict

the development or progression of AKI and may provide

opportunities for intervention (Ostermann et al., 2020). Trials

have demonstrated that timely initiation of a preventive strategy,

TIMP-2-IGFBP7, after renal injury in patients with positive
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TABLE 1 Comparison of characteristics of acute kidney injury biomarkers.

Biomarker Characteristics/
functions

Expression
time

Animal research AUCs of
AKI
prediction

Sample collections Limitations

CysC A cysteine protease inhibitor
with a molecular weight of
13 KDa that is freely filtered
in the glomerulus and almost
completely reabsorbed in the
proximal tubule

12–24 h In the mouse model of
sepsis, CysC performed
significantly better than
SCr and BUN, with a
three-fold increase in
CysC at 3 h post sepsis
compared to baseline
(0 h) CysC

0.67 ICU Gaygısız et al. (2016)
critically ill infants and
children Fang et al.
(2018)

Cys-C levels can alter as a
result of conditions other
than renal filtration (e.g.,use
of glucocorticoids, thyroid
hormones, and systemic
inflammation)

0.72

KIM-1 A 38.7 KDa type I
transmembrane glycoprotein
with immunoglobulin and
mucin structural domains

1–12 h KIM-1 shows
upregulation mainly in
rodent and human
S3 segments, inserts
into the apical
membrane of the
proximal tubule, and
persists in the
epithelium until
recovery

0.83 patients with mild and
moderate COVID-19
Yasar et al. (2022)

Vulnerability to diabetes,
hypertension and
atherosclerotic cerebral
ischemia, and inflammatory
diseases

NGAL A 25 KDa protein, a member
of the lipocalin superfamily,
binds to iron-siderophore
complexes, thereby limiting
iron uptake by bacteria and
exerting a bactericidal effect
on the innate immune system

1–12 h In a transcriptome
analysis study in a
rodent model, NGAL
was found to be one of
the fastest-rising genes
in the kidney early after
tubular injury,
especially in the distal
tubular segment, and
NGAL levels in the
urine were significantly
elevated within 2 h after
ischemia-reperfusion
injury in the murine
kidney

0.95–0.96 Children with congenital
heart disease on NSAIDs
after CPB Nehus et al.
(2017)

Its threshold value is
controversial

0.96 Pediatric Cardiac Surgery
Dent et al. (2007)

0.72 Adult Cardiac Surgery
Ho et al. (2015) critically
ill patients de Geus et al.
(2011)

0.80 emergency department
patients Nickolas et al.
(2008)

0.95 renal transplant patients
Pajek et al. (2014)0.77

IL-18 an interleukin-1 family pro-
inflammatory cytokine
generated by monocytes/
macrophages and other
antigen-presenting cells

1–12 h IL-18-deficient mice are
protected from AKI
induced by ischemia-
reperfusion injury

0.77 systematic analysis of
11 studies in
2,796 patients Lin et al.
(2015)

Lack of suitable cut-off
values

0.8325 CPB Wang et al. (2017)

0.82 Pediatric Cardiac Surgery
Krawczeski et al. (2011);
Zheng et al. (2013)

0.59 ICU Nickolas et al.
(2012); Nisula et al.
(2015) emergency
department patients
Nickolas et al. (2012);
Nisula et al. (2015)

0.64

L-FABP It is a 14 kDa protein
belonging to the fatty acid-
binding protein (FABP)
family, a potent endogenous
antioxidant and one of the
key regulators of free fatty

1–12 h In a cisplatin-induced
kidney injury model in
mice, elevation of
urinary L-FABP levels
preceded creatinine
elevation over 72 h

0.810 Pediatric Cardiac Surgery
Portilla et al. (2008)

Urinary L-FABPmay lose its
specificity for renal disease
in early diabetic
nephropathy, non-diabetic
chronic kidney disease,
polycystic kidney disease

0.720 Adult Cardiac Surgery
Lee et al. (2021)

0.742 CPB Lee et al. (2021)

(Continued on following page)
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stress biomarkers is helpful in preventing AKI. The incidence of

AKI was lowered by 17% 72 h later. To improve the process of

care and patient outcomes, it is also recommended to integrate

clinical assessment and validated biomarkers to triage patients

and optimize the timing and type of intervention. Negative

outcomes are also valuable. For example, critically ill patients

with oliguria and urinary TIMP-2-IGFBP7 levels less than 0.3

(ng/mL)2/1000 had no increased risk of developing more severe

AKI (Ostermann et al., 2020).

Conclusion

The need to includemarkers of injury in AKI risk assessment is

becoming more apparent, many biomarkers have been explored

for their predictive value in a range of conditions, each with its

unique characteristics (Table 1), and several novel biomarkers have

been developed, but for the time being, none are totally specific for

AKI. Therefore, it is still difficult to introduce these biomarkers

into clinical practice, and the use of creatinine as a diagnostic

criterion is erroneous; it does not rule out the potential of

subclinical AKI. In addition, some specific markers, such as

using L-FABP to predict AKI in patients with underlying

metabolic syndrome or non-alcoholic hepatic steatosis, and the

use of NGAL in patients with sepsis, may be influenced by specific

clinical situations. Studies on AKI biomarkers have revealed

significant changes in results based on different clinical

situations such as cardiac surgery, sepsis, renal transplantation,

and contrast nephropathy (Bennett et al., 2008). For instance, in

patients undergoing cardiac surgery, NGAL is an initial AKI

biomarker and IL-18 is a mid-stage AKI biomarker. In contrast,

in nephropathy, IL-18 is not an important AKI biomarker, and the

exact mechanisms by which each biomarker changes in different

clinical situations have yet to be well revealed, and it has been

TABLE 1 (Continued) Comparison of characteristics of acute kidney injury biomarkers.

Biomarker Characteristics/
functions

Expression
time

Animal research AUCs of
AKI
prediction

Sample collections Limitations

acid (FFA) stability in the
body

and idiopathic focal
glomerulosclerosis, when
liver disease is also present

0.930 ADHF Lee et al. (2021)

TIMP2·IGFBP7 TIMP-2, a 21 KDa protein
with anti-apoptotic and
proliferative properties, and
IGFBP7, a 29 KDa protein
and IGF-1 receptor
antagonist, cause tumor
suppression and regulate
cellular aging by inhibiting
kinase signaling.TIMP-2 and
IGFBP7 are both inducers of
G1 cell cycle arrest

1–12 h In an experimental
study in rats, the
combination of
TIMP2 and
IGFBP7 was more
accurate for the
diagnosis of AKI than
each marker alone

0.682 ICU in COVID-19
Casas-Aparicio et al.
(2022)

The presence of proteinuria
in the patient, urinary
albumin >125 mg/dl will
interfere with the test results,
and >3000 mg/dl will
invalidate the test results, as
will the concentration of
urinary bilirubin >7.2 g/dl

0.81 Cardiac Surgery Meersch
et al. (2014)

0.72 Sepsis Casas-Aparicio
et al. (2022) major
surgery Casas-Aparicio
et al. (2022)

0.85

Clusterin It is a heterodimeric
glycoprotein with a molecular
weight of 75–80 kDa, which
exhibits anti-apoptotic effects
and is associated with lipid
utilization, cell aggregation
and adhesion

1–12 h In mice with renal
lesions, mRNA
expression of renal
Clusterin was increased
8.5 times more than in
controls, consistent
with increased serum
creatinine, and urinary
levels correlated with
the degree of toxic renal
damage

0.86 Medicated AKI in adults
Da et al. (2019)

There are relatively few
human studies, and its
ability to be a marker of dual
kidney function and kidney
injury remains to be
determined in studies in
larger patient populations

PenKid A 5 kDa peptide that is
identical to the precursors of
met-enkephalins and leu-
enkephalins and is
considered to be an
alternative marker of the
unstable endogenous opioid
peptide enkephalins

1–12 h — 0.73 Sepsis Kim et al. (2017) There are fewer studies
related to the comparison of
PenKid with other
biomarkers, while it remains
to be explored whether the
combination with other
markers can further improve
the definition of sub-AKI
and its association with
prognosis

0.69 Pre-operative liver
Transplantation Lima
et al. (2022)

0.83 Post liver transplantation
Lima et al. (2022)

0.668 ICU Gayat et al. (2018)
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suggested that different clinical situations should identify specific

AKI biomarkers to enhance the initial detection and mediation of

subclinical AKI. Different AKI biomarkers can indicate different

mechanisms of injury and may be able to differentiate particular

aspects of renal function (e.g., tubular injury, decreased filtration

rate, etc.). NGAL, a distal tubular injury marker, is elevated when

tubular cell structure is injured and serves as an early biomarker of

a variety of ischemic, septic, or nephrotoxic kidney ailments. IL-18

is created by proximal tubular cells during kidney damage and has

shown potential in diagnosing ATI. KIM-1 is conveyed on the

apical membrane of proximal tubular cells following kidney

damage and is detectable in urine. Given the added diagnostic

dimension that the inclusion of biomarkers may bring, it is

reasonable to expect biomarkers to suggest particular

therapeutic targets for intervention. As a result, future research

should concentrate on mechanisms of injury to broaden

understanding of AKI phenotypes based on pathophysiology.

Enhanced understanding the underlying biological sequence

from renal stress to subsequent subclinical or clinical AKI

could lead to therapeutic interventions, drug application or

suspension, and improved patient prognosis.
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Intravital imaging of
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of enalapril or/and empagliflozin
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Background: Diabetic kidney disease is the leading cause of end-stage renal

disease. Administration of ACE inhibitors or/and SGLT2 inhibitors show

renoprotective effects in diabetic and other kidney diseases. The underlying

renoprotective mechanisms of SGLT2 inhibition, especially in combination with

ACE inhibition, are incompletely understood. We used longitudinal intravital

microscopy to directly elucidate glomerular hemodynamics on a single

nephron level in response to the ACE inhibitor enalapril or/and the

SGLT2 inhibitor empagliflozin.

Methods: Five weeks after the induction of diabetes by streptozotocin, male

C57BL/6 mice were treated with enalapril, empagliflozin, enalapril/

empagliflozin or placebo for 3 days. To identify hemodynamic regulation

mechanisms, longitudinal intravital multiphoton microscopy was employed

to measure single nephron glomerular filtration rate (snGFR) and afferent/

efferent arteriole width.

Results: Diabetic mice presented a significant hyperfiltration. Compared to

placebo treatment, snGFR was reduced in response to enalapril, empagliflozin,

or enalapril/empagliflozin administration under diabetic conditions. While

enalapril treatment caused significant dilation of the efferent arteriole

(12.55 ± 1.46 µm vs. control 11.92 ± 1.04 µm, p < 0.05), empagliflozin led to

a decreased afferent arteriole diameter (11.19 ± 2.55 µm vs. control 12.35 ±

1.32 µm, p < 0.05) in diabetic mice. Unexpectedly under diabetic conditions, the

combined treatment with enalapril/empagliflozin had no effects on both

afferent and efferent arteriole diameter change.

Conclusion: SGLT2 inhibition, besides ACE inhibition, is an essential

hemodynamic regulator of glomerular filtration during diabetes mellitus.

Nevertheless, additional mechanisms—independent from hemodynamic

regulation—are involved in the nephroprotective effects especially of the

combination therapy and should be further explored in future studies.
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Introduction

Diabetes mellitus is the main reason for end-stage renal

disease (ESRD) in the Western world (Kovesdy, 2022). The

number of patients with ESRD is expected to double in the

next 10-15 years further increasing treatment costs. Despite

tremendous efforts and ongoing research, until recently there

was no specific therapy for diabetic nephropathy (DN) or other

chronic progressive kidney diseases (CKD) besides angiotensin-

converting enzyme (ACE) inhibition (Joannidis and Hoste, 2018;

Kovesdy, 2022). One characteristic of early stage changes of DN

is the activation of the renin-angiotensin system (RAS), resulting

in vasoconstriction of the efferent arteriole and increasing

intraglomerular pressure (Giani et al., 2021). RAS blockade

with angiotensin-converting enzyme inhibitors (ACEi) or

angiotensin-receptor blockers (ARBs) was the gold standard to

slow down the development and progression of any CKD,

including DN (Joannidis and Hoste, 2018).

Sodium-glucose cotransporter 2 (SGLT2) inhibitors are a

new, recently approved therapy for diabetes mellitus type 2

(Wanner et al., 2016), also with beneficial effects in type

1 diabetes (Henry et al., 2015). SGLT2 inhibitors (SGLT2i) are

the first class of antidiabetic drugs directly acting on the kidney

and exhibiting nephroprotective effects (Zinman et al., 2015;

Wanner et al., 2016). Additionally, recent clinical trials in

different cardiovascular/diabetic high risk patient groups have

demonstrated that SGLT2i such as empagliflozin, dapagliflozin,

or canagliflozin reduce the risk for death, as well as cardiac and

renal outcomes (Zinman et al., 2015; Wanner et al., 2016; Neal

et al., 2017; Wiviott et al., 2019).

The tubuloglomerular feedback (TGF) plays an important

role in maintaining intraglomerular pressure and glomerular

filtration rate (GFR) (Vallon, 2003). TGF is a negative

feedback loop at the juxtaglomerular apparatus that stabilizes

GFR and distal salt delivery at the macula densa (Vallon, 2003;

Schnermann and Castrop, 2013). Under diabetic conditions, high

amounts of glucose are reabsorbed by SGLT2 in the early

proximal tubule. The subsequent increase in Na+-reabsorption

lowers its distal delivery at the macula densa. Consequently,

activation of TGF leads to vasodilation of the afferent arteriole,

thus increasing intraglomerular pressure and GFR (Heerspink

et al., 2016). Considering that SGLT2 is solely expressed within

the proximal tubules (Chen et al., 2010), overall- and

nephroprotective effects in humans are likely to be mediated

via the kidneys (Zinman et al., 2015; Wanner et al., 2016).

Furthermore, recent results demonstrated that the concurrent

administration of ACEi and SGLT2i improves renal outcomes

synergistically (Kojima et al., 2015; Wanner et al., 2016). The

underlying mechanisms, linking arteriole width alterations,

intraglomerular pressure regulation, and sodium delivery to

the macula densa - subsequently slowing down the

progression of CKD - are not fully understood. SGLT2i alone

may normalize GFR under diabetic conditions by restoring the

TGF mechanism (Nespoux and Vallon, 2018). Consistent with

this hypothesis, we and others have shown that SGLT2 inhibition

reduced renal and glomerular hypertrophy and kidney injury in

experimental diabetic nephropathy (Gembardt et al., 2014).

Based on the modes of action, simultaneous ACE and

SGLT2 inhibition may have synergistic effects regarding

restoration of TGF under diabetic conditions. While

synergistic hemodynamic effects by combination therapy of

nonsteroidal anti-inflammatory drugs (NSAIDs) and ACEi/

ARBs are known to frequently cause severe tubular necrosis

and compromised renal function via glomerular hypotension

(Seelig, Maloley and Campbell, 1990), it remains unclear why

SGLT2i together with ACEi/ARBs prevents from acute renal

failure and are especially effective in reno- and cardioprotection

(Kojima et al., 2015; Zhang et al., 2018; Sridhar, Tuttle and

Cherney, 2020).

Therefore, our experimental study for the first time

investigates glomerular hemodynamic regulation of ACE

inhibition with enalapril or/and SGLT2 inhibition with

empagliflozin at the single nephron level in mice in vivo.

Hereby, we used sophisticated intravital multiphoton imaging

techniques to directly visualize glomerular hemodynamics by

longitudinal, repetitive assessment of single nephron GFR

(snGFR) and afferent as well as efferent arteriole width in

STZ-induced type 1 diabetic mice at baseline conditions and

in response to ACEi or/and SGLT2i within the same animals.

Material and methods

Animals

Diabetes was induced in male C57BL/6 (Janvier) mice at 6-

7 weeks of age by intraperitoneal injections of streptozotocin

(STZ; Sigma-Aldrich) in sodium citrate buffer (pH 4.5) at a dose

of 50 mg/kg for five consecutive days. Non-diabetic controls

received equal amounts of buffer alone. Blood glucose levels

were determined 1 week after the last injection of STZ. Mice with

blood glucose level above 20 mmol/l were considered as diabetic.

Healthy controls and STZ-diabetic mice were randomly divided

into four groups (1. Control; 2. 50 mg/l enalapril in drinking

water; 3. 300 mg/kg empagliflozin in chow; 4. co-treatment with

enalapril and empagliflozin; 50 mg/l enalapril and 300 mg/kg

empagliflozin) 5 weeks later. The control group (placebo)

received standard chow and drinking water without any drugs.

Frontiers in Physiology frontiersin.org02

Kroeger et al. 10.3389/fphys.2022.982722

37

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2022.982722


For urine collection, mice were housed individually in

metabolic cages for 24 h. The mice had free access to food

and water in the metabolic cages. Blood samples were

obtained from non-fasting animals after 16 days of treatment.

Blood samples were centrifuged for 15 min at 2.500 × g, and the

collected serum was stored at -20°C for further analysis. Urinary

and serum samples were analyzed at the Clinical Chemistry at the

University Hospital Carl Gustav Carus (Dresden, Germany)

using standard laboratory methods to determine different

parameters such as serum glucose, serum ACE activity, and

urinary glucose.

Transdermal measurement of glomerular filtration rate

(GFR) was performed as described previously using FITC-

sinistrin (Schreiber et al., 2012).

All animal experiments were performed in accordance with

the Federal Law on the Use of Experimental Animals in Germany

and were approved by local authorities (Az. 25-5131/496/48 and

Az. 24-9168.11/1/380).

Intravital multiphoton microscopy

For intravital microscopy, only STZ-diabetic mice were used.

First, the mice were anesthetized with isoflurane (0.8 l/min, 2.5%,

Baxter Deutschland GmbH), and an abdominal body window

was implanted for repeated kidney imaging as previously

described (Schiessl et al., 2019).

The next day, mice were anesthetized with isoflurane (0.8 l/

min, 1.5%), intubated, and catheterized into the lateral tail vein.

To maintain body temperature during intravital microscopy, the

mice were kept on a heating plate.

Image acquisition was performed using an upright Leica

SP8 multiphoton laser scanning microscope with a 40x/

1.1 NA water immersion objective at the Core Facility

Cellular Imaging at the Technical University Dresden.

Multiphoton imaging was performed with 860 nm laser

excitation to visualize Angiospark680® (Perkin&Elmer, 30 µl),

Hoechst 33,342 (Thermo Fischer, 50 µl of 2 mg/ml stock), and

Lucifer Yellow (LY; Sigma-Aldrich).

Single nephron GFR measurement

snGFR measurement in living mice was measured as

previously described (Kang et al., 2006). In brief, superficial

glomeruli with a subsequent proximal tubule (PT; minimum

45 µm length) were used for analysis. An automated syringe

pump injected the freely filtering LY (15 µl of 5 mg/ml stock) into

the lateral tail vein. A time series (6 frames/s) was acquired

during the application of LY and was used to calculate snGFR as

we previously described (Kessel et al., 2021).In short, semi-

automatic image analysis was programmed using FIJI

(Schindelin et al., 2012) and data analysis using R (R Core

Team, 2017) with RStudio (RStudio Team, 2019). For image

analysis, the position and direction of the flow along the proximal

tubule had to be manually set. Afterwards, LY intensity was

measured over time in every frame automatically. The selection

further provides PT length andmean PT diameter to calculate PT

volume. Finally, snGFR is automatically calculated as volume

change over time. Number of animals/number of snGFR

measurements: n (Placebo) = 8/13, n (Enalapril) = 5/9, n

(Empagliflozin) = 5/9, n (Enalapril/Empagliflozin) = 5/7. The

number of measurement is limited to three nephrons per animal.

Measurement of arteriole diameter and
glomerular volume

For measurement of afferent and efferent arteriole diameter

in living mice, a z-stack (1 µm z-size over 120 µm length) of

superficial glomeruli was captured. The repeated measurement of

arteriole diameter was performed without a cortical slice as

mentioned in other experimental setups (Satoh et al., 2010;

Kidokoro et al., 2019). Further analysis was performed in

Imaris (version 9.5.0, Bitplane). The afferent and efferent

arteriole were identified by the direction of blood flow.

Afterwards, the arterioles were marked in every plane of the

z-stack, three-dimensionally reconstructed, and the mean

diameter was calculated automatically. For glomerular volume,

the glomerulus was three-dimensional reconstructed by

identification of the glomerular capillaries in every plane of

the z-stack. Afterwards, the glomerular volume was

automatically calculated. Number of animals/number of

afferent arteriole measurements: n (animals/AA):

n (Placebo) = 5/11, n (Enalapril) = 2/5, n (Empagliflozin) = 5/

7, n (Enalapril/Empagliflozin) = 8/14. Number of animals/

number of efferent arteriole measurements: n (animals/EA): n

(Placebo) = 4/7, n (Enalapril) = 2/4, n (Empagliflozin) = 4/6, n

(Enalapril/Empagliflozin) = 6/14. The number of animals for

arteriole width measurements varies between the individual

groups, because depending on the orientation of the glomeruli

to the microscope objective, the measurement of the afferent and

efferent arteriole diameter is not possible in all glomeruli at each

time point.

Statistical analysis

Data are shown as dot plot ± standard deviation (SD). The

data were visualized and analyzed using R (version 4.0.2.) (R

Core Team, 2017) with RStudio (version 1.2.5033) (RStudio

Team, 2019). Comparison between multiple groups was

performed by using one-way ANOVA followed by the Šídák’s

multiple comparison test. Comparison between two groups was

performed using an unpaired or paired 2-tailed Student t-test. p

values < 0.05 were considered statistically significant.
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Results

Basic parameters

First, we analyzed the clinical changes in non-diabetic control

and STZ-diabetic mice. Before the mice were randomly divided

into treatment groups, diabetic mice had a significantly lower

body weight (Table 1), higher serum glucose levels (data not

shown), and higher amounts of urinary glucose (Table 1) than

the non-diabetic controls. Treatment with enalapril,

empagliflozin, and enalapril/empagliflozin itself had no impact

on body weight or kidney weight. However, diabetic mice had

significantly higher kidney weights than the controls without an

impact of the different treatments (Table 1).

Treatment of non-diabetic mice with empagliflozin or

enalapril/empagliflozin reduced slightly serum glucose levels

compared to the control/placebo group (Figure 1A, 11.5 ±

2.4 mmol control/empagliflozin or 12.6 ± 2.3 mmol control/

enalapril/empagliflozin vs. 14.9 ± 3.4 mmol control/placebo).

In diabetic mice, treatment with empagliflozin numerically

reduced blood glucose levels compared to the placebo group

without reaching significance (Figure 1A, diabetic/empagliflozin

33.3 ± 4.6 mmol/l vs. diabetic/placebo 39.0 ± 6.6 mmol/l). In the

combined treatment group of enalapril/empagliflozin, a

significant blood glucose-lowering effect was noted

(Figure 1A, diabetic/enalapril/empagliflozin 28.1 ± 9.2 mmol

vs. diabetic/placebo 39.0 ± 6.6 mmol, p = 0.001). Furthermore,

empagliflozin treatment induced pronounced glucosuria in non-

diabetic animals (Table 1). Without empagliflozin treatment no

urinary glucose was detectable in non-diabetic controls. In

diabetic mice, urinary glucose levels were significantly higher

than in the non-diabetic groups without differences between the

treatment groups. Empagliflozin and enalapril/empagliflozin

treatments increased urinary volume significantly in the

control group. Similar to glucosuria, urinary volume was

already increased under diabetic conditions without any

impact of the different treatments. The urine osmolality was

not influenced by enalapril or/and empagliflozin in the diabetic

animals (Supplementary Figure S1). Measurement of serum

angiotensin-converting enzyme (ACE) activity showed a

significant reduction after enalapril or enalapril/empagliflozin

treatment in both, the non-diabetic controls and diabetic groups.

Hemodynamic changes in snGFR by
enalapril or/and empagliflozin treatment

First, we confirmed the expected glomerular hyperfiltration

in kidneys of diabetic mice compared to non-diabetic controls by

transdermal GFR measurements (Figure 1B). To analyze

hemodynamic changes in glomerular filtration in response to

enalapril, empagliflozin, and enalapril/empagliflozin treatment,

wemeasured the acute effects on snGFR longitudinally within theT
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same nephrons of diabetic mice. The experimental setup and a

representative measurement is shown in Figures 2A–C and the

supplementary material (Supplementary Figure S2). As expected,

snGFR remained unaltered in placebo-treated diabetic mice

(Figure 2D). In contrast, treatment with the ACEi enalapril

reduced snGFR by ~44% (Figure 2D; treated 2.36 ± 1.0 nl/min

vs. control 4.24 ± 1.28 nl/min, p = 0.014). Empagliflozin

treatment reduced snGFR by ~61% (Figure 2D; treated 1.6 ±

0.55 nl/min vs. control 4.12 ± 1.5 nl/min, p = 0.0006). The

combination therapy with enalapril and empagliflozin reduced

snGFR by ~65% (Figure 2D; treated 2.07 ± 0.84 nl/min vs.

control 6.03 ± 3.17 nl/min, p = 0.014).

Alterations in afferent and efferent
arteriole diameter by enalapril or/and
empagliflozin treatment

Beside snGFR, the width of glomerular afferent and efferent

arterioles can be captured intravitally in single glomeruli and

measured longitudinally via three-dimensional reconstruction.

Three-dimensional images were obtained on the same days as

snGFR measurements were performed (Figure 3A). The three-

dimensional reconstruction of the afferent and efferent arteriole

was performed afterwards (Figure 3B). Inhibition of SGLT2 with

empagliflozin for 3 days led to a significant diameter reduction of

the afferent arteriole (Figure 3C; treated 11.19 ± 2.55 µm vs.

control 12.35 ± 1.32 µm, p = 0.044) in diabetic mice. Treatment

with either placebo (Figure 3C; treated 11.4 ± 1.83 µm vs. control

12.09 ± 1.56 µm), enalapril (Figure 3C; treated 12.44 ± 1.70 µm

vs. control 12.46 ± 1.51 µm), or enalapril/empagliflozin

(Figure 3C; 10.97 ± 2.00 µm vs. control 10.42 ± 2.03 µm) had

no influence on afferent arteriole width compared to the same

glomeruli before treatment. In contrast, enalapril treatment led to

a significant relaxation of efferent arterioles in the same glomeruli

(Figure 3D; treated 12.55 ± 1.46 µm vs. control 11.92 ± 1.04 µm,

p = 0.022). Neither placebo (Figure 3D; treated 11.06 ± 1.40 vs.

control 11.18 ± 1.50), nor empagliflozin treatment alone

(Figure 3D; treated 12.02 ± 1.96 µm vs. control 12.04 ±

1.79 µm), nor the combination therapy with enalapril/

empagliflozin (Figure 3D; 11.03 ± 0.79 µm to 10.75 ±

1.61 µm) had an effect on the diameter of the efferent

arterioles. The glomerular volume was not influenced by

either enalapril or empagliflozin treatment. The combination

therapy with enalapril and empagliflozin also did not change the

glomerular volume (Supplementary Figure S3).

Discussion

SGLT2i treatment reduces hyperglycemia in diabetic patients

(Zinman et al., 2015) and in animal models (Vallon et al., 2013).

Additionally, SGLT2i were the first class of antidiabetic drugs

significantly reducing mortality, cardiovascular and renal events

in diabetic patients (Wanner et al., 2016; Neal et al., 2017).

Meanwhile, these beneficial effects of SGLT2i have been equally

demonstrated in patients without diabetes but with

cardiovascular and renal diseases suggesting a pronounced

generalized mode of action that is even independent on

hyperglycemia and diabetes mellitus as a disease per se (Teo

et al., 2021). Considering that SGLT2 is solely expressed within

the proximal tubules (Chen et al., 2010), overall- and

FIGURE 1
Blood glucose level and glomerular filtration rate (GFR) of non-diabetic control mice and STZ-diabetic mice. Effect of enalapril, empagliflozin
(Empa), and enalapril/empagliflozin (Enalapril/Empa) treatment on (A) blood glucose and (B) glomerular filtration rate (GFR) in controls (Con) and
diabetic (STZ) mice. For statistical differences an one-way ANOVA was performed in (A), n = 9-22, and an unpaired t-test in (B), n = 9-13.Values are
expressed as mean ± SD. p < 0.05.
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nephroprotective effects in humans are likely to be mediated via

the kidneys, but the exact mechanisms and the role of

hemodynamic effects especially in combination therapy with

ACEi/ARBs are controversially discussed. While RAS

inhibition was the standard nephroprotective therapy in DN

for many years, in recent studies SGLT2i were beneficial despite

FIGURE 2
Single Nephron Glomerular Filtration Rate in STZ-diabetic mice. (A) Experimental setup for intravital microscopy. Mouse with an abdominal
body window for repetitive imaging (right) and anesthetized mouse (endotracheal intubation) with extoriorized and stabilizied kidney for use in
upright-imaging systems (left). (B) Timeline of snGFR measurement in the same nephrons of STZ-diabetic mice. After first snGFR measurement
(before medication) administration of placebo, enalapril, empagliflozin, and enalapril/empagliflozin started. Three days later (after
medication) the snGFR of the same nephron is measured again. (C) Beginning of filtration of the freely filtered Lucifer Yellow of one single
glomerulus (G) with its subsequent proximal tubule (PT). The middle picture displays the completely filled proximal tubule and in the left picture,
the filtration process is completed. The blood vessels are fluorescently labeled in magenta and the nuclei in cyan. (D) Alterations of snGFR in the
same nephrons before and after 3 days of placebo, enalapril, empagliflozin and enalapril/empagliflozin administration in STZ-diabeticmice. Each
point connected by a line represents the effect on GFR of one single nephron by the mentioned medication. The red point connected by a line
indicates the mean value each before and after medication. A paired t-test was performed for statistical differences before and after medication
in the same nephron. *p < 0.05 before vs. after medication.
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FIGURE 3
Effect of enalapril, empagliflozin and enalapril/empagliflozin on afferent and efferent arteriole alterations in STZ-diabetic mice. (A) Timeline of
experimetal setup for afferent and efferent arteriole diameter measurement. First measurement (before medication) of arteriole diameter was
obtained before the start of placebo, enalapril, empagliflozin and enalapril/empagliflozin administration. The second measurement was performed
after 3 days of the respective drug treatment (after medication). (B) Three dimensional image of afferent (AA) and efferent (EA) arteriole of one

(Continued )
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80% or more of all patients that were already on ACEi/ARB

medication (Zinman et al., 2015; Wanner et al., 2016). Recent

experimental studies even showed that the simultaneous

administration prevented the development of renal injury

more than SGLT2i or ACEi alone (Kojima et al., 2015). To

compare the hemodynamic mechanisms of single and combined

ACEi/SGLT2i therapy, we measured snGFR and arteriole width

regulation in response to enalapril, empagliflozin, and enalapril/

empagliflozin administration in the same nephrons on different

days via longitudinal intravital microscopy.

Enalapril treatment significantly reduced snGFR in the diabetic

group compared to placebo treated animals. The snGFR reduction

by enalapril was accompanied and likely caused by efferent arteriole

dilation, while no effect was seen regarding width regulation of the

afferent arteriole. This interpretation of our findings fits the

paradigm that the angiotensin type 1 receptors are expressed

stronger in the efferent arteriole than in the afferent arteriole.

(Hall et al., 1977; Schrankl et al., 2021). Another intravital

microscopy study in STZ-diabetic rats showed restored arteriole

width regulation and diminished hyperfiltration in response to

ARBs (Satoh et al., 2010). In diabetic patients, hypertension is a

relevant comorbidity. ACEi/ARBs are effective drugs to regulate

hypertension by efferent vasodilationwith a fall infiltration pressure.

Long term clinical trials showed slower renal function loss in CDK

and lower cardiovascular mortality (Perico, Ruggenenti and

Remuzzi, 2017).

In contrast to enalapril, successful snGFR reduction by SGLT2i

seems to be promoted by afferent arteriole vasoconstriction but not

via width regulation of the efferent arteriole as supported by our in

vivo study results in type 1 diabeticmice. SGLT2i are shown to activate

the production of the TGF mediator adenosine, causing

vasoconstriction of the afferent arteriole by binding to the

adenosine A1 receptor (Alicic, Johnson and Tuttle, 2018). In

humans little is known about the correlation of TGF, adenosine

and SGLT2 inhibition. Patients with type 1 diabetes showed increased

urinary adenosine production in response to empagliflozin treatment,

suggesting that reduced GFR and afferent arteriole constriction was

related to increased adenosine production by macula densa

(Rajasekeran et al., 2017). Kidokoro et al. (2019) showed afferent

arteriole vasoconstriction in type 1 diabetes Akita mice in response to

SGLT2i in vivo, which was abolished by A1 adenosine receptor

antagonist. This data further promotes the importance of the

adenosine signaling pathway for TGF regulation (Kidokoro et al.,

2019). The opposite was shown in patients with type 2 diabetes, here

preliminary data supported that SGLT2 inhibition by dapagliflozin

may also lower GFR by vasodilation of the efferent arteriole (van

Bommel et al., 2020). These controversial results of SGLT2 inhibition

in type 1 versus type 2 diabetes models needs further investigation to

clarify the arteriole tone regulation in response to SGLT2i in vivo.

The combination therapy of ACEi/SGLT2i did reduce snGFR

equally to SGLT2i alone. Unexpectedly, in the combined ACEi/

SGLT2i therapy approach, snGFR was lowered without any obvious

afferent or efferent arteriole width regulation. Currently, we cannot

provide a clear explanation for this finding. The reduction of snGFR

was not accompanied by osmotic changes in the urine. The snGFR

changes were also not related to changes in the glomerular volume

most probably because of the short period of treatment.

Interestingly, simultaneous administration of both ACEi/SGLT2i

drugs does not synergistically reduce intraglomerular pressure as

with ACEi and NSAIDs (Lapi et al., 2013; Joannidis and Hoste,

2018). In this context, combination therapy of ACEi with NSAIDs

but not together with SGLT2i increases the risk of acute renal failure

suggesting a specific interacting or novel regulatory mechanism

preserving renal function with combined ACEi/SGLT2i therapy.

Hereby, adenosine, as a TGF mediator and angiotensin II, the main

effector of the RAS are known to interact to regulate glomerular

hemodynamics. Low concentration of the afferent arteriole

vasoconstrictor adenosine increases the response to angiotensin II

on the efferent arteriole. In contrast, physiological concentration of

angiotensin II increases the contractility as response to adenosine.

Moreover, the addition of nitric oxide abolished both modulating

effects regulating TGF responses (Persson et al., 2013). Additional

investigations are needed to clarify the involved mechanisms of a

combined therapy in detail. Besides hemodynamic regulation,

alternative renoprotective mechanisms may become increasingly

important especially under combination therapy. SGLT2i also

inhibits proximal tubular reabsorption reducing active tubular

transport work. This may redistribute energy demand and

oxygen consumption in the kidney, thereby upregulating

erythropoietin production with potential protective effects

(Nespoux and Vallon, 2020). We and others showed that

SGLT2i ameliorated also inflammation and mesangial matrix

expansion in a mouse model of DN. Future studies need to

investigate, whether RASi or SGLT2i may regulate

juxtaglomerular (next to the afferent arteriole) renin-lineage cell

phenotype and recruitment as awell described regenerative response

to injury mechanism besides the known classical hemodynamic

TGF pathway connection (Sequeira López et al., 2004).

Overall, it also needs to be considered that slight differences

exist between SGLT2 regulation in mice and humans. While

FIGURE 3 (Continued)
glomerulus before medication (left) with three dimensional reconstructed afferent (green) and efferent (blue) arteriole for mean diameter
calculation. The right image shows the same afferent and efferent arteriole after 3 days of either placebo, enalapril, empagliflozin, or enalapril/
empagliflozin treatment (after medication). (C) Afferent and (D) efferent arteriole diameter. Same glomeruli aremeasured before and after respective
medication. Each point connected with a line indicates the same afferent or efferent arteriole of one glomerulus on both days. The red point
connected by a line indicates the mean value each before and after medication. *p < 0.05 before vs. after medication.
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SGLT2 seems to be usually upregulated in diabetic kidney

disease in man, in our STZ-induced kidney model as well as

in many other experimental diabetic disease models renal

SGLT2 expression is not upregulated which limits the

SGLT2i-mediated increase in urinary glucose levels in

diabetic mice (Albertoni Borghese et al., 2009; Vallon et al.,

2013).

Despite the strength of the in vivo visualization of direct effects on

renal hemodynamics, our study has also limitations. We cannot

exclude any dose-dependent effects of ACEi and/or SGLT2i,

especially in the combined treatment group. Furthermore, the

direct effect of ACEi and/or SGLT2i was only measured shortly

after start of treatment within the same nephron. Combined therapy

with ACEi and SGLT2i showed better outcomes in clinical trials

compared to each treatment alone (Kojima et al., 2015). Visualization

of single glomeruli with a subsequent proximal tubule inmicewith the

used age is very challenging. Next to the limited number of glomeruli

suitable for measuring snGFR and arteriole width, the visualization of

nephrons deeper than 100 µm is technically not possible. Therefore,

all studies concerning snGFR and arteriole width regulation were

performed on superficial glomeruli. This, together with the general

functional heterogeneity within the glomeruli represents a major

limiting factor of our study. Further investigation of long-term

effects regarding snGFR and arteriole width would help to

understand the renoprotective effects in more detail.

In conclusion, we directly visualized the hemodynamic actions of

RAS or SGLT2 inhibition on single glomeruli in type 1 diabetic mice.

Therein, snGFR was reduced via either efferent arteriole vasodilation

(ACEi) or afferent arteriole vasoconstriction (SGLT2i), which might

be responsible for long term renoprotective effects. The decreased

snGFR without changes in arteriole width in diabetic mice with

combined ACEi and SGLT2i therapy suggests unknown interactions

of both drug groups potentially at the level of macula densa cell

regulation as well as additional renoprotective mechanisms.
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Kidney transplantation is the only definitive therapy for end-stage kidney disease.

The shortage of organs for transplantation is the main limitation of this life-saving

treatment. Normothermic machine perfusion (NMP) is a novel preservation

technique with the potential to increase the number of transplantable kidneys

through reducing delayed graft function and organ evaluation under physiological

conditions. To date, the cellular effects and possible pharmacological interventions

during machine perfusion are incompletely understood. A major limitation is the

technically complex, time-consuming, and small-scale replication of NMP in

rodent models. To overcome this, we developed a 3D-printed, high throughput

ex-vivo mouse kidney slice incubator (KSI) mimicking mouse kidney NMP by

working under closely resembling conditions. KSI significantly reduced the time

per experiment and increased the sample throughput (theoretical: 54 incubations

with n = 500/day). The model recapitulated the cellular responses during NMP,

namely increased endoplasmic reticulum stress (ER stress). Using KSI, five

pharmacological interventions against ER stress taken from the literature were

tested. While four were ineffective and excluded, one, β-Nicotinamide-adenine-

dinucleotide (NADH), ameliorated ER stress significantly during KSI. The test of

NADH in mouse kidney NMP replicated the positive effects against ER stress. This

suggests that testing the addition of NADH during clinical kidney NMP might be

warranted.

KEYWORDS

normothermic machine perfusion, kidney transplantation, kidney regeneration, er
stress, NADH, upr, AKI

1 Introduction

End-stage kidney disease (ESKD) is a global health burden with four to seven million

estimated patients in need of renal replacement therapy worldwide. The increasing prevalence

of risk factors for ESKD, such as hypertension, diabetes mellitus, obesity, and general aging of

the population, further drives the incidence of ESKD (Lv and Zhang, 2019). Kidney
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transplantation is the gold standard for the treatment of ESKD, as

the mortality of patients who receive a renal transplant is lower and

the quality of life is greater compared to dialysis patients (Tonelli

et al., 2011; Wyld et al., 2012). A growing organ shortage, resulting

from fewer donations and increased incidence of ESKD, presents a

major problem in the field of kidney transplantation (Liyanage et al.,

2015). One solution may be increased use of marginal organs,

organs in less than an optimal condition that would normally not be

transplanted (Noble et al., 2019). However, these organs are more

prone to ischemic injury, delayed graft function, and associated

long-term complications (Giraud et al., 2020).

Kidney normothermic machine perfusion (NMP) has gained

attention as a promising preservation technique during

transplantation due to the theoretical advantages it offers in

improving ischemic damage, as well as organ conditioning,

analysis, and treatment (Hosgood et al., 2021). NMP for human

kidneys has only been tested in-depth in a small number of studies.

However, the molecular readout analyzed in these studies

unequivocally suggested cytokine release and metabolic- and ER

stress during perfusion, revealing the importance of further

improvement of the buffer before routine clinical application

(Hameed et al., 2019; Ferdinand et al., 2021).

We have recently established a cell-free rodent NMP model

for the rigorous preclinical study of potential interventions

during NMP (Czogalla et al., 2021). However, the complexity

and time-consuming nature of rodent NMP models only allows

small-scale sample generation, resulting in slow progress. Here,

we describe the generation of a novel, high-throughput ex-vivo

mouse kidney slice incubation model (KSI) working under

“NMP-like” conditions, which recapitulates ER stress as seen

during NMP and can be used for drug pre-screening before the

time-consuming testing in NMP.

2 Methods

2.1 Animals

Animal experiments were carried out with the approval of

the Hamburg University Hospital-Eppendorf and the

Hamburg State Department for Animal Welfare (Ethics

Approval No. N002/2020). Age- and weight-matched male

wildtype C57/Bl6 mice were housed under a 12-h light-dark

pattern in an accredited animal facility at UKE Hamburg with

free access to chow and water.

2.2 Mouse kidney slice incubator

KSI consists of a beaker with an inset 3D printed chamber,

with slots for up to nine kidney slices. Please see

Supplementary Figure S2 for dimensions and attached. stl

files for 3D-printables. For 3D printing, Extrudr GreenTec

Pro natur was used (Extrudr, Austria) based on the basis of

excellent oil and salt resistance. Gey’s Balanced Salt Solution

(GBSS, G9779-6X500ML, Sigma-Aldrich) was used as

incubation buffer. Silicon tubing connected to a standard

aquarium bubble air stone was used to enrich the buffer

with carbogen, a mixture of 95% O2 and 5% CO2, until

saturation was reached. The beaker including the 3D-

printed chamber was placed in a water bath heated to reach

a constant temperature of 33°C. Decapsulated mouse

kidneys were cut into 1-mm-sized slices with a homemade

razorblade-based tissue chopper and got either incubated

in drug solutions (GBSS + added drugs) or in control

solution (GBSS + diluent, where used) for 30 min.

After incubation, tissue was snap-frozen in liquid

nitrogen, placed in 4% PFA for diffusion fixation, or

RNAlater (AM7021, Qiagen) for mRNA analysis.

Experiments were repeated in at least three animals. No

further repeats were performed to satisfy animal ethics

concerns.

2.3 Mouse kidney normothermic machine
perfusion

Mouse kidney NMP was performed as previously

described (Czogalla et al., 2016). After median laparotomy,

ligatures were placed around aorta, kidney arteries and vena

cava. The kidney artery and vein were cannulated and the

kidney removed from the animal. The kidney was connected to

a pressure-controlled perfusion circuit and perfusion was

carried out for 1 h at 100 mmHg. The kidney was placed in

a moist chamber (TYPE 834/8, 73-2901, Hugo Sachs,

Germany) and the lid closed. Perfusion flow was

continuously recorded at the arterial tip using a pressure

transducer (APT300, Hugo Sachs, Germany), a three-

channel cannula (73-3309, Hugo Sachs, Germany), a TAM-

D Plugsys transducer (73-1793, Hugo Sachs, Germany) and

recording software (HSE BDAS 73-4796, Hugo Sachs,

Germany) (Supplementary Figure S3). The pump used was

a Reglo Digital 4-Channel pump (75-1004, Hugo Sachs,

Germany). Buffer reservoirs used were jacketed and filled

with 37°C (73-3440). For further surgical and technical

details, please refer to: (Czogalla et al., 2016). GBSS (Sigma-

Aldrich, G9779) was used as perfusate, kept at 37°C and

continuously enriched via dialysis with 95% O2 and 5%

CO2. For the intervention, b-nicotinamide adenine

dinucleotide (Sigma-Aldrich, N8129) was dissolved in GBSS

to a concentration of 0.07 mM. Perfusion flow was

continuously recorded at the arterial tip using a pressure

transducer (APT300, Hugo Sachs, Germany), a three-

channel cannula (73-3309, Hugo Sachs, Germany), a TAM-

D plugsys transducer (73-1793, Hugo Sachs, Germany) and

recording software (HSE BDAS 73-4796, Hugo Sachs,
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Germany) (Supplementary Figure S3). After perfusion, tissue

was either snap-frozen in liquid nitrogen, placed in 4% PFA

for diffusion-fixation, or RNAlater (AM7021, Qiagen) for

mRNA analysis. Experiments were repeated in six animals.

2.4 Immunoblotting

For Western blot analysis, kidney samples were lysed for

30 min in 0.5–1 ml of RIPA buffer with the Minilys personal

homogenizer (P000673-MLYS0-A, Bertin Technologies).

Subsequently, samples were centrifuged at 4.600 rpm for

15 min, the supernatant was transferred to a new tube for

the adjustment of protein concentration. Protein content was

determined by a BCA assay (23227, Thermo Fisher Scientific)

with a Tecan sunrise scanner (30111999, Tecan Trading AG).

Before protein electrophoresis, the samples were diluted with

2x Laemmli buffer (1:1) and cooked at 95°C for 5 min. For each

lane, 50 µg of protein were loaded. The sample proteins and a

protein ladder in one lane were separated in pre-cast gels of

4%–20% (4561096EDU, BioRad) for 20 min at 80 V and 1 h at

120 V. Immunoblotting was performed with Trans-Blot Turbo

Mini 0.2 µm PVDF transfer packs (704156, BioRad) for 7 min

at 25 V, 1.3 A, using a Trans-Blot Turbo Transfer System

(1704150, BioRad). Blocking was performed with a 5% bovine-

serum-albumin- (BSA, A9430, Sigma-Aldrich) PBST

solution (0.1% Tween) for 1 h. The membranes were

incubated with a primary antibody solution at 4°C

overnight. Incubation with horseradish peroxidase-

conjugated secondary antibodies was performed at room

temperature for 1 h. Imaging was performed after

incubation of the membranes with ECL Western Blot

Substrate (32209, Thermo Scientific) with a

chemiluminescence detector (Amersham Imager 600).

Analysis was performed with ImageJ [2.3.0/1.53 f (64-bit),

US National Institutes of Health].

2.5 Quantitative real-time RT-PCR

Total RNA was extracted with QIAzol Lysis Reagent

(79306, Qiagen) and the isolation was performed with the

miRNeasy Plus Universal Mini Kit (217084, Qiagen). The

RNase-Free DNase Set (79254, Qiagen) was used for DNA

digestion. For reverse transcription, Protoscript II First

Strand cDNA Synthesis Kit (E6560L, New England

List of antibodies

Target Company Article number Dilution

BiP Cell Signaling 3183 1:500

pS51-eIF2α Cell Signaling 9721 1:250

total eIF2α Cell Signaling 2103S 1:500

alpha-tubulin Sigma-Aldrich T9026 1:5.000

beta-actin Sigma-Aldrich A5441 1:10.000

List of incubation drugs

Drug Company Article number Concentration

Salubrinal Sigma Aldrich SML0951 37.42 µM

Isoproterenol Sigma Aldrich I5627 200 nM

Ursodeoxycholic Acid Sigma Aldrich U5127 100 µM

β-Nicotinamide-adenine-dinucleotide Sigma Aldrich N8129 0.07 mM

Roflumilast Sigma Aldrich SML1099 49.6 µM

List of components for KSI

Components Company Article number

Glass beaker Th. Geyer 7690006

3D printed chamber Self-made Design in Supplement

Gey’s Balanced Salt Solution Sigma Aldrich G9779-6X500 ML

Printing material (GREENTEC PRO natur) Extrudr 2286

Bubble air stone Aipaide APD-Stone-063

Water bath Julabo CD-BT19
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BioLabs) was applied. Quantitative PCR was performed on a

QuantStudio 3 System (A28566, Thermo Fisher Scientific)

using 0.5 µg of cDNA, gene-specific TaqMan™ primers, and

TaqMan™ Fast Universal PCR Master Mix (43-660-73,

Thermo Fisher Scientific). Glyceraldehyde-3-phosphate

dehydrogenase (GAPDH, Thermo Fisher Scientific) was

used for normalization. The qPCR data were analyzed with

the double delta CT method.

2.6 Histological analysis

Samples diffusion-fixed in 4% formaldehyde and stored at

4°C were embedded in paraffin and stained with periodic acid-

Schiff (PAS) reagent following standard protocol. Incubation

times were 1 hour in Schiff’s reagent and staining of nuclei

in hematoxylin for 3 min. Tubular damage was evaluated

by two researchers. For TUNEL staining, Deadend Colorimetric

TUNEL System (G7130, Promega) was used according to the

manufacturer’s specifications. The incubation time of proteinase K

was 20 min, the staining time of DAB 12 min. PAS damage scores

were graded by two researchers according to Pulskens et al. (2008).

Briefly, the percentage of damaged tubules in the corticomedullary

junction was estimated according to the following criteria: tubular

dilatation, cast deposition, brush border loss, and necrosis. Lesions

were grouped into 5 groups: involvement of less than 10% of the

cortex; involvement of 10%–25% of the cortex; involvement of

25%–50% of the cortex; involvement of 50%–75% of cortex;

involvement of more than 75% of the cortex. TUNEL-positive

nuclei were counted by two researchers. For each condition, 3* 20x

microscopic images per animal were evaluated.

2.7 Statistics

Statistical analysis was performed with GraphPad Prism. For

statistics, Shapiro-Wilk test was used to ascertain normal

distribution. All data passed the Shapiro-Wilk test, except

when explicitly mentioned in figure legends. Following this

procedure, an unpaired two-tailed t-test with Welch’s

correction or one-way ANOVA combined with Tukey’s

multiple comparisons test were used for determination of

statistical significance when data were normally distributed

(see figure legends for details). If data were not normally

distributed, Mann-Whitney test was used. Data were

considered statistically significant if p < 0.05.

3 Results

3.1 Establishment of a simple, rapid and
easily replicable 3D printed kidney slice
incubation setup to study drug targeting
of ER stress.

Kidney slice incubation chambers were designed based on

our previous experience (Penton et al., 2016). 3D printing

allowed rapid prototyping and improvement until a final

design was chosen based on the best handling properties

(.stl files for reprinting in supplement). Using a razorblade-

based tissue slicer, ~20 1 mm thick kidney slices could be

generated from both kidneys of one animal. The parallel use of

6 3D printed chambers allowed the investigation of n =

54 kidney slices incubated under 6 different conditions at

the same time (Figure 1). The time spent from tissue

harvesting to the end of the experiment and tissue storage

was 1 hour, increasing the theoretical n/day from 2 during

mouse machine perfusion to 500. First, we analyzed the

optimal conditions to study ER stress during KSI. As a

readout, we focused on the phosphorylation of eIF2α, since
the targets of phosphorylated eIF2α appeared during the

sequencing of human kidneys after NMP (Hameed

et al., 2019). Analysis of eIF2α phosphorylation, a

hallmark of ER stress and integrated stress response, over

time showed increased phosphorylation until 30 min,

which then slowly faded over time, presumably due to

cell death (Using the methods described here, tissue

degradation cannot be ruled out). This interpretation was

underlined by conjoined loss of α-tubulin, while loading of

50 µg of protein was ensured (Supplementary Figure S1A).

Using the same read-out, we tested different temperatures for

incubation and arrived at 33°C.

List of primers

Target Company Article number TaqMan Assay ID

Mouse GAPD (GAPDH) Thermo Fisher Scientific 4352932E Mm99999915_g1

Mouse activating transcription factor 4 (ATF4) Thermo Fisher Scientific 4331182 Mm00515324_m1

Mouse DNA damage inducible transcript 3 (CHOP) Thermo Fisher Scientific 4331182 Mm00492097_m1

Mouse receptor-interacting serine-threonine kinase 3 (RIPK3) Thermo Fisher Scientific 4331182 Mm00444947_m1
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As the optimum (Supplementary Figure S1B). Buffer and

carbogen were needed to activate full eIF2α phosphorylation

(Supplementary Figure S1C).

3.2 Kidney slice incubator and cell-free
mouse kidney normothermic machine
perfusion show comparable activation of
the unfolded protein response

Next, we performed a direct comparison of UPR activation

in the KSI model vs the NMP model established in our

laboratory (Czogalla et al., 2016). BiP expression and eIF2α
phosphorylation, hallmarks of the early UPR (For an overview

of the UPR, see Figure 2A), were strongly increased after both

inventions (Figures 2B,D). In both models, the mRNA of

ATF4 and CHOP was upregulated, which is the classical

transcriptomic response to increased eIF2α phosphorylation

of eIF2 (Figures 2C,E) (Iurlaro and Muñoz-Pinedo, 2016) (Lau

et al., 2013). Analysis of tubular morphology and damage after

interventions revealed severe damage and TUNEL positive

nuclei in proximal tubuli in both models (Figure 2F and

Supplementary Figures S3B,C). Luminal PAS-positive

casts, most likely resembling Tamm-Horsfall protein

accumulation, underline this interpretation. In summary,

UPR activation and subsequent proximal tubular damage

and cell death are seen to a comparable extent in both the

KSI- and the NMP models.

3.3 NADH ameliorates ER stress in kidney
slice incubator and mouse kidney
normothermic machine perfusion

To test whether pharmacological interventions discovered

during KSI can be transferred to NMP, we investigated drugs

proposed to work against ER stress (Gao et al., 2013; Chen

et al., 2021; Xu et al., 2021): Salubrinal, Isoproterenol,

Roflumilast, UDCA and β-Nicotinamide-adenine-

dinucleotide. Surprisingly, salubrinal, isoproterenol,

roflumilast, and UDCA did not show significant

improvements in KSI (Figure 3A) (Supplementary Table

S1). β-Nicotinamide-adenine-dinucleotide, however, did

show a promising decrease in the expression of ATF4 and

CHOP mRNA in KSI (Figure 3C). Initiation of apoptosis was

reduced in TUNEL staining of KSI (Figure 3D and

Supplementary Figure S3B). We interpreted these results as

promising enough to test the addition of NADH to the

perfusion buffer during NMP. When NADH was added, the

effects observed during KSI were found to be reproducible

(Figures 3F,G and Supplementary Figure S3C). In both

models, protein analysis (Figures 3B,E) showed a trend

towards reduction, however, this effect was not significant.

The perfusion flow was not significantly different

(Supplementary Figure S3A). To test translatability of

negative results during KSI towards NMP, we tested

isoproterenol addition during NMP. The addition of

isoproterenol did not improve markers of ER stress during

NMP (Supplementary Table S1).

4 Discussion

We here describe a simple, high-throughput model for

drug prescreening before the time-consuming testing during

mouse kidney NMP. The model can easily be reproduced using

a 3D printer, allows incubation of 54 kidney slices under six

different conditions at the same time, and partially

recapitulates tubular damage and ER stress seen during

NMP. Application of an established pharmacological

treatment, β-Nicotinamide-adenine-dinucleotide, reduced

transcriptomic markers of ER stress during KSI. This

FIGURE 1
Workflow for KSI. Both kidneys are harvested and decapsulated (A). On ice, ~1 mm slices are prepared using a razor-based tissue cutter (B).
Slices are put into KSI incubator (C). Drugs are added and incubation performed for 30 min (D). Material is analyzed (E) and successful candidates
taken towards further testing in mouse NMP.
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finding was reproducible during NMP. Isoproterenol did not

reduce ER stress during KSI. This negative result was

replicated during NMP. Three other unsuccessful drug

candidates could be excluded before the time-consuming

test during NMP.

There are several arguments against the use of mouse kidney

NMP for large-scale drug testing: The method requires an advanced

setup with two different pumping systems, perfusion parameters

constantly need to be analyzed and adjusted, and the surgery has to

be performed by specifically trained investigators. Finally, one setup

allows the perfusion of only two kidneys per day, including

preparation- and postprocessing time. The novel KSI model, on

the other hand, has a simple setup withmaterial found in almost any

laboratory. The chambers are 3D printed and can easily be

reproduced. Explantation of the kidneys does not require

advanced skills. Furthermore, kidney slices, as compared to cell

culture, organ-on-a-chip approaches, and kidney organoids possess

the advantage of the complete renal cellular architecture (Yin et al.,

2020). All in all, the KSI model provides a simple and rapid means

for hypothesis-testing of drug efficacy towards ER stress before their

application in NMP.

Using KSI, we found one drug, β-Nicotinamide-adenine-

dinucleotide, that partially reversed the maladaptations

occurring during overshooting ER stress. Given these

promising results, we continued to test NADH in NMP.

Underlining the value of KSI, the favorable drug response was

FIGURE 2
KSI and NMP exhibit broadly comparable molecular adaptions to ER stress. Pathway overview of the molecular processes of ER stress as
investigated during KSI and NMP (A). Western blotting reveals increased BiP release and eIF2α phosphorylation after KSI. BiP release after KSI did not
pass Shapiro-Wilk test for normal distribution. (B). Western blotting reveals increased BiP release and eIF2α phosphorylation after NMP (D). ATF4 and
CHOP mRNA are increased with KSI and NMP (C,E). Increased, mainly proximal, tubular damage is seen to comparable extends after KSI and
NMP using PAS- and TUNEL stainings (F). Unpaired t-test with Welch’s correction was used for all data, except 2b BiP, where Mann-Whitney test was
used. p values: *< 0.05, ** <0.01, ***< 0.001. Scalebar: 15 μm n ≥ 3 for KSI and n = 6 for NMP.
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replicable during NMP. We chose to use the NADH energy-rich

NAD formulation, as we hypothesized beneficial effects during

acute models. To our knowledge, this is the first time the

beneficial effects of the addition of NADH to NMP

preparations have been shown.

Since the molecular maladaptations we observed, as well as

the morphological changes, are in line with findings in

acute kidney injury (AKI), and the molecular improvement

with addition of NAD has also been described for AKI in

vivo (Arykbaeva et al., 2021) (Faivre et al., 2021; Morevati

et al., 2021) (Morevati et al., 2021), KSI could additionally be

a model well suited to study drug treatment for the acute phases

of ischemic AKI. Other ex-vivo techniques for the study of

ischemia-reperfusion (e.g., cell culture microflow chamber)

take comparable approaches (Giraud et al., 2020). Compared

to these, KSI has the advantage of intact anatomy and the

disadvantage of a shorter time of observation.

There are several limitations to the KSI model and this study.

We found the optimal time period for analysis of the ER stress

response in KSI was 30 min. This is a shorter time than used in

rodent NMP models (1 hour in mice, 2 hours in rats) (Czogalla

et al., 2021). Most probably, adaptions and molecular processes

occurring during NMP are missed during this shorter time.

Furthermore, we found the optimal temperature for the

analysis of the ER stress response in KSI is 33°C, whereas

mouse kidney NMP is performed at 37°C. Although the

enzyme kinetics analyzed during this study of the UPR did

show roughly comparable activity, the effects seemed to be

more sustained with NMP. While we focused on the analysis

of one single pathway of particular interest for our laboratory, we

cannot rule out that other pathways might be affected as well,

however, our findings cannot be extrapolated toward other

signaling pathways. During KSI, drugs reach cells via passive

diffusion rather than active perfusion. While this provides a

minimalistic model that can be used to study molecular signaling

on the cellular level without the influence of perfusion, the

perfusion itself could have various effects that are not featured

in the KSI model. The number of animals chosen during KSI in

this study (n = 3) is small and does not completely rule out that

results may differ when large groups of animals are used. Lastly,

we did not perform testing of all drugs under both KSI- and NMP

and can thus not exclude that drugs not working in KSI would

have worked in NMP.

To conclude, we developed a kidney slice model that can be

used to study drug targeting of ER stress signaling and

associated cell death responses. Comparison to NMP

suggests that successful results may, at least in part, be

transferrable. KSI provides a solution for rapid large-scale

drug testing and could lead the way to generating a library of

promising drug candidates for clinical testing during NMP.

Further testing of NADH for clinical perfusion buffers might

be warranted.

FIGURE 3
Addition of NADH reduces markers of ER stress and cell death in KSI and NMP. Workflow for drug discovery using KSI (A). Western blotting
reveals a nonsignificant trend towards reduced BiP release and eIF2α phosphorylation in KSI co-incubatedwith NADH (B). ATF4 and CHOPmRNA are
reduced when NADH is added to the incubation buffer (C) Cellular damage was less pronounced in TUNEL, but not in PAS stainings of tissue co-
incubated with NADH (D). BiP release and eIF2α phosphorylation in NMP co-incubated with NADH are not significantly reduced (E). ATF4 and
CHOPmRNA are reduced when NADH is added to the perfusion buffer (F)Cellular damage appears less pronounced in PAS- and TUNEL stainings of
tissue coperfused with NADH (G). Unpaired t-test withWelch’s correction was used. p values: *< 0.05, ** <0.01, ***< 0.001. Scalebar: 15 μm n = 3 for
KSI and n = 6 for NMP.
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The juxtaglomerular niche occupied by renin cells (RCN) plays an important role

in glomerular repair but the precise temporal and spatial interrelations remain

unclear. This study proposes the hypothesis of a local intra-extraglomerular

regenerative feedback system and establishes a new quantifiable system for

RCN responses in individual glomeruli in vivo. A strictly intraglomerular two-

photon laser-induced injury model was established. Labeled renin cells (RC) in

transgenic renin reporter mice were fate-traced in healthy and injured

glomeruli over several days by intravital microscopy and quantified via new

three-dimensional image processing algorithms based on ray tracing. RC in

healthy glomeruli demonstrated dynamic extraglomerular protrusions. Upon

intraglomerular injury the corresponding RCN first increased in volume and

then increased in area of dynamic migration up to threefold compared to their

RCN. RC started migration reaching the site of injury within 3 hours and

acquired a mesangial cell phenotype without losing physical RCN-contact.

During intraglomerular repair only the corresponding RCN responded via

stimulated neogenesis, a process of de novo differentiation of RC to

replenish the RCN. Repeated continuous intravital microscopy provides a

state-of-the-art tool to prove and further study the local intraglomerular

RCN repair feedback system in individual glomeruli in vivo in a quantifiable

manner.
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intravital imaging, two-photon microscopy, renin cells, laser injury, glomerular injury,
cell migration, ray tracing
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Graphical Abstract

Introduction

Specific renal progenitor cells occupy particular niches that

have been identified to contribute to kidney regeneration and

repair (Oliver et al., 2004; Starke et al., 2015; Andrianova et al.,

2019). During nephrogenesis, stromal precursors differentiate

into renal cell types that persist in the adult kidney (Sequeira

Lopez and Gomez, 2011; Sequeira-Lopez and Gomez, 2021).

Among them, renin cells (RC) reside in the juxtaglomerular

apparatus (JGA) forming a renin cell niche (RCN) and function

as pluripotent progenitors capable of migrating into the

glomerulus after injury and acquiring a mesangial cell

phenotype (Pippin et al., 2013; Pippin et al., 2015; Starke

et al., 2015). In addition, juxtaglomerular RC are constantly

replenished by neogenesis (de novo differentiation), a rare

process of differentiation of a cell to join the renin lineage for

the very first time under matured physiological conditions, that is

markedly stimulated during response to injury (Hickmann et al.,

2017; Steglich et al., 2020). While regulation of these complex

repair processes is poorly understood, similar to the canonical

tubulo-glomerular RC feedback mechanisms relating to salt-

water homeostasis (Thurau and Schnermann, 1965), the

authors hypothesized that these remarkable processes in

adults, which resemble embryonic nephrogenesis to some

extent, also underlie a local individual intraglomerular-

extraglomerular feedback mechanism (Steglich et al., 2020).
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Understanding of this feedback mechanism and its mediators

could open the door for new treatments for glomerular disease

via stimulating endogenous renal repair mechanisms.

This hypothesis could be directly studied if a model system

would be available, in which RC can be continuously visualized,

individual glomeruli can be specifically injured and

longitudinally imaged until an injury-directed repair process is

completed and possibly quantified. In antibody mediated

inflammatory glomerular injury models, systemic

inflammation leads to injury and activation of a broad range

of kidney cell types complicating the experimental study of the

principle of cause and effect. In these models, RC-mediated

repair processes occur only focally and variably up to 10 days

following disease induction (Starke et al., 2015), making it

impossible to study this hypothesis via intravital microscopy

(Ruhnke et al., 2018).

Therefore, intravital imaging was applied in RC transgenic

mice with an inducible cell type specific marker representing a

state-of-the-art technique allowing the longitudinal study of

complex glomerular and extraglomerular responses to injury

on a cellular level (Schiessl et al., 2020; Desposito et al., 2021;

Gyarmati et al., 2021). It enables spatially and temporally detailed

visualization of the complex three-dimensional structure of

various renal cell compartments under physiological and

pathophysiological conditions (Hohne et al., 2013; Burford

et al., 2014; Hickmann et al., 2017). This method can also be

used to induce local injury/damage limited to very few cells by

targeted laser irradiation in individual glomeruli and to observe

processes longitudinally under controlled conditions (Kaverina

et al., 2017; Schiessl et al., 2020). In this study, injury was chosen

to be strictly intraglomerular and distant from the JGA. Three-

dimensional object information could be obtained directly by

FIGURE 1
Experimental overview. Ten mRen-rtTAm2/LC-1/tdT mice underwent a 21-day pulse labelling induction period with 625 mg/kg Doxycycline
and 10 mg/kg enalapril, followed by a 7-day washout period. (A) Timeline of experimental setup after pulse induction, washout and with abdominal
imagingwindow implantation 72 h before baseline imaging (T0) followed by immediate laser injury irradiation (T1). Longitudinal imaging experiments
from all mice were combined and overlapped to cover the entire time period according to the scheme. Each single mouse was imaged
longitudinal for 3 h, always with at least 12 h recovery time and only to a maximum of 3 times. (B)Mouse with implanted abdominal imaging window
in left flank and visible kidney (red) glued to the inside of thewindow. (C) Intubated, ventilated and anesthetizedmouse on a heating plate fixed via the
abdominal imaging window, (D)mounted for intravital two-photon microscopy. (E) Intravital imaged healthy glomerulus and its capillary structures
made visible via (I) v. Angiospark 680 (magenta). (F) Laser-induced injury of the identical glomerulus with Angiospark 680 leakage and white
autofluorescence of the laser-injured area. (G) Follow-up of the same laser-irradiated glomerulus 5 days after injury. The autofluorescent area is
further visible in the still-functioning glomerulus revealed by Hoechst nuclear staining. (H) Kidney overview of glomeruli positions in three-
dimensional intravital imaging data and (I) alignment to identical glomeruli after sacrifice, immunohistology staining and tissue clearing. Guiding laser
brandings are marked with green flags in the overlay.
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virtual reconstruction and rendering, and used for novel

quantification via ray tracing techniques. Ray tracing is an

established method in microscopic and optical object

characterization in which the path of light through pixels is

traced in individual image planes (Kostenko et al., 2013; Khitrin

et al., 2017). It finds broad application in generating images in

computer graphics. Combining these novel techniques would

extend the current knowledge in glomerular imaging (Hackl

et al., 2013; Kaverina et al., 2017). Precise intravital overview

imaging can enable the rediscovery of corresponding cleared

tissue areas and complement intravital imaging with fixed

immunohistology to detect renin cell differentiation to

mesangial cells (Renier et al., 2014; Klingberg et al., 2017).

The combination of site-specific glomerular injury induction

and longitudinal observation with intravital two-photon

microscopy in transgenic mice provides a direct view of the

regenerative process involving site-directed RC migration and its

underlying mechanisms (Zhang et al., 2020). This model system

was developed to test the hypothesis of an intraglomerular-

extraglomerular RC feedback system, since characterization of

individual glomerular responses to injury can only be done in an

artificial but timely and spatially controlled model system

without broad and undefined systemically mediated injury.

Materials and methods

Animal experiments

Eight-week-old female mRen-rtTAm2/LC-1/tdT mice

underwent pulse induction via recombination with 625 mg/kg

Doxycycline and 10 mg/kg enalapril for 21 days, followed by

7 days of washout without Doxycycline and enalapril (see

Figure 1A) and were then used for imaging of healthy and laser-

injured glomeruli (Ashworth et al., 2007; Steglich et al., 2019).

Female mice are smaller compared to males and the nephrons

are thus closer to the renal capsule (Schiessl et al., 2013). Due to the

limited optical penetration depth of the laser, small mice are more

suitable for intravital multiphoton microscopy. This approach also

reduced (3R) the number of experimental animals. Constitutive

mice double heterozygous for mRen and tdT/GFP (mRen-Cre-mT/

mG) were used for neogenesis experiments (Hickmann et al., 2017).

All mice were initially implanted with an abdominal imaging

window (Figure 1B) as previously described (Schiessl et al.,

2020). Under anesthetic tracheal intubation (isoflurane 1.5%,

0.8 O2 L/min) and after i. v. Injection of fluorescent agents

Angiospark 680 (30 μL, undiluted, Perkin&Elmer) and Hoechst

33,342 (50 µL of 2 mg/ml water stock, Sigma-Aldrich), all mice

were prepared for upright imaging on a heating plate with a custom-

made abdominal imaging window holder (Figure 1C). For the laser

injury characterization experiments only, Angiospark was

exchanged for propidium iodide (50 µL of 2 mg/ml water stock,

Sigma-Aldrich).

The animal study was reviewed and approved by TUDresden

and Landesdirektion Sachsen.

Intravital two-photon laser scanning
microscopy

Glomeruli were observed with an upright SP8 MP/OPO laser

scanning microscope (Leica, Figure 1D) of the Core Facility

Cellular Imaging (CFCI) for 3 hours on 3 days in different

mice to cover seven consecutive days with intervals of at least

12 h each according to Figure 1A. Imaging was performed using a

Leica HC PL IRAPO 40x/1.10 W (Wd = 0.65 mm) objective

employing passive triggering by tracheal ventilation. Two-

photon imaging was used with 860 nm/910 nm laser

excitation, GFP detection at 525/50 nm, tdTomato detection at

617/81 nm and fared detection at 680/40 nm. Data was acquired

with a pixel size of 0.362 µm × 0.362 µm and a Z-step size of 1 µm

over a range of 120 µm. Glomeruli not deeper than 120 µm in the

renal cortex (Figure 1E) were visualized in 10 mRen-rtTAm2/

LC-1/tdT mice and in four mRen-Cre-mT/mG mice. The laser

injury was induced by focusing 100% laser power for a maximum

of 5 seconds at 48x zoomwith a pixel size of 0.011 µm × 0.011 µm

on one predetermined Z-plane. Individual intraglomerular

Hoechst positive nuclei were carefully selected for each

glomerular injury. Successful injury was characterized by

strong local autofluorescence (Figure 1F). Injured glomeruli

did not lose glomerular perfusion (Figure 1G). After the final

imaging, a three-dimensional overview of the kidney area

attached to the window was obtained (Figure 1H) and the

examined kidney was removed.

Kidney clearing and immunofluorescence
staining

Intravitally imaged kidneys were perfused, harvested, the

sections glued to the abdominal imaging window approx.

3 mm thick were cut and then immunolabeled with

antibodies against α8Integrin (R&D systems, catalog-no.

BAF4076) and tdTomato (anti-RFP, Rockland, catalog-no.

600-401–379) following the iDISCO protocol (Renier et al.,

2014) and cleared with ethyl cinnamate (ECi) (Klingberg

et al., 2017). Briefly, perfused kidney sections were treated in

the following order: Paraformaldehyde fixation, methanol

dehydration, H2O2 bleaching, H2O rehydration,

permeabilization, blocking, antibody staining, methanol

dehydration, embedding in agarose and finally ECi clearing.

The cleared sample was microscoped entirely and reassessed

without automation for the identical microscopic area captured

prior to the final biopsy (Figure 1I). Selected glomeruli could be

rediscovered by superimposed overviews, comparing landmarks

such as laser brandings and identical orientations of glomeruli for
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detailed fluorescence imaging. Virtual green flags (Figure 1I) in

the overlay marked laser brandings, guiding the manual

rediscovery to completion.

Data analysis

Three-dimensional image processing and analysis was

performed with Imaris 9.7.2 (Bitplane AG). Here, surface

models of the renin cells and injured areas were created via

intensity thresholds across all compared and normalized time

points. Glomerular borders were generated by defining object

edges in multiple z planes and then automatically extrapolated.

The glomerular centers were also automatically calculated by

volume statistics of the glomerular borders. All surface models

and images were corrected for spatial drift and aligned to one

another in image stacks.

Novel automated three-dimensional image quantification

was realized by the Marching Cubes algorithm. Image stacks

were used to calculate a surface model described by triangles. The

calculation of the directional thickness of the JGA in relation to

the glomerular center in healthy glomeruli and to the injury

center in laser-injured glomeruli was based on an adapted ray

tracing method. A reference coordinate system was defined in

these centers and used as the basis for further calculations. In this

way, the point of origin �O and the orientation were determined

on the basis of the initial position of the objects relative to one

another. The directional thickness was determined integrally by

scanning individual rays, calculating the distance between the

entry point and the exit point of the JGA. The tracing rays were

calculated by a spherical coordinate system, with angles phi (φ)
and theta (ϑ) defining the range of values of the tracing as given
in Eq. 1, 2 (see Supplementary Material). The direction vector �X

of the ray tracing can be described by Supplementary Material Eq

3, with r � 1. With vector �X, the ray tracing function R(t)���→
is

given in Eq 4 (see Supplementary Material). For each ray, the

intersection points with the triangle mesh of the JGA were

calculated. This calculation of the intersection points was

carried out via a plane spanned by a triangle. This plane can

be described with the normal �n and the distance d to the origin as

in Eq 5 (see Supplementary Material). By inserting Eq. 4, 5 and

converting, the running variable t (Eq 6) was calculated (see

Supplementary Material). Thus, Eq 7 (Supplementary Material)

followed for the intersection point �Q. This also defined the

intersection point �Q within the plane. For a triangle with the

vertices p1
�→

, p2
�→

and p3
�→

the intersection point �Q can be

determined by converting into so-called barycentric

coordinates. Therefore, the intersection point �Q lies within the

triangle if Eqs, 8,9 are true (see Supplementary Material). The

result is the first and last intersection point with the JGA for each

FIGURE 2
Characterization of the laser-induced injurymodel. (A) Two-dimensional slice viewwith Hoechst and PI stainings around the laser injury and (B)
corresponding three-dimensional rendering of the autofluorescent area of a glomerular laser injury (green) with propidium iodide (PI) and Hoechst
double positive cell nuclei in grey. (C) Two-dimensional slice view of renin cells (red) directly invading the laser injured area (green) and (D)
corresponding three-dimensional rendered glomerulus (transparent-white). (E) Number of propidium iodide and Hoechst double positive
nuclei 30 min following laser irradiation compared to control. Mean ± SD are indicated and compared with unpaired, two-tailed t test calculating p =
0.017 for statistical significance. (F) Positive linear correlation between laser injury volume and diameter. The geometric parameters were calculated
with object statistics in Imaris 9.7.2 based on the autofluorescent area of the laser injury. The underlying geometric mean diameter amounted to
22.60 ± 7.05 µm and the volume to 8604 ± 8818 μm3 and were normally distributed in each case. (G) PI positive cells and laser injury diameter of
autofluorescent area. (H) PI and laser injury volume of autofluorescent area. White scale bars represent 10 µm.

Frontiers in Physiology frontiersin.org05

Arndt et al. 10.3389/fphys.2022.980787

59

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2022.980787


FIGURE 3
Representative intravital imaging data of physiological renin cell motion and pathophysiological migration. Z-stack imaging data of two time-
matched glomeruli were rendered with Imaris 9.7.2 for the shown time points. T1 (laser irradiation) was applied in one glomerulus (right side). The
individual migration in the injured glomerulus began after 68 h. Two three-dimensional-view points are given, side view of the glomeruli and top
view along the Z-axis. TdTomato-labelled renin cells are presented in red. The autofluorescence of the laser injury was rendered in green.
Glomerular border and center, automatic calculated with object statistics in Imaris 9.7.2 are marked in transparent white. White scale bars
represent 10 µm.
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FIGURE 4
Intravital data (representative healthy and injured glomeruli) was quantified via average distance over view angles in 2-degree steps based on ray
tracing. (A) Schematic representation of fan-like object quantification for healthy and injured glomeruli. White scale bars represent 10 µm. The origin
of raytracing RC under physiological conditions were set to the center of the glomerular object and under pathophysiological conditions to the
center of the autofluorescent laser injury. Resulting healthy RCmotion and migration after injury are pictured in polar charts. (B)Quantification

(Continued )
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ray in the specified value range of angles. For each of these angles,

36 measurements were performed at symmetrically distributed

points and the mean value was calculated. The thickness of the

JGA and distance to a given center in each plane was derived

from this. A schematic representation is given in Figure 4A.

This novel image quantification method was applied to all

intravitally imaged time points and the data was plotted in polar

charts generated with the Python package plotly, as shown in two

representations (Figures 4B,C). The amounts of the plotted areas

between the maximal inner border and the minimal outer border

of all time points (Eq 10, Supplementary Material) were

calculated and determined the individual origin of RC in each

glomerulus. Further absolute and relative quantification after ray

tracing was performed by subtracting the plotted area of an inner

triangle from the area of an outer triangle between rays in 2° steps

(Eq 11, Supplementary Material).

Quantifiable image deviation was calculated with the Python

packages opencv-python and numpy and used as a representative

surrogate parameter for glomerular perfusion. In brief, images

were converted in two-dimensional float32 values, from which

pixel standard deviations were calculated.

Statistics

Statistical data was calculated in GraphPad Prism 9.0. Linear

regressions are indicated with corresponding r2 factors.

D’Agostino-Pearson omnibus normality tests confirmed

Gaussian distributions. Data was compared either with

Student’s t test, or with two-way ANOVA tests and Tukey’s

multiple comparisons test calculated individual mean ± SD

values. P < 0.05 indicates statistical significance.

Study approval

All procedures were prospectively approved by the local

authorities (TU Dresden and Landesdirektion Sachsen).

Results

Figure 1 demonstrates the experimental setup, in which

pulse labelled transgenic mice were baseline and then

longitudinally repetitively imaged either without or with/

after intraglomerular laser injury (for details see methods).

Targeted use of laser irradiation established an inducible,

selective and reproducible intraglomerular injury model of

individual glomeruli (Figure 2). After laser irradiation,

propidium iodide (PI) and Hoechst double positive dead

cells appeared (Figures 2A,B,E). Injury diameter, volume

and number of PI-positive cells correlated linearly (Figures

2F–H). After laser injury, site-directed migration and

infiltration of RC into the injured area could be observed

intravitally, as seen two-dimensionally in Figure 2C. The same

set of data is presented three-dimensionally in Figure 2D with

RC (red) entering the autofluorescent area (green) of

laser injury, while still being connected to the RC within

the JGA.

TdTomato-labelled RC of the JGA in healthy glomeruli

showed a constant flux of surface motion (representative

healthy glomerulus in Supplement Video one and in Figure 3)

over time. This active motion consisted of reversible protrusions

appearing and disappearing within minutes (Supplementary

Video S1) or over several hours and days as demonstrated in

Figure 3 (T0—Endpoint).

With this established laser-induced injury model, the

behavior of RC under pathophysiological conditions was

analyzed intravitally (Figure 3). Targeted migration towards

the area of glomerular injury was observed (representative

injured glomerulus in Supplementary Video S2 and in

Figure 3). Starting time points of RC migration varied

between glomeruli, starting after 68 h in the representative

injured glomerulus (Figure 3). At these time points

protrusions from the juxtaglomerular RCN began to infiltrate

the intraglomerular region. These migrating RC extended during

3 h towards the injury area, infiltrating the vicinity of the injured

area without losing contact to the juxtaglomerular RCN.

Using a novel quantification technique (see scheme in

Figure 4A), the motion of healthy RC and their migration

after glomerular injury were further characterized with larger

group sizes. The majority of RC in healthy glomeruli remained in

a constant position over all time points, pictured exemplary in

overlays in a polar chart in Figure 4B. Numerically, the

physiological motion differs from T0 to up to 156% after 90 h

(Supplementary Tables 1–4).

Under pathophysiological conditions after laser

irradiation, RC from injured glomeruli first broadened

significantly around their origin before converging on the

laser-induced injury and further infiltrating the damaged

FIGURE 4 (Continued)
of the representative healthy glomerulus with the given time points from Figure 3. (C)Quantification of representative injured glomerulus with
the given time points from Figure 3. The individual origin of RC in all glomeruli were calculated by the sum of the plotted area between the maximal
inner border and the minimal outer border of all time points. (D) Increase in relative plotted area (see Supplementary Table S1) of n time points from
the calculated RC origin from nine healthy and injured glomeruli from five different animals. Mean ± SD are indicated and were compared with
unpaired, two-tailed t test calculating a highly significant statistical difference. White scale bars represent 10 µm.
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area (representative injured glomerulus in Figure 4C). During

these processes the RC area increased relatively in injured

glomeruli from 100% (T1) to up to 350% (Supplementary

Tables 5–8).

The calculated origin area of the juxtaglomerular RC was

defined as the amount of the plotted area between the maximal

inner border and the minimal outer border of all time points.

This origin area from all analyzed glomeruli (healthy

FIGURE 5
Pooled quantification of renin cell motion and migration. (A) Change of minimal distance between RC and their glomerular center for healthy
glomeruli and between RC and the center of laser injury for injured glomeruli. The minimal distances were obtained by the novel automated three-
dimensional image quantification based on ray tracing (n = 4 glomeruli per group each of four different animals). (B) Intravital change of renin cell
volume over time in healthy glomeruli and in laser injured glomeruli. T2 defines begin of migration for injured glomeruli with matched time
points from healthy controls. Renin cell volumes were calculated with object statistics in Imaris 9.7.2 based on the renderings of the tdTomato signal
(n = 10 glomeruli per group each of 10 different animals). Healthy and injured data were compared with two-way ANOVA tests and Tukey’s multiple
comparisons test calculated individual mean ± SD values. The corresponding mean values are connected by trend lines.
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glomeruli I–IV and injured glomeruli I–V) amounted to an

average of 76.71 ± 16.14% of RC from the first intravitally

imaged time-point (100%) of the respective glomerulus. All

underlying individual glomerular origin areas are listed in

Supplementary Tables 1–9. A level of dynamic change in RC

was calculated by comparing the increase in relative plotted

area of the RC from all time points to the corresponding

calculated origin area in both groups of glomeruli (Figure 4D).

FIGURE 6
Representative data of glomerular perfusion before, during and after laser irradiation. (A) Representative glomerulus in white circle at four time-
points healthy at T0 and (B) immediately after laser irradiation (white arrow) at T1. (C) Identical glomerulus 15 min after laser irradiation at T1 with
visible Angiospark 680 leakage and (D) at experiment endpoint 96 h after T0. (E) Time-points (A–D) from three glomeruli of three different animals
derived image deviation as a quantifiable surrogate parameter for glomerular perfusion. Image deviation data was compared with two-way
ANOVA tests and Tukey’s multiple comparisons test calculated individual mean ± SD values. White scale bars represent 10 µm.
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This data demonstrated significant higher delta areas of

migrating RC in injured glomeruli than of RC in healthy

glomeruli (Figure 4F).

Comparison of pooled and time-matched RC migration

based on the change of distance and volume revealed a

decreased distance to the injured area (Figure 5A) and an

increase in RC volume after laser-induced injury (Figure 5B).

Longitudinal physiological surface motion of RC was also

present, as indicated by non-significantly varying distances

and RC volumes in healthy glomeruli in Figures

5A,B, respectively. RC migration processes reached

the distant site of injury within the observation time of

3 hours.

To demonstrate that laser injury did not lead to global

glomerular death but rather to a RC-mediated repair reaction,

repetitive longitudinal perfusion of glomeruli was monitored.

Healthy perfused glomerular capillaries were visible through

Angiospark 680 (magenta) during intravital imaging before

laser irradiation (T0, Figure 6A). The Angiospark

680 intensity started to increase locally around the laser

injury immediately after laser irradiation representative of

capillary leakage (T1, Figure 6B) and increased to an

FIGURE 7
Evidence of regeneration and neogenesis during renin cell migration. (A) Healthy and (B) injured glomeruli from cleared mouse kidneys after
intravital experiment endpoints. Complementary pseudocolors mark tdTomato immunohistological staining in green and α8Integrin in magenta.
White areas indicate overlap in protein expression. The overlap of α8Integrin with tdTomato positive renin cell descendants after migration in injured
glomeruli quantified to a mean of 32.71 ± 15.56% (n = 7). (C) RC neogenesis over (D) 6 days following renin cell migration in individually injured
mRen-Cre-mT/mG mouse glomeruli demonstrated by single cell switch (arrows) from membrane-tdTomato-expressing non-RC (magenta) to
membrane-GFP-expressing RC (green). Gradient tdTomato and GFP double positive signals are visible in white (magenta and green, respectively).
Rectangular box highlights the neogenesis located at the JGA in three-dimensional intravital imaging data around the afferent arteriole (A) of one
identical glomerulus (G). A cluster of de novo differentiated RC (white and green cells in the rectangular box at d6) can be seen in the arteriole. White
scale bars represent 20 µm.

Frontiers in Physiology frontiersin.org11

Arndt et al. 10.3389/fphys.2022.980787

65

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2022.980787


overexposed intensity 15 min after laser irradiation

(Figure 6C). Glomerular perfusion returned back to a

physiological state after laser injury and subsequent RC

migration intravitally visible at experiment endpoints,

representative shown in Figure 6D. This process was

quantitively assessed with the help of image deviation, a

surrogate parameter for vascular perfusion in three

glomeruli of three different animals (see Figure 6E).

Healthy glomerular perfusion was defined as a

homogeneously distributed Angiospark 680 filled vascular

signal. The mean image deviation started at T0 under

healthy conditions at 0.071 ± 0.019 and then increased to

0.105 ± 0.034 immediately after laser irradiation (T1) with a

maximum of 0.117 ± 0.014 15 minutes after T1 (Figure 6E).

The mean image deviation at the experiment endpoint

returned to a similar initial value of 0.075 ± 0.005 as before

laser irradiation (see also Figure 6E). A significant difference

existed between healthy image deviation and image deviation

15 min after laser injury of p = 0.0352.

Endpoint immunohistology with complementary

pseudocolors further characterized RC migration with

tdTomato positive RC (green) overlapping (white) with

α8Integrin (magenta) in injured glomeruli but not in healthy

glomeruli (Figures 7A,B, respectively).

Using constitutive transgenic mRenCre-mT/mG mice with

GFP-expressing RC (green) and tdTomato-expressing non-RC

(magenta), RC neogenesis important for maintaining the RCN

can be identified over time, when de novo differentiated RC

cluster can be observed via a gradient from tdTomato (non-RC)

to GFP (RC marker, see Figures 7C,D). During repetitive

intravital observations in uninjured glomeruli, this

physiological process of RC neogenesis apparently occurred

too infrequently to be documented. In contrast, after

intraglomerular injury intravital observations of neogenesis

only in the corresponding RCN were consistently detected by

changing colors from magenta (non-RC) towards white

(magenta and green for the first time) towards solely GFP-

expressing RC (green) over time in the same cells.

Representatively seen in Figures 7C,D, following laser injury

mediated RC migration a de novo differentiated RC cluster was

observed via a gradient from tdTomato (non-RC) to GFP (RC

marker).

Discussion

The presented novel quantifiable in vivo migration model

system using longitudinal intravital microscopy combined with

an intraglomerular laser-induced injury model allows new

insights in the physiological and regenerative behavior and

regulation of the RCN at the JGA. With the development of

this model system, it is possible to describe and quantify fast and

continuing alterations of RC protrusions under physiological

conditions associated with its juxta/extraglomerular position.

Applying intraglomerular injury to this model system in

individual glomeruli showed that a locally acting feedback

system gives notice of intraglomerular injury specifically to

the associated JGA, leading to a timely (one to 3 days) and

spatially coordinated repair response via directed migration of

juxtaglomerular RC towards the site of injury. Hereby, the

migrating RC switch their phenotype towards mesangial cells

by expressing α8Integrin and during process completion

continuously keep contact to the niche of origin. This repair

response is also evident in the return to a physiological state of

glomerular perfusion after laser injury and RC migration. The

demonstrated glomerular leakage of Angiospark 680 filled

vascular fluid represents a mechanical consequence of the

laser irradiation and disappears a certain time after the onset

of the repair response.

Besides the above described intra-/extraglomerular feedback

repair mechanism, a second feedback system regulates

specifically the maintenance of the RCN after intraglomerular

RC migration. During the intraglomerular repair process by

migrating RC, stimulation of their own replenishment via RC

neogenesis was observed specifically in the corresponding RCN, a

process in which nonRC switch their phenotype to a RC for the

first time.

With this novel model in hand, understanding of the intra-/

extraglomerular as well as RCN feedback mechanisms and its

mediators could now open the door for new treatments for

glomerular disease via stimulating/regulating these important

endogenous renal repair mechanisms.

While laser-induced injury in individual glomeruli has been

used before (Hackl et al., 2013; Zhang et al., 2020), the

experimental setup was improved for reproducibility of injury

areas. Treatment with enalapril was performed to induce the RC

pulse labeling during induction, as previously published (Starke

et al., 2015). Only an inducible reporter system ensures cell fate

tracking and Ren promotor activity for a specific and short period

of time, greatly reducing the risk of unwanted recombination,

which is a limitation of constitutive reporter systems (Kaverina

et al., 2017). The 7 day washout phase guaranteed the absence of

experimental side effects because of enalapril’s short half-life of

35 h (Gomez et al., 1983). Using only 1.5% isoflurane as

anesthesia administered via tracheal intubation excluded

cardiovascular depression and provided a quick recovery of

the animal after intravital imaging. Moreover, combining

tracheal intubation with passive triggering controlled by the

laser scanning microscope provided stable imaging without

motion artifacts. In addition, the imaging technique had to be

optimized and combined with novel computational algorithms to

develop for the first time a quantifiable in vivomigration assay to

study the hypothesis of a strictly locally regulated

intraglomerular-extraglomerular feedback system for a RC-

mediated response to injury in such a complex environment

(Steglich et al., 2020). The use of the abdominal imaging windows
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markedly improves imaging conditions without pressure-

induced restrictions of circulation (Schiessl et al., 2020).

Intravitally imaged kidneys could be stained and cleared for

translational immunohistology. Subsequent challenging but

successful rediscovery of identical areas also demonstrated

the mesangial phenotype switch of the migrating

intraglomerular RC as a consistent finding as shown before in

antibody induced systemic glomerulonephritis models (Starke

et al., 2015).

Establishing an automated workflow of three-dimensional

image quantification as presented here allows for unbiased and

comparable analysis of cell behavior. Due to the calculation by

the Marching Cubes algorithm, non-manifold, closed three-

dimensional models were created, which were directly used

for the semiautomated quantification of this complex three-

dimensional longitudinal data. Representative shown image

data was validated by statistically reliable comparisons. Cell

motion and migration patterns can now be precisely

calculated to detect spatial and temporal differences among

glomeruli in further studies. A modest increase of relative area

in healthy glomeruli over time is a limitation, but does not

diminish the comparison to the results after laser-induced

injury. The relative area, delta volume and delta minimal

distance of RC between healthy and injured glomeruli are

significant and, in several magnitudes, different. The

introduction of thresholds for mathematical parameters will

allow an easy distinction between fixed and dynamic cells.

Interestingly, the start of visible RC recruitment occurred with

some variability between one and at latest 3 days after injury,

while the migrating RC frequently reached the intraglomerular

site of injury within an observation time of 3 hours. The time

point of RC recruitment may be influenced by the development

of the injury/cell death itself, the corresponding functionality of

the feedback players, of glomerular and/or tubular perfusion, or

the (necro)inflammatory response (Sarhan et al., 2018). Once the

feedback network and RC activation in individual glomeruli/JGA

has been established, a quite uniform rapid migration of RC from

the RCN towards the intraglomerular site of injury takes places

with little variation in cellular speed.

This quantitative model system of the migratory response

of RC after site-directed injury can now be used for

comparative studies in different transgenic mouse strains or

established therapies such as ACE-I, ARBs, SGLT-2

inhibitors, corticosteroids or may serve to find novel

therapies.

Starting from the introduced hypothesis of a feedback

system, several mechanisms may be relevant to inform the

JGA about intraglomerular injury (Thurau and Schnermann,

1965). Either a chemoattractive gradient within the

glomerulus towards the JGA, a cell junction mediated

interconnective signaling mechanism, or an intraglomerular

release of (death) molecules into Bowman space with a

following interaction with the macula densa mimicking a

real glomerular-tubulo-extraglomerular feedback

mechanism may regulate the RCN and its responses. The

model system presented here can be combined with new

sophisticated technologies such as two-photon guided

glomerular/tubular micropuncture and liquid

chromatography/mass spectrometry of nanoliter range

samples from recovered filtrates from Bowman space and

segments of the nephron to answer the above questions

(Matsushita et al., 2018). Subsequent studies utilizing the

pluripotent (Pippin et al., 2015) potential of RC or further

controlled intraglomerular (micro-)injection experiments

(Ikeda et al., 2017; Saxena et al., 2021) will extend the

presented research of RC-mediated repair and RCN

replenishment regulation via neogenesis. In addition, the

translational potential of this methodology remains high, as

it can be applied to many image analysis questions.

In conclusion, repeated continuous intravital microscopy

provides a state-of-the-art tool to prove and further study the

local intraglomerular injury - extraglomerular RCN repair

feedback system in individual glomeruli in vivo in a

quantifiable manner. This model system may open the door

for developing new treatments for glomerular disease via

stimulating/regulating this important, endogenous renal repair

mechanism.
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Non-resolving inflammation plays a critical role during the transition from renal

injury towards end-stage renal disease. The glucocorticoid-inducible protein

annexin A1 has been shown to function as key regulator in the resolution phase

of inflammation, but its role in immune-mediated crescentic

glomerulonephritis has not been studied so far.

Methods: Acute crescentic glomerulonephritis was induced in annexin A1-

deficient and wildtype mice using a sheep serum against rat glomerular

basement membrane constituents. Animals were sacrificed at d5 and

d10 after nephritis induction. Renal leukocyte abundance was studied by

immunofluorescence and flow cytometry. Alterations in gene expression

were determined by RNA-Seq and gene ontology analysis. Renal levels of

eicosanoids and related lipid products were measured using lipid mass

spectrometry.

Results: Histological analysis revealed an increased number of sclerotic

glomeruli and aggravated tubulointerstitial damage in the kidneys of annexin

A1-deficient mice compared to the wildtype controls. Flow cytometry analysis

confirmed an increased number of CD45+ leukocytes and neutrophil

granulocytes in the absence of annexin A1. Lipid mass spectrometry showed

elevated levels of prostaglandins PGE2 and PGD2 and reduced levels of

antiinflammatory epoxydocosapentaenoic acid regioisomers. RNA-Seq with

subsequent gene ontology analysis revealed induction of gene products

related to leukocyte activation and chemotaxis as well as regulation of

cytokine production and secretion.

Conclusion: Intrinsic annexin A1 reduces proinflammatory signals and

infiltration of neutrophil granulocytes and thereby protects the kidney during

crescentic glomerulonephritis. The annexin A1 signaling cascademay therefore

provide novel targets for the treatment of inflammatory kidney disease.
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Introduction

Intense inflammation, necrotic destruction of the glomerular

tuft and the subsequent formation of crescentic scars (crescentic

glomerulonephritis, cGN) are defining features of rapidly

progressive glomerulonephritis. The natural course of this

condition is characterized by an acute onset of renal

dysfunction with marked glomerular hematuria, proteinuria,

and a rapid loss of excretory kidney function. Despite the

utilization of harsh immunosuppressive treatment, cGN

frequently causes chronic, progressive kidney injury and

remains a common cause of end stage renal disease (Saran

et al., 2019; Trimarchi, 2021), therefore highlighting the need

for novel renoprotective therapeutic strategies (Kidney Disease:

Improving Global Outcomes (KDIGO) Glomerular Diseases

Work Group, 2021).

Previous studies have identified a variety of intrinsic

mediators which are activated during the resolution phase of

acute inflammation and exert antiinflammatory effects (Ortega-

Gomez et al., 2013). The calcium- and phospholipid-binding

protein annexin A1 (AnxA1) inhibits leukocyte recruitment and

adhesion to endothelial cells (Brancaleone et al., 2011), promotes

apoptosis of neutrophils in the inflamed tissue (Vago et al., 2012)

and suppresses the synthesis of essential proinflammatory

cytokines (Pupjalis et al., 2011; Sugimoto et al., 2016) and

eicosanoid species (Herbert et al., 2007; Wang et al., 2011;

Seidel et al., 2012). AnxA1 was therefore proposed to play a

central role in the resolution of inflammation (Gobbetti and

Cooray, 2016). In addition, AnxA1 can be released by damaged

and dying cells to act as a “find me” and “eat me” signal for

phagocytes. Thereby, AnxA1 may contribute to the effective

clearance of apoptotic and necrotic cells and thus help to

avoid secondary damage and autoimmunity (Scannell et al.,

2007; Blume et al., 2012). AnxA1 is abundantly expressed in

the kidney but may also be introduced to the site of damage by

infiltrating leukocytes and fibroblasts (McKanna et al., 1992;

Dreier et al., 1998; Seidel et al., 2012; Neymeyer et al., 2015;Wang

et al., 2022). Evidence for a significant contribution of leukocyte

species to the overall tissue abundance of AnxA1 in the diseased

kidney is also provided by recent single cell RNA-seq data which

show a high abundance of AnxA1 mRNA in fibroblasts,

monocytes and other leukocyte subspecies (https://www.

kpmp.org).

Renoprotective effects of AnxA1 have been demonstrated for

a variety of not primarily immune-mediated conditions

including diabetic nephropathy (Wu et al., 2021), ischemia/

reperfusion injury (Facio et al., 2011; Suliman et al., 2021)

and calcineurin inhibitor toxicity (Araujo et al., 2010; Araujo

et al., 2012). Protective mechanisms include antiinflammatory

and antifibrotic effects via formyl peptide receptor 2 signaling,

alteration of MAP kinase signaling and inhibition of TGF-β and

NF-kB (Neymeyer et al., 2015; Purvis et al., 2018; Wu et al.,

2021).

The regulation of AnxA1 during the course of acute cGN and

its effects on renal inflammation and fibrosis in this setting have

not been studied. Using the nephrotoxic serum nephritis model

of cGN in wildtype (WT) and AnxA1-deficient mice, we here

show that AnxA1 protein abundance is increased at d10 after

nephritis induction in WT mice. Localization studies revealed an

accumulation of AnxA1 immunoreactive protein in regions with

damaged glomeruli and nephron segments, corresponding to

inflammatory infiltrates and fibrotic scar tissue. At this point in

time, proteinuria, morphological damage markers, leukocyte

infiltration, expression of proinflammatory cytokines and

fibrotic markers were all increased in AnxA1-deficient mice

compared to the WT mice. Our data demonstrate a protective

role of intrinsic AnxA1 in this model for acute cGN and provide a

rational for further studies exploring AnxA1-based

pharmacological treatment strategies in inflammatory diseases

of the kidney.

Materials and methods

Animal studies and tissue preservation

Animal studies were approved by the Berlin Council on

Animal Care (permission no. G0251/14) and performed

according the NIH Guide for the Care and Use of Laboratory

Animals. AnxA1-deficient mice were originally generated by

(Hannon et al., 2003) and bred in the Charité animal facility

maintaining a C57Bl/6 genetic background. AnxA1-deficient and

WT mice were derived from heterozygous breeder pairs and

maintained in homozygous colonies under identical

environmental conditions.

cGN was induced by intraperitoneal injection of 400 µl of a

sheep serum raised against rat glomerular basement membrane

constituents (PTX-001S; PROBETEX, San Antonio,

United States). The dose was chosen based on published data

(Moll et al., 2018; Ougaard et al., 2018) and on preliminary

studies in which this dose showed a robust nephritic response

without excessive mortality of AnxA1-deficient mice. The same

batch of serum was used throughout the study to avoid variations

in composition and activity. Control mice for both genotypes

received an injection with normal sheep serum (Dianova,

Hamburg, Germany). 18 h urine samples were collected on
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day 4 and 9, and the experiment was terminated at d5 or d10 after

nephritis induction.

Kidneys for morphological and immunofluorescence

analysis were perfusion-fixed via the abdominal aorta using

3% paraformaldehyde in PBS and processed for paraffin or

cryostat sectioning as previously described (Paliege et al.,

2012). Kidneys for biochemical analysis and flow cytometry

were flushed with phosphate buffer (4.3 g/l NaH2PO4 and

14.8 g/l Na2HPO4) (Andrews and Coffey, 1984) to remove

blood cells and plasma constituents and either processed

immediately for flow cytometry or snap frozen in liquid

nitrogen and stored at -80°C.

Laboratory parameters

Urinary creatinine and albumin concentrations were

measured in the Clinical Chemistry Department at the

University Hospital Dresden using standard procedures.

Quantitative real time PCR

Generation of cDNA and subsequent PCR analysis were

performed following established methodology (Seidel et al.,

2012). In brief, total mRNA from whole kidneys was extracted

using the TRIzol™ chloroform extraction method (5Prime,

Hamburg, Germany). cDNA was generated by reverse

transcription using a kit (Bioline, Luckenwalde, Germany).

Expression levels of AnxA1 and Col1A1 were assessed using

TaqMan® real time RT-PCR with GAPDH serving as loading

control. Probes (AnxA1 #4331182, Col1A1 #4331182, murine

GAPDH 4352339E-1108037), and master mix (#4369016) were

purchased from Applied Biosystems™ (Darmstadt, Germany).

Data were analyzed according to the 2−ΔΔCT method, and mRNA

levels expressed as x-fold of control (Livak and Schmittgen,

2001).

Histology and morphometric analysis

Paraffin sections (4 µm) were deparaffinized in Xylol and

rehydrated in ethanol and PBS. Periodic acid-Schiff (PAS)

staining and Sirius Red staining were performed using

established methodology (Junqueira et al., 1979). Stained

sections were imaged using a Leica DMRB light microscope

equipped with a Zeiss AxioCam MRc digital camera and

AxioVision software (Zeiss, Jena, Germany). Quantification of

glomerular damage was performed in a blinded manner by

counting glomeruli displaying signs of necrosis in the

glomerular tuft, crescent formation or global sclerosis.

Numbers of glomeruli with crescents and global sclerosis were

added and normalized to the total number of glomeruli in the

section. Tubulointerstitial damage was determined on blinded

sections by visual assessment of the area with interstitial fibrosis

and tubular atrophy (Farris et al., 2011). Quantification of Sirius

Red signal was performed in an automated image analysis

approach using the Fiji distribution of ImageJ (Schindelin

et al., 2012). To this end, 6 to 8 adjacent 200 x color images

from the kidney cortex were acquired using constant

illumination and camera settings. Images were converted to

red, green and blue. Sirius Red signal was segmented with a

color threshold (HUE min = 232, max = 255; saturation min =

132, max = 255; brightness min = 0, max = 255). The resulting

black-and-white image was used to calculate the total signal area

and to generate a mask for the measurement of integrated signal

intensity with built-in Fiji tool kit.

Immunofluorescence staining

Four-µm paraffin sections were deparaffinized in xylene and

rehydrated in ethanol and PBS. Sections were subsequently

boiled in 0.1 M citrate buffer to improve antigen presentation.

Cryostat sections were incubated with 0.5% Triton™ X-100

(Sigma-Aldrich, Saint Louis, United States) in PBS for 30 min

at room temperature to improve antibody penetration.

Unspecific protein binding sites were blocked with 5% skim

milk in PBS for 30 min at room temperature. Primary antibodies

(Supplementary Table S1) were diluted in milk and incubated

overnight at 4 °C. Bound antibodies were detected with Cy2-or

Cy3-labeled secondary antibodies (Jackson Laboratories, Bar

Harbor, United States). Image acquisition was performed with

a Zeiss LSM5 Exciter confocal microscope and ZEN imaging

software (Zeiss, Jena, Germany).

Immunoblotting

Tissue samples were homogenized in liquid nitrogen and

dissolved in buffer containing 250 mM sucrose, 10 mM

triethanolamine, protease inhibitor (cOmplete™; Roche) as

previously described (Seidel et al., 2012; Neymeyer et al.,

2015). Samples were sonicated and nuclei removed by

centrifugation (1,000 ×g for 10 min). Postnuclear supernatants

were separated on 10% polyacrylamide mini-gels. Proteins were

transferred to nitrocellulose membranes. Unspecific binding sites

were blocked with 5% skim milk in PBS for 1 h at room

temperature. Antibodies were diluted in milk as detailed in

Supplementary Table S1 and applied overnight at 4°C. The

abundance of α-tubulin was determined in parallel and served

as loading control. Detection of bound primary antibodies was

performed by incubation with horseradish peroxidase-

conjugated secondary antibodies (Agilent Technologies, Santa

Clara, United States) diluted in milk. Signals were generated by

incubation with ECL solution (Western Blotting Detection
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Reagents, GE Healthcare). Image acquisition and signal

quantification were performed using an Intas ECL

ChemoCam Imager HR 3.2/6.0 (Intas Science Imaging

Instruments, Göttingen, Germany).

Flow cytometry

Fresh kidney samples were prepared for enzymatic digestion

as previously described (Ge et al., 2013). In brief, kidneys were

dissected in digestion buffer containing 450 U/ml collagenase

type I, 250 U/ml collagenase type XI, 120 U/ml hyaluronidase

type I-s and 120 U/ml DNAse 1 (all Sigma-Aldrich, Saint Louis,

United States) and subsequently incubated for 1 h at 37°C and

150 RPM. The tissue suspension was passed through a cell

strainer (mesh size = 70 µm; Corning, New York,

United States) to produce a single cell suspension. Staining

was performed by mixing the cell suspensions with a cocktail

containing the appropriate antibodies (Supplementary Table S1).

Yellow and near-infrared LIVE/DEAD™ Fixable Dead Cell Stain

Kit (Invitrogen, Carlsbad, CA) was used according to the

manufacturer’s instructions. Flow cytometry analysis was

performed using a Becton-Dickinson FACSCanto™ II flow

cytometer (BD Biosciences, Heidelberg, Germany). Cells were

gated for live CD45+ cells and normalized to the number of total

events to determine the leukocyte abundance in relation to all

renal cells. Data analysis was performed using FlowJo™ software

(TreeStar Inc., Ashland, OR). The gating strategy is depicted in

the Supplementary Figures S1–S3.

In situ hybridization

mRNA in situ hybridization for collagen 1 was performed

using a probe covering nucleotides 2,256–2,468 of rat collagen

1a2 cDNA (NM_053356). Bound RNA was visualized using 4-

nitroblue tetrazolium chloride as described previously

(Skogstrand et al., 2013). Stained sections were evaluated

using the Leica DMRB microscope.

Quantification of renal eicosanoid levels

Free tissue levels of eicosanoids and related lipid mediators

were determined by mass spectrometry as previously described

(Boldt et al., 2016). In brief, kidney samples were finely ground in

liquid nitrogen and dissolved in a 50/50 vol/vol mixture of water

and methanol supplemented with 0.01% butylhydroxytoluol.

Samples were subsequently mixed with 10 µl internal standard

solution (0.5 μg/ml) and 2 ml SPE-buffer (0.1 mol/l aqueous

sodium acetate solution, pH 6). Solid-phase extraction was

performed using a Bond-ElutCertify-II-Column (Phenomenex,

Torrance, CA) following the instructions of the manufacturer.

Eicosanoids were eluted with 2 ml n-hexane/ethylacetate (25/

75 vol/vol) with 1% acetic acid. The solvent was evaporated and

residues were resuspended in 100 µl methanol/water mixture.

Liquid chromatography-mass spectrometry (LC-MS/MS) was

performed at the mass spectrometry facility of Lipidomix

(Lipidomix, Berlin, Germany). Values were normalized to the

protein content of the sample.

Gene expression analysis

Transcriptome analysis was performed using Illumina Next

Generation Sequencing with an Illumina HiSeq 4000 System and

HiSeq Cluster Kit v4 and HiSeq SBS Kit v4 according to the

manufacturer’s protocol (Illumina Inc. San Diego, United States).

Data from 5 mice per group were obtained and evaluated using

the web-based Gene SeT AnaLysis Toolkit (WebGestalt) (Wang

et al., 2017). All differentially regulated genes with p < 0.05 were

included in the analysis. Pathway analysis was conducted using

the Gene Ontology Biological processes database (Ashburner

et al., 2000). The top 20 pathways sorted by the adjusted p-value

for down- and upregulated genes are shown.

Statistical analysis

All statistical analyses were performed using GraphPad

Prism 5 software (GraphPad Software, Inc., La Jolla,

United States). Differences between survival curves were

analyzed using Mantel-Cox log-rank test. Outliers were

identified using the ROUT method with Q = 1%. Student’s

t-test was used for comparisons of renal lipid levels at

d10 after nephritis induction; ANOVA with Sidak´s post-hoc

test was applied for the comparison of multiple groups as

indicated. p < 0.05 was considered to be statistically significant.

Results

AnxA1 biosynthesis is increased
during cGN

Acute cGN was induced in WT and AnxA1-deficient mice

by intraperitoneal injection of sheep nephrotoxic serum

(Figure 1A). In the first set of experiments, we studied WT

mice to determine the effects of nephrotoxic serum injection

on renal AnxA1 mRNA expression and protein abundance.

Specificity of the AnxA1 antibody was confirmed in AnxA1-

deficient mice (Supplementary Figure S4). Quantification of

renal AnxA1 mRNA by TaqMan® real time RT-PCR showed a

non-significant trend towards higher levels at d5 (272 ± 58%

of controls, p = n. s) and significantly elevated levels at d10

(373 ± 94% of controls, p < 0.05) after nephritis induction
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(Figure 1B). Renal localization of AnxA1 signals and

deposition of sheep IgG were studied by double-labeling

immunofluorescence (Figure 1C). In WT controls,

AnxA1 signal was strong in podocytes and weaker in

parietal epithelial cells and peritubular fibroblasts,

confirming earlier results (McKanna et al., 1992; Seidel

et al., 2012). Staining for sheep IgG was absent in the

control mice treated with normal sheep serum (Figure 1C,

Image I). At d5 after nephrotoxic serum injection, direct

immunofluorescence for sheep IgG showed strong linear

staining along the glomerular basement membrane, while

peritubular capillaries were weakly positive.

Immunoreactive signal was further detected in proximal

tubular cells, likely representing IgG reabsorbed from the

tubular fluid. The glomerular AnxA1 signal was greatly

reduced, whereas the tubulointerstitial signal was

unchanged (Figure 1C, Image II). At d10, glomerular

staining for sheep IgG had decreased which may reflect

partial clearance of the antigen. By contrast,

AnxA1 immunoreactive signals in the glomeruli and the

tubulointerstitium were now markedly increased

(Figure 1C, Image III). Immunoblotting for

AnxA1 revealed a non-significant trend towards higher

protein levels at d5 (257 ± 31% of controls, p = n. s.) and,

more so, at d10 (503 ± 86% of controls, p < 0.01; 196 ± 34% of

d5, p < 0.05) which agreed with the mRNA levels. As expected,

AnxA1 KO mice showed no immunofluorescence signal, thus

confirming the specificity of the antibody (Supplementary

Figure S4).

In summary, these data show a time-dependent increase of

renal AnxA1 abundance during the course of experimental cGN.

AnxA1 deficiency has no effect on survival
but increases proteinuria

Next, we determined the effect of AnxA1 deficiency on

survival and albuminuria. All mice treated with the control

serum survived until the end of the study. Survival data from

the nephrotoxic serum groups showed no significant differences

FIGURE 1
Regulation of annexin A1 during experimental crescentic GN. (A) Schematic of experimental setup. Crescentic glomerulonephritis (cGN) was
induced at d0 in wildtype (WT) and annexin A1 (AnxA1)-deficientmice by intraperitoneal injection of sheep nephrotoxic serum; animals after injection
of normal sheep serum served as controls. Kidneys were harvested at d5 and d10 after cGN induction. (B) TaqMan® real time RT-PCR quantification
of AnxA1 mRNA abundance in WT mice. (C) Representative micrographs showing immunofluorescence staining for AnxA1 (green) and sheep
IgG (red) in controls (I) and in mice at 5 (d5; II) and 10 (d10; III) after cGN induction. Scale bar = 20 μm. (D) Representative images of Western blots of
WT mice treated with control or nephrotoxic serum for 5 (d5) and 10 days (d10). The β-actin content of the tissue homogenates was determined in
parallel and served as loading control (lane II). (E) Densitometric analysis of the signals in (D). Quantitative data in B and D is shown as x-fold changes
in relation to controls. Dots represent measurements from individual mice; horizontal lines indicate mean values and error bars represent the SEM.
Statistical significance of changes was calculated using one-way ANOVA and indicated by * for p < 0.05 and ** for p < 0.01; n = 5–8 per group.
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betweenWT (11%) and AnxA1-deficient mice (19%). In all cases,

death occurred between d1 and d5 after nephritis induction

(Figure 2A).

Urinary albumin excretion was determined in 18 h-collection

samples and normalized to creatinine concentration. Control

mice and mice at d5 after nephritis induction showed low levels

of albuminuria, irrespective of genotype. At d10, albuminuria

showed a marked 6.6-fold increase in AnxA1-deficient compared

to WT mice (+659% ± 288%, p < 0.01; Figure 2B).

Deficiency of AnxA1 aggravates renal
damage

Glomerular necrosis, crescent formation, and extent of

tubulointerstitial damage were estimated in PAS-stained

paraffin sections. Glomeruli from WT and AnxA1-deficient

mice frequently showed segmental or global fibrinoid necrosis

along with the formation of tip lesions at d5 after nephritis

induction. Parietal epithelial cells were activated displaying

enlarged nuclei and polygonal cell bodies. Scattered tubular

profiles filled with protein precipitates reflected the

proteinuria (Figure 3A). Tubular structure was otherwise

normal and the tubulointerstitium showed only mild, focal

expansion. Morphology in the control mice was normal.

Quantification of necrotic glomeruli at d5 after nephritis

induction showed significantly increased numbers in nephritic

WT (32.2 ± 4.7%, p < 0.01) and AnxA1-deficient mice (31.4 ±

5.4%, p < 0.01) without significant differences between both

genotypes (Figure 3C). The extent of tubulointerstitial damage,

expressed by the estimated area with tubular atrophy and

interstitial fibrosis, was also similar between WT and AnxA1-

deficient mice. At d10, kidneys showed signs of advanced

glomerular damage with crescent formation or global sclerosis.

Tubulointerstitial damage was increased as well with focal

accumulation of leukocytes and fibroblasts in the

periglomerular space and around damaged tubules and blood

vessels (Figure 3B). Quantification of glomerular profiles with

crescents or global sclerosis revealed a significantly increased

number of damaged glomeruli in the nephritic WT (23.8 ± 4.2%,

p < 0.01) and, more severely, in AnxA1-deficient mice (42.1 ±

5.6%, p < 0.01). The difference between the nephritic WT and

AnxA1-deficient mice was statistically significant (177 ± 24%, p <
0.01; Figure 3D).

The tubulointerstitial damage was increased in parallel to the

glomerular damage in nephritic WT (10 ± 0%, p < 0.01) and

AnxA1-deficient mice (33 ± 2%, p < 0.01). Again, damage was

more severe in the AnxA1-deficient mice (330 ± 20% of WT, p <
0.01; Figure 3E).

In summary, these results show a marked aggravation of

renal damage in the AnxA1-deficient mice 10 days after nephritis

induction.

AnxA1 deficiency aggravates renal
inflammation

To determine the effect of AnxA1 on leukocyte infiltration

during cGN, we performed flow cytometry of total kidney

single cell suspensions. Accumulation of PMN, macrophages,

and T-lymphocytes was further studied using

immunofluorescence. Injection of nephrotoxic serum

caused renal infiltration of CD45+ leukocytes in mice of

both genotypes. At d5, numbers were increased 10-fold in

WT (1,006 ± 132%, p < 0.01) and 12-fold in the AnxA1-

deficient mice (1,207 ± 206%, p < 0.01); changes were not

statistically different between genotypes. At d10, numbers of

CD45+ cells were increased 12.5-fold in WT (1,248 ± 253%,

p < 0.01) and 31.5-fold (3,149 ± 687%, p < 0.01) in the AnxA1-

deficient mice, and changes were significantly different

between genotypes (206 ± 4.5%, p < 0.01; Figure 4A).

FIGURE 2
Survival and proteinuria. (A) Kaplan-Meier curves showing
survival of wildtype (WT) and annexin A1-deficient (KO) mice after
induction of crescentic glomerulonephritis (cGN) or after injection
of normal sheep serum (control). (B)Quantification of urinary
albumin-to-creatinine ratio in control mice and at d5 and d10 after
cGN induction. Statistical analysis of differences between survival
curves was performed using Mantel-Cox log-rank test; proteinuria
data was analyzed using two-way ANOVA; n = 5–8 per group.
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FIGURE 3
Deficiency of annexin A1 has no effect at d5 but aggravates renal damage at d10. (A) Representativemicrographs of PAS-stained kidney sections
from wildtype (WT; I,I′) and annexin A1 (AnxA1)-deficient mice (KO; II,II′) at d5 after induction of crescentic glomerulonephritis (cGN). Low power
micrographs (I,II) show glomeruli with signs of necrosis, tubular profiles filled with protein casts (*) and mild focal interstitial expansion. Magnification
of the glomerular profiles boxed in I and II (I′, II′) show segmental (above dotted line in I′) and global necrosis (II′) as well as several tip lesions with
attachment of the glomerular tuft to the Bowman capsule (#). Parietal epithelial cells show typical signs of activation with enlarged nuclei and
polygonal cell bodies (arrowheads in I′ and II′). Scale bar = 50 µm in I + II. (B) Representative micrographs of PAS-stained kidney sections from
wildtype (WT; I,II) and annexin A1 (AnxA1)-deficient mice (KO; III,IV) at d10 after injection of normal sheep serum (control; I,III) or induction of cGN
(II,IV). Control mice of both genotypes show normal renal morphology. At d10 after cGN induction, glomeruli in mice of both genotypes show
morphological hallmarks of extracapillary proliferative glomerulonephritis with crescent formation (arrowheads), global sclerosis (#), and
periglomerular fibrosis (arrows). The interstitial space is expandedwith an increased number of leukocytes and fibroblasts. Numerous tubular profiles
are filledwith protein casts (*). Scale bar = 50 µm in I-IV. (C)Quantification of glomerular profiles withmorphological signs of necrosis at d5 after cGN
induction. (D) Quantification of glomerular profiles with crescents or global sclerosis at d10 after cGN induction. (E) Quantification of areas with
tubular atrophy and interstitial fibrosis at d10 after cGN induction. Dots represent values from individual animals; horizontal lines indicate mean
values and error bars represent the SEM. Statistical significance of changes was calculated using one-way ANOVA; n = 5–8 per group.
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Quantification of CD11b+ myeloid cells at d5 revealed a

numerical increase in WT (1,038 ± 224%, p = n.s.) and a

significant, 11.6-fold increase in the AnxA1-deficient mice

(1,164 ± 291%, p < 0.05). There was no statistical difference

between the genotypes. At d10, the number of CD11b+ cells was

increased 19-fold in WT (1886 ± 375%, p < 0.01) and 33-fold

(3,310 ± 185%, p < 0.01) in the AnxA1-deficient mice. The

difference between the genotypes at d10 was statistically

significant (205 ± 11%, p < 0.01; Figure 4B).

Renal CD19+ B-lymphocytes showed a marked, 5-fold

increase (529 ± 160%, p < 0.01) in the AnxA1-deficient mice

at d10 after nephritis induction, despite inter-animal variations,

FIGURE 4
Deficiency of annexin A1 aggravates renal inflammation Flow cytometry quantification of renal CD45+ leukocytes (A), CD11b+ myeloid cells (B),
CD19+ B-lymphocytes (C), neutrophils defined as live CD45+/GR1HIGH cells (D) and T-lymphocytes defined as live CD45+/β-TCR+ cells (E) in wildtype
(WT) and annexin A1 (AnxA1)-deficient mice (KO) at d5 and d10 after injection of normal sheep serum (control) or induction of crescentic
glomerulonephritis (cGN). Dots represent values from individual animals; horizontal lines indicate mean values and error bars represent the
SEM. Statistical significance of changes was calculated using one-way ANOVA; *p < 0.05; **p < 0.01; n = 5–8 per group.
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as compared to AnxA1-deficient control mice. Changes in the

abundance of CD19+ cells in nephritic WT mice were not

significant (Figure 5C).

Analysis of GR1+ neutrophils revealed a numerical increase

at d5 and a significant 9-fold increase at d10 after nephritis

induction in AnxA1-deficient mice as compared to the AnxA1-

FIGURE 5
Deficiency of annexin A1 increases the renal abundance of neutrophils, T-lymphocytes and macrophages. (A) Representative images of kidney
sections from control wildtype (WT) and annexin A1 (AnxA1)-deficient mice (KO) and frommice at d5 and d10 after injection of normal sheep serum
(control) or induction of crescentic glomerulonephritis (cGN). Sections were stained for Ly6G as marker for neutrophil granulocytes (red). (B)
Quantification of glomerular granulocytes shows an increased abundance of Ly6G-positive cells in KO mice at d10 after cGN induction as
compared to the nephriticWTmice. (C) Representative images of kidney sections from controlWT and KOmice and from animals at d5 and d10 after
cGN induction. Sections were stained for F4/80 as marker for macrophages (red). F4/80 positive cells accumulate in the renal interstitium of WT and
KO animals at d10 after cGN induction. (D) Quantification of renal macrophages shows an increased abundance of F4/80 positive cells at d10 after
cGN induction without difference between the genotypes. (E) Representative images of kidney sections from control WT and KO mice and from
animals at d5 and d10 after cGN induction. Sections were stained for CD3 as marker for T-lymphocytes (red). (F) Quantification of renal
T-lymphocytes shows a significantly increased abundance of CD3-positive cells in the AnxA1-deficientmice at d10 after cGN induction as compared
to the nephritic WT mice. Scale bar = 20 μm in A,E and 50 µm in C, blue signal marks DAPI-stained nuclei. Dots in B,D, and F represent values from
individual mice; horizontal lines indicate mean values and error bars represent the SEM. Statistical significance of changes was calculated using one-
way ANOVA; *p < 0.05; **p < 0.01; ***p < 0.001; n = 3–5 per group.
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deficient controls (8,804 ± 1,481%, p < 0.01). In contrast, renal

abundance of GR1+ neutrophils was not significantly altered in

the WT mice. At d10, renal abundance of Gr1+ neutrophils was

significantly higher in the AnxA1-deficient mice as compared to

the nephritic WT mice (367 ± 62%, p < 0.01; Figure 4D).

Quantification of TCR+ lymphocyte abundance revealed a

numerical increase of positive cells at d5 after nephritis induction

without significant genotype-dependent differences. At d10, the

number of positive cells was increased 4.8-fold in WT (480 ±

101%, p < 0.01) and 15-fold in the AnxA1-defcient mice (1,495 ±

74%, p < 0.01). Now the difference between the genotypes was

significant (173 ± 9%, p < 0.01; Figure 4E).

To localize renal neutrophils, macrophages and

T-lymphocytes during nephrotoxic serum nephritis, we

performed immunofluorescence staining for Ly6G, F4/80, and,

CD3, respectively (Figure 5). Glomeruli of control animals of

both genotypes and nephritic WT mice showed only few

glomerular profiles with Ly6G+ cells without significant

differences between the two time points. In contrast,

glomeruli in the AnxA1-deficient mice displayed large

accumulations of Ly6G+ cells at d5 and d10 after nephritis

induction. Quantification of glomerular Ly6G+ cells in

AnxA1-deficient mice revealed a non-significant increase at d5

(320 ± 100%, p = n.s) and a significant 7-fold increase at d10

(688 ± 148%, p < 0.001). Comparison of both genotypes at this

time point revealed significantly higher numbers of glomerular

Ly6G+ cells in the AnxA1-deficient mice (338 ± 72%, p < 0.01;

Figure 5B). Localization studies for F4/80+ macrophages in the

control mice revealed only very few scattered immunoreactive

cells throughout the tubulointerstitium and the perivascular

region. Quantification of F4/80+ macrophages revealed a non-

significant trend towards higher numbers in the AnxA1-deficient

mice as compared to WT controls. After nephritis induction, the

number of F4/80+ immunoreactive cells showed a numerical

increase in both, WT and Anxa1-deficient mice at d5 and a

further marked increase at d10. Immunoreactive cells were

predominantly localized in the tubulointerstitium of the

damaged areas whereas glomeruli were generally devoid of

F4/80+ immunoreactive cells. Quantification of positive cells at

d10 after nephritis induction showed a significant 7-fold increase

in WT (713 ± 52%, p < 0.01) and a 3.8-fold increase in AnxA1-

deficient mice (387 ± 32%, p < 0.01) relative to the respective

control animals (Figure 5D). However, there was no significant

difference between the genotypes for both time points.

CD3 immunofluorescence staining in control animals of

both genotypes showed few scattered cells in glomeruli,

periglomerular region and in the tubulointerstitial space. At

d5 after nephritis induction, the overall number of

CD3 immunoreactive cells was markedly increased with focal

accumulation in the periglomerular space of damaged glomeruli.

There was no genotype-dependent difference in the quantity and

distribution pattern of the cells. At d10 after nephritis induction,

numbers of immunoreactive cells were further increased in the

wildtype mice and more dramatically in the AnxA1-deficient

mice. Again, immunoreactive cells accumulated in the

periglomerular region of the damaged glomeruli and in the

tubulointerstitial space of the corresponding nephrons

(Figure 5E).

Quantification of CD3+ cells in AnxA1-deficient mice

revealed a non-significant increase at d5 (320 ± 100%, p =

n.s) and a significant 7-fold increase at d10 (688 ± 148%, p <
0.001). Comparison of both genotypes at this time point

revealed significantly higher numbers of glomerular CD3+

cells in the AnxA1-deficient mice (338 ± 72%, p < 0.01;

Figure 5F).

FIGURE 6
Deficiency of annexin A1 regulates the abundance of
proinflammatory and antiinflammatory eicosanoids. (A)
Lipidomics analysis of proinflammatory renal eicosanoid species in
wildtype (WT) and annexin A1 (AnxA1)-deficient mice
(AnxA1 KO) at d10 after induction of crescentic glomerulonephritis
shows significantly higher tissue levels for prostaglandin D2
(PGD2), prostaglandin E2 (PGE2) and of the principal
PGE2 metabolite 15-keto-PGE2 in the AnxA1-KO mice as
compared to nephritic WT mice. (B) Analysis of antiinflammatory
epoxydocosapentaenoic acid (EDP) regioisomers shows
significantly lower tissue levels for 10,11-EDP, 13,14-EDP, 16,17-
EDP, and 19,20-EDP in AnxA1-KO mice at d10 after induction of
crescentic glomerulonephritis as compared to nephritic WT mice.
Statistical significance of changes was calculated using Student`s
t-test; *p < 0.05; n = 5 per group.
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In the aggregate, these data demonstrate a phenotype of

severe progressive inflammation in nephritic AnxA1-

deficient mice.

Deficiency of AnxA1 causes coordinated
alterations of renal lipid levels at d10 of
experimental cGN

Renal tissue levels of eicosanoids and related lipid

mediators were measured by mass-spectrometry lipidomics

analysis in WT and AnxA1-deficient mice at d10 after

nephritis induction. AnxA1-deficient mice displayed

increased levels of proinflammatory lipid mediators

including PGD2 (178 ± 45%; p < 0.05), PGE2 (240 ± 71%;

p < 0.05) and its degradation product 15-keto-PGE2 (300 ±

120%; p < 0.05; Figure 6A). Concomitantly, the abundance of

several antiinflammatory epoxydocosapentaenoic acid

regioisomers was reduced (10,11-EDP: 66 ± 2%, p < 0.05;

13,14-EDP: 66 ± 5%, p < 0.05; 16,17-EDP: 74 ± 5%, p < 0.05;

19,20-EDP: 84 ± 5%, p < 0.05; Figure 6B). Despite extensive

efforts, we were unable to detect significant amounts of the

canonical proresolving lipid mediators lipoxin A4, resolvins,

protectins and maresins in the kidney samples of our

experimental animals. A complete list of the lipidomics

analysis is presented in Supplementary Table S2.

Deficiency of AnxA1 causes broad
alterations of the renal transcriptome

To assess the influence of AnxA1 on the renal

transcriptome in the setting of nephrotoxic serum

nephritis, we performed NGS followed by pathway

analysis on WT and AnxA1-deficient mice at d10 after

nephritis induction. AnxA1 deficiency resulted in

differential expression of 1937 genes with downregulation

of 1,027 and upregulation of 910 gene products. Pathway

analysis of downregulated genes revealed enrichment in

pathways relevant for epithelial cell metabolism and

function (Table 1). Upregulated genes were enriched in

pathways related to leukocyte activation, regulation of

cytokine production and secretion as well as leukocyte

chemotaxis (Table 2). A comprehensive list of the

regulated gene products corresponding to the individual

pathways are presented in Supplementary Tables S3, S4.

TABLE 1 Functional enrichment of negatively regulated genes annexin A1 deficient mice compared to wildtype mice at d10 of experimental
crescentic GN. Regulated gene products corresponding to the individual in pathways are listed in Supplementary Table S2.

Pathway name O C E R adjP

Cofactor metabolic process 154 488 55.75 2.76 <9.99E-15
Purine-containing compound metabolic process 132 481 54.95 2.40 <9.99E-15
Ribose phosphate metabolic process 131 443 50.61 2.59 <9.99E-15
Mitochondrion organization 125 434 49.58 2.52 <9.99E-15
Generation of precursor metabolites and energy 118 389 44.44 2.66 <9.99E-15
Small molecule catabolic process 107 328 37.47 2.86 <9.99E-15
Nucleoside monophosphate metabolic process 85 279 31.87 2.67 <9.99E-15
Nucleoside triphosphate metabolic process 83 270 30.85 2.69 <9.99E-15
Cellular amino acid metabolic process 85 260 29.70 2.86 <9.99E-15
Sulfur compound metabolic process 78 275 31.42 2.48 6.58E-13

Dicarboxylic acid metabolic process 41 99 11.31 3.63 1.61E-12

NADH dehydrogenase complex assembly 25 42 4.80 5.21 5.80E-12

Pyridine-containing compound metabolic process 51 150 17.14 2.98 1.17E-11

Organic acid biosynthetic process 85 349 39.87 2.13 3.17E-10

Nucleoside bisphosphate metabolic process 38 106 12.11 3.14 2.00E-09

Cellular ketone metabolic process 53 182 20.79 2.55 2.91E-09

Cellular aldehyde metabolic process 29 70 8.00 3.63 6.61E-09

Tricarboxylic acid metabolic process 20 36 4.11 4.86 6.90E-09

Mitochondrial transport 49 166 18.96 2.58 7.70E-09

Organophosphate biosynthetic process 102 484 55.29 1.84 1.57E-08

O, the number of genes in the gene set and also in the category.

C, the number of reference genes in the category.

E, the expected number in the category.

R, ratio of enrichment.

adjP, p value adjusted by the multiple test adjustment.
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Deficiency of AnxA1 increases markers of
renal fibrosis

Fibrotic scar formation is a consequence of nephron loss

during cGN. To assess the extent of renal scarring, we performed

in-situ hybridization and TaqMan® real time RT-PCR for

Col1A1. In addition, the abundance of extracellular collagen

fibers was visualized and quantified by Sirius Red Stain with

subsequent measurement of the integrated signal intensity. As

shown in Figure 7A, Col1A1 mRNA was localized in fibroblasts

in the periglomerular region of damaged glomeruli and the

perivascular space of arcuate arteries in kidneys of mice at

d10 after nephritis induction. Col1A1 mRNA signal

abundance was increased in AnxA1-deficient mice compared

to their WT counterparts. Quantitative real time RT-PCR

revealed a 11.5-fold increase of renal Col1A1 mRNA

abundance in WT (1,054 ± 188%, p < 0.01) and a 11.7-fold

increase in AnxA1-deficient mice (1,169 ± 113%, p < 0.01) at

d10 after nephritis induction (Figure 7B). Comparison of both

genotypes showed a significant higher Col1A1mRNA expression

in kidneys of the AnxA1-deficient mice (189 ± 18%, p < 0.01).

Under control conditions, Sirius Red-positive extracellular

collagen fibers were predominantly located in the vicinity of

Bowman’s capsule and in the perivascular space (Figure 7C).

10 days after nephritis induction, Sirius Red-positive collagen

fibers accumulated in areas with glomerular and

tubulointerstitial damage as well as in the perivascular space

of interlobular arteries. At d10 after nephritis induction,

quantification of Sirius Red signal demonstrated only a

numerical increase in the signal density in WT (165 ± 47%,

p = n.s.) and a significant 13-fold increase (1,285 ± 321%, p <
0.01) in AnxA1-deficient mice as compared to the respective

controls. Comparison of both genotypes at this time point

revealed significantly higher Sirius Red signal intensity in the

AnxA1-deficient mice (230 ± 57%, p < 0.05; Figure 7D).

Discussion

We hereby show that AnxA1 mRNA expression and protein

abundance are increased at d10 after induction of nephrotoxic

serum nephritis. Both intrinsic renal cells and infiltrating

leukocytes contribute to these elevated levels. Functionally,

AnxA1-deficient mice display a phenotype of severe non-

resolving inflammation as indicated by elevated tissue levels of

leukocytes and proinflammatory mediators including

TABLE 2 Functional enrichment of positively regulated genes annexin A1 deficientmice compared towildtypemice at d10 of experimental crescentic
GN. Regulated gene products corresponding to the individual in pathways are listed in Supplementary Table S3.

Pathway name O C E R adjP

Regulation of leukocyte activation 136 482 56.31 2.42 <9.99E-15
T cell activation 123 458 53.51 2.30 <9.99E-15
Negative regulation of immune system process 125 431 50.35 2.48 <9.99E-15
Positive regulation of cytokine production 118 404 47.20 2.50 <9.99E-15
Adaptive immune response 116 397 46.38 2.50 <9.99E-15
Regulation of cell-cell adhesion 106 369 43.11 2.46 <9.99E-15
Activation of immune response 111 368 42.99 2.58 <9.99E-15
Positive regulation of defense response 99 341 39.84 2.48 <9.99E-15
Leukocyte migration 97 315 36.80 2.64 <9.99E-15
Immune response-regulating signaling pathway 99 310 36.22 2.73 <9.99E-15
Positive regulation of cell activation 89 306 35.75 2.49 <9.99E-15
Leukocyte cell-cell adhesion 91 301 35.17 2.59 <9.99E-15
Cell chemotaxis 84 280 32.71 2.57 <9.99E-15
Regulation of innate immune response 82 267 31.19 2.63 <9.99E-15
Cytokine secretion 71 213 24.88 2.85 <9.99E-15
Myeloid leukocyte activation 70 194 22.67 3.09 <9.99E-15
Cytokine-mediated signaling pathway 97 360 42.06 2.31 3.18E-14

Interleukin-6 production 54 144 16.82 3.21 3.51E-14

Regulation of inflammatory response 88 313 36.57 2.41 4.74E-14

Negative regulation of cell activation 61 180 21.03 2.90 1.08E-13

O, the number of genes in the gene set and also in the category.

C, the number of reference genes in the category.

E, the expected number in the category.

R, ratio of enrichment.

adjP, p value adjusted by the multiple test adjustment.
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prostaglandins D2 and E2 as well as aggravated glomerular

crescent formation, tubulointerstitial damage and severe

proteinuria.

Renal expression of AnxA1 and its regulation in kidney

disease have been studied in considerable detail (McKanna

et al., 1992; Ka et al., 2014; Neymeyer et al., 2015; Wu et al.,

2021). In a model of Adriamycin-induced nephropathy, the

authors observed a time-dependent increase in glomerular

AnxA1 expression with maximum levels in podocytes and

parietal epithelial cells at d7 and d14 after induction. Elevated

expression at these sites was further reported in biopsies from

patients with diabetic kidney disease, cGN and proliferative

lupus nephritis (Ka et al., 2014; Wu et al., 2021). Our

localization studies recapitulate these findings, thus

suggesting that upregulation of AnxA1 in podocytes and

parietal epithelial cells may be part of a universal response

to glomerular injury. Since AnxA1 is involved in membrane

homeostasis (Babiychuk et al., 2011; Potez et al., 2011) and the

stabilization of intracellular calcium levels during phases of

energy depletion and acidosis (Vais et al., 2020), elevated

AnxA1 levels may increase the resilience of these cells against

further insults.

A pronounced accumulation of AnxA1 was also observed

in the tubulointerstitial space corresponding to

inflammatory infiltrates and fibrotic areas. These findings

are in line with previous localization studies by us and others

(Neymeyer et al., 2015; Wu et al., 2021) and with data from

single cell RNA sequencing studies (https://kpmp.org/).

Prominent expression of AnxA1 in neutrophils and

macrophages underlines the importance of these cells for

the generation of pro-resolving signals in the inflamed tissue

(Sugimoto et al., 2016).

FIGURE 7
Deficiency of annexin A1 aggravates renal fibrosis. (A) Representative images of alpha-1 type 1 collagen (Col1A1) mRNA in situ hybridization
performed on kidney sections fromwildtype (WT; I, II) and annexin A1 (AnxA1)-deficient mice (KO; III,IV) at d10 after injection of normal sheep serum
(control) or induction of crescentic glomerulonephritis (cGN). Col1A1mRNA signal is localized to fibroblasts in the periglomerular region of damaged
glomeruli (I,III) and the perivascular space of arcuate arteries (II,IV). (B) TaqMan® real time RT-PCR quantification of Col1A1mRNA abundance in
WT and KO mice at d10 after cGN induction. (C) Representative images of Sirius Red-stained kidney sections from WT (I,II) and KO (III,IV) mice at
d10 after cGN induction in control- (I, III), or cGNmice (II,IV). (D)Quantification of renal cortical Sirius Red signal by automated image analysis shows
an increased abundance in the KO cGN mice as compared to the nephritic WT mice. Scale bar = 20 μm in A and 50 µm in (C). Dots in B and D
represent values from individual mice; horizontal lines indicate mean values and error bars represent the SEM. Statistical significance of changes was
calculated using two-way ANOVA; *p < 0.05; **p < 0.01; n = 6–8 per group.
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In a detailed analysis of renal leukocyte species by flow

cytometry and immunohistology, we found no difference in

the extent of renal leukocyte infiltration between wildtype and

AnxA1-deficient mice at d5 after induction of nephrotoxic serum

nephritis. In addition, the evaluation of glomerular profiles at this

time point revealed a similar damage pattern without significant

differences between genotypes. These findings argue against a

major protective role of AnxA1 during the initiation phase of

nephrotoxic serum nephritis. In contrast, at d10 after nephritis

induction, we observed higher numbers of infiltrating leukocytes

along with increased glomerular and tubulointerstitial damage in

the AnxA1-deficient mice as compared to the WT controls.

Analysis of leukocyte populations by flow cytometry and

immunofluorescence revealed an increased abundance of

lymphocytes, macrophages and neutrophil granulocytes. To

further corroborate these findings, we performed RNAseq

gene expression analysis which revealed increased mRNA

levels of gene products involved in neutrophil activation and

chemotaxis as well as macrophage activation. Reduced mRNA

levels of gene products involved in metabolic processes likely

reflect the loss of transporting nephron epithelia. These findings

therefore present hallmark features of non-resolving

inflammation and the associated progressive destruction of

functional renal tissue.

A central result of our study is the highly increased

abundance of neutrophils in the glomeruli and in the

tubulointerstitium of AnxA1-deficient mice at d10 after

nephritis induction. Typically, neutrophils are among the first

leukocytes to arrive in the glomerulus after induction of

nephrotoxic serum nephritis (Kuligowski et al., 2006) where

they contribute to glomerular damage by generating

neutrophil extracellular traps (NET) (Westhorpe et al., 2017)

and by initiating the respiratory burst reaction (Suzuki et al.,

2003; Xiao et al., 2005; Kurts et al., 2013; Antonelou et al., 2022).

Neutrophil recruitment may either occur via direct Fcγ receptor/
Mac-1-mediated binding of antibodies on the glomerular

basement membrane (Suzuki et al., 2003) or in a mechanism

depending on platelet-derived P-selectin (Kuligowski et al.,

2006). In resolution-competent animals these neutrophils are

rapidly cleared during the first 72 h after nephritis induction (Wu

et al., 1996; Devi, 2013 #44). In line with this timeframe, we found

only few neutrophils in glomeruli of the wildtype mice at d5 and

d10 after nephritis induction. Mechanisms of neutrophil

clearance in the setting of nephrotoxic serum nephritis-

induced cGN have not been determined. However, our

finding of increased numbers of neutrophils in the kidneys of

AnxA1-deficient mice suggests an essential role for

AnxA1 during this process.

Importantly, neutrophils themselves are an essential source

for AnxA1 in the inflammatory microenvironment (Vergnolle

et al., 1995). In neutrophils, AnxA1 is localized in gelatinase

granules and in the cytosol (Perretti et al., 2000) and is released

during degranulation and NETosis. After externalization,

AnxA1 is subject to proteolytic cleavage by neutrophil elastase

and proteinase 3 which results in the release of bioactive, soluble

N-terminal protein fragments (Oliani et al., 2001; Rescher et al.,

2006; Vong et al., 2007). Both full-length AnxA1 and its

fragments have been shown to contribute to the

antiinflammatory actions of the protein (Walther et al., 2000;

Bode et al., 2019). Multiple effects of AnxA1 on neutrophil

function have been described (Sugimoto et al., 2016).

AnxA1 reduces neutrophil adhesion to endothelial cells by

promoting the shedding of L-selectins and by counteracting

the activation and clustering of essential integrins (Solito

et al., 2003; Drechsler et al., 2015). In the inflamed tissue,

AnxA1 induces neutrophil apoptosis in a calcium and FPR2-

dependent mechanism (Solito et al., 2003; Dalli et al., 2013). The

apoptotic bodies arising from this process are important

mediators of the resolution phase of acute inflammation since

they function as decoy receptors for proinflammatory cytokines

(Jones et al., 2016). Efferocytosis of neutrophil-derived apoptotic

bodies by macrophages induces a pro-resolving phenotype with

increased phagocytic activity and expression of antiinflammatory

cytokines including IL-10, TGF-β (Sugimoto et al., 2016). In

addition, AnxA1 reduces platelet P-selectin levels (Vital et al.,

2020) which may be of particular relevance for the suppression of

glomerular neutrophil infiltration during nephrotoxic serum

nephritis.

Various components of the adaptive immune system have

been implicated in the pathogenesis of cGN (Artinger et al., 2017;

Chen et al., 2018). In particular, gamma delta T cells and their

principal cytokine, interleukin 17, have been shown to be

instrumental for neutrophil recruitment and the development

of renal injury in nephrotoxic serum-induced cGN (Turner et al.,

2012; Disteldorf et al., 2015).

Studies addressing the role of AnxA1 in models of Th17-

dependent autoimmune diseases have produced conflicting

results with protective effects reported in mouse models of

retinal inflammation (Yazid et al., 2015), collagen-induced

arthritis, contact dermatitis (Yang et al., 2013) and in patients

with multiple sclerosis (Colamatteo et al., 2019). In contrast, in

mouse models of allergic airway inflammation and experimental

autoimmune encephalomyelitis AnxA1-deficient mice showed

decreased Th1/Th17 polarization of T cells and reduced disease

activity, suggesting proinflammatory effects of AnxA1

(D’Acquisto et al., 2007; Paschalidis et al., 2009).

In the present study, we observed increased numbers of

Th17-expressing T cells at d5 which decreased at d10, thus

confirming previous reports regarding the kinetics of

Th17 T-cells in the nephrotoxic serum nephritis model

(Turner et al., 2012). Unexpectedly, we found no genotype-

dependent differences in the number of Th17-expressing

T cells for both points in time. Furthermore, RNAseq gene

expression analysis showed no genotype-dependent difference

in the mRNA levels of IL-17 family members and their putative

receptors at d10 after nephritis induction. The mRNA abundance
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of the principal effector cytokines of TH17 cells, CXCL1, and

CXCL5 remained unchanged as well (data not shown). In

aggregate, these findings therefore argue against an important

contribution of Th17 T-cells to the excessive inflammation and

tissue destruction observed in the AnxA1-deficient mice.

However, further studies are needed to fully elucidate the

effects of AnxA1 on Th17 T-cell generation and function.

Prostaglandins and related lipid mediators control important

aspects of kidney function and inflammation in cGN (Takahashi

et al., 1990; Kvirkvelia et al., 2013). Since AnxA1 has been shown

to inhibit renal prostaglandin synthesis by interfering with

phospholipase A2 and cyclooxygenase 2, the two rate-limiting

enzymes involved in the generation of PGE2, we measured renal

levels of PGE2 and other polyunsaturated fatty acids metabolites.

Using an unbiased state-of-the-art lipidomics approach, we

found markedly elevated levels of PGE2 and its predominant

metabolite 15-keto-PGE2 in the kidney homogenates of the

AnxA1-deficient mice at d10 after nephritis induction. This

finding is in line with the well-established inhibitory effect of

AnxA1 on renal PGE2 synthesis and thus confirms previous

studies (Seidel et al., 2012). The functional consequences of these

elevated PGE2 levels are not well understood and may involve

proinflammatory effects due to increased Cxcl-5 expression

(Aringer et al., 2018) on the one hand and tissue-protective

and repair-promoting effects on the other (Kvirkvelia et al.,

2013). However, since PGE2 has been shown to cause

glomerular hyperfiltration in the setting of cGN (Takahashi

et al., 1990), we speculate that these hemodynamic effects are

also present in our animals. In fact, glomerular hyperfiltration

due to PGE2-mediated dilatation of the afferent arteriole may

explain the severe proteinuria and excessive glomerular damage

in these animals.

An unexpected finding of the lipidomics analysis was the

marked reduction of renal epoxydocosapentaenoic acid levels.

These compounds are produced from docosahexaenoic acid in a

cytochrome P450 epoxygenase-dependent manner and subject to

inactivation by soluble epoxide hydrolase (Spector and Kim,

2015). Their biological functions include potent

antihypertensive, antiinflammatory, antifibrotic, and

antiangiogenetic effects (Spector and Kim, 2015; Sharma et al.,

2016; Schunck et al., 2018). Reduced levels of these compounds in

the nephritic AnxA1-deficient mice may therefore contribute to

the aggravated damage. However, further studies are needed to

elucidate the effects of AnxA1 on the metabolism of these

compounds and their interaction with AnxA1 on the

functional level.

Of note, we were unable to detect relevant levels of the

canonical pro-resolving lipid mediators lipoxin A4, resolvin,

and maresin, while other metabolites of their parent molecules

were readily detectable. Technical reasons may be responsible for

this finding. The characterization of SPM biosynthesis has

typically relied on analyses of exudates from mouse models of

resolving inflammation but measurement of tissue levels of these

compounds is not routinely performed. Thus, the relevance of

these mediators during the resolution process of cGN remains to

be determined.

The final fundamental result of our study is the accelerated

development of glomerulosclerosis and tubulointerstitial fibrosis in

the nephritic AnxA1-deficient mice. Renal fibrosis is the final

common pathway mediating the transition from injury to chronic

renal failure irrespective of the underlying disease (Humphreys, 2018;

Moeller et al., 2021). Since the excessive deposition of extracellular

matrix components and the resulting rarefication of the renal

microvasculature cause tissue hypoxia, fibrosis by itself has been

suggested to contribute to the development of renal damage.

Numerous studies have demonstrated an antifibrotic effect of

AnxA1 in different models of tissue fibrosis (Damazo et al., 2011;

Locatelli et al., 2014;Wu et al., 2021; Gadipudi et al., 2022). In addition

to its antiinflammatory and tissueprotective activity, AnxA1 directly

counteracts the effects of TGF-β on renal fibroblasts (Neymeyer et al.,

2015) and blocks the profibrotic effects of NF-kB (Wu et al., 2021).

These findings suggest that, in addition to the aggravation of renal

inflammation, tissue damage and increased proteinuria, lack of

AnxA1 may also directly contribute to the accelerated kidney

fibrosis observed in the AnxA1-deficient mice. Further studies are

needed to elucidate the relative contributions of the different

mechanisms to the development of renal fibrosis in cGN.

Conclusion

In conclusion, we have shown that AnxA1-deficient mice show a

severely aggravated course of nephrotoxic serum nephritis with

increased glomerular and tubulointerstitial damage as well as

proteinuria. Renal damage was accompanied by non-resolving

inflammation with elevated expression of pro-inflammatory

cytokines and an increased abundance of neutrophil granulocytes

and other leukocyte species. These data therefore demonstrate a non-

redundant role of AnxA1 during the resolution phase of renal

immune-mediated inflammatory disease and provide the rational

for the development of AnxA1-based therapeutic strategies for these

conditions.
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The extracellular matrix (ECM), a complex set of fibrillar proteins and

proteoglycans, supports the renal parenchyma and provides biomechanical

and biochemical cues critical for spatial-temporal patterning of cell

development and acquisition of specialized functions. As in vitro models

progress towards biomimicry, more attention is paid to reproducing ECM-

mediated stimuli. ECM’s role in in vitro models of renal function and disease

used to investigate kidney injury and regeneration is discussed. Availability,

affordability, and lot-to-lot consistency are the main factors determining the

selection of materials to recreate ECM in vitro. While simpler components can

be synthesized in vitro, others must be isolated from animal or human tissues,

either as single isolated components or as complex mixtures, such as Matrigel

or decellularized formulations. Synthetic polymeric materials with dynamic and

instructive capacities are also being explored for cell mechanical support to

overcome the issues with natural products. ECM components can be used as

simple 2D coatings or complex 3D scaffolds combining natural and synthetic

materials. The goal is to recreate the biochemical signals provided by

glycosaminoglycans and other signaling molecules, together with the

stiffness, elasticity, segmentation, and dimensionality of the original kidney

tissue, to support the specialized functions of glomerular, tubular, and

vascular compartments. ECM mimicking also plays a central role in recent

developments aiming to reproduce renal tissue in vitro or even in therapeutical

strategies to regenerate renal function. Bioprinting of renal tubules,

recellularization of kidney ECM scaffolds, and development of kidney

organoids are examples. Future solutions will probably combine these

technologies.
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Introduction

Extracellular matrix components provide
critical cues for renal cell and tissue
functions

The extracellular matrix (ECM) is a biological scaffold holding

all cellular tissue components together (Supplementary Figure 1).

Themain components of kidney ECM are collagen I, proteoglycans,

and glycosaminoglycans. The basal membrane (BM) surrounding

the renal tubules contains collagen IV, laminins, and fibronectin

(Theocharis et al., 2016). ECM composition and dimensionality

establish biomechanical and biochemical signals essential for

kidney’s development (Clause and Barker, 2013; Loganathan

et al., 2020), tissue growth, differentiation (Muncie and Weaver,

2018), and function (Frantz et al., 2010; Manninen, 2015;

Loganathan et al., 2020).

The stiffness of the ECM influences organ or tissue

differentiation and morphogenesis. ECM stiffness is

determined by the material’s elasticity, as measured by the

Young’s elastic modulus. Conventional plastic cell culture

containers (109 Pa) are stiffer than bone (15–20 106 Pa) and

the kidney (5–10 103 Pa). The substrate mechanical properties

affect cell adhesion, migration, proliferation, and differentiation

(Chen et al., 2014; Melica et al., 2019). Topography and

dimensionality, which identify ECM forms, features, and

distribution, are linked to cell polarization, actin bundle

alignment, cell adhesion, orientation, migration, and

morphology (Nur-E-Kamal et al., 2006; Kim et al., 2014;

Sciancalepore et al., 2016; Hulshof et al., 2018; Bosch-Fortea

et al., 2019) and renal progenitors’ fate (Nur-E-Kamal et al., 2006;

Kim et al., 2014; Bosch-Fortea et al., 2019; Walma and Yamada,

2020). Microfabrication methods can reproduce ECM

mechanical and physical properties and architectural features,

but resolution and complexity are still rudimentary (Le Digabel

et al., 2010). Engineered ECM can be tailored to meet cell or

tissue-specific needs (Beamish et al., 2017).

ECM components, particularly glycosaminoglycans (GAGs),

provide biochemical signals that regulate cell functions and the

organization of the ECM itself (Weber et al., 2017) (Table 1).

Hyaluronan, the most abundant GAG (Iozzo and Schaefer, 2015;

Theocharis et al., 2016), heparan sulphate or chondroitin

sulphate (Lelongt and Ronco, 2003) are involved in tissue

development, by displaying growth factors spatial-temporal

distribution during epithelial branching (Nigam and Bush,

2014). ECM-renal cells interact through ECM-binding

transmembrane receptors such as integrins (Chen et al., 2004;

Clause and Barker, 2013; Handorf et al., 2015; Bülow and Boor,

2019) or polycystins (Nickel et al., 2002) that translate ECM

biomechanical features into intracellular signals (Hagelaars et al.,

2022). In diabetic nephropathy (Kolset et al., 2012) or autosomal

dominant polycystic kidney disease (ADPKD) (Zhang et al.,

2020), ECM disruptions result in alterations in kidney

function. Changes in ECM synthesis and turnover of laminin,

heparan sulphate, and chondroitin sulphate proteoglycans

contribute to disease pathogenesis (Zhang et al., 2020).

Unresolved renal parenchyma damage causes scarring by

abnormal deposition of ECM. Chronic damage or excessive

scarring leads to fibrosis, a hallmark of chronic kidney disease

(Clause and Barker, 2013; Bülow and Boor, 2019). Any in vitro

model aiming to accurately represent kidney function, damage,

and regeneration should incorporate the ECM compartment. We

review ECM’s role in in vitro kidney models. Established models

are briefly discussed to better understand the advantages of new

methodological developments.

Extracellular matrix sources for in vitro
models

In vivo, stromal cells (fibroblasts) produce ECM, and renal

epithelial cells contribute themselves to BM synthesis, which can

be exploited in in vitromodels (Satyam et al., 2020). Simple ECM

proteins like laminins are commercially available as recombinant

proteins with proven utility for in vitro kidney models

(Karamessinis et al., 2002; Chung et al., 2008; Zhang et al.,

2009; Sebinger et al., 2013; Homan et al., 2019; Adelfio et al.,

2020). However, most in vitro research uses ECM extracts from

animal tissues because it is difficult to make complex

macromolecular GAGs and large proteoglycans (Petkau-

Milroy and Brunsveld, 2013; Aisenbrey and Murphy, 2020;

Xing et al., 2020). Stroma-rich tissues like bone or cartilage

can yield large quantities of pure ECM components.

Commercial sources for human and animal collagen in

various isoforms, hyaluronic acid, and fibronectin are available.

The biochemical complexity present in the original tissue is

required to induce or maintain a specific phenotype. Here it is

best to use complex, unfractionated tissue extracts containing a

complex mix of glycosaminoglycans and other signaling

molecules. Several commercial products, the best known being

Matrigel (Kleinman and Martin, 2005; Passaniti et al., 2021), are

readily available in different formulations (e.g., reduced growth

factors). There are many examples of in vitro renal models

employing such extracts (Zhang et al., 2009; Lam et al., 2014;

Takasato et al., 2015; Figliuzzi et al., 2017; King et al., 2017; Hiraki

et al., 2018; Howden et al., 2019; Otero et al., 2020)

(Supplementary Table S1). Matrigel complexity (contains

laminin, collagen IV, entactin, heparan sulfate proteoglycan

and bound growth factors) yields better results than gelatin,

collagen I, poly-L-lysine, and laminin alone (Hughes et al., 2010;

Gao et al., 2011; Passaniti et al., 2021).

Matrigel-like products are expensive, batch-variable,

ethically questionable (made from tumors grown in animals)

and cannot be employed in human cell-therapy downstream

applications. To solve recent availability and ethics-related issues,

JellaGel, made from jellyfish Collagen 0 isolates, has recently
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TABLE 1 Role of ECM in in vitro models of renal function and disease.

2D models

Culture architecture ECM surrogate Cells Biological structure Application References

Coated PS plates Fibronectin, laminin,
collagen type IV and
Matrigel

hESCs Differentiated PT-like cells
monolayer

Induced
Differentiation to PT

Narayanan et al.
(2013)

Coated glass plates and
electrospun PCL-BU membranes

PCL-BU vs Collagens,
laminin, MG, L-Dopa

HK-2, RPTEC Differentiated PT-like cells
monolayer

Synthetic membrane
for BAK

van Gaal et al.
(2021)

Coated PES/PVP/PSF-FC
membranes

Collagen I, collagen IV,
Laminin, L-DOPA

HPTCs, HK-2 Differentiated PT-like cells
monolayer

Synthetic membrane
for BAK

Ni et al. (2011)

Coated PS- and PES-
microstructured substrates

L-DOPA, collagen IV ciPTEC Monolayer of differentiated
PT-like cells

Synthetic membrane
for BAK

Hulshof et al.
(2018)

Coated microPES hollow fiber
membrane

L-DOPA, collagen IV ciPTEC Monolayer of differentiated
PT-like cells

Synthetic membrane
for BAK

Jansen et al.
(2015)

Coated PE and PES-50 transwell
membrane

L-DOPA, collagen IV ciPTEC Monolayer of differentiated
PT-like cells

Synthetic membrane
for BAK

Schophuizen et al.
(2015)

Hydrogel bioprinted onto
polyester Transwell membrane

Organovo’s NovoGel
Bio-Ink

RPTEC Renal
fibroblasts and
HUVEC

RPTEC monolayer on top of
hydrogel with HUVEC and
fibroblasts

Differentiation CTX
Fibrosis

King et al. (2017)

Coated Polycarbonate porous
membrane within a microchip

Matrigel RPTECs Monolayer of differentiated
PT-like cells

Synthetic membrane
for BAK

Gao et al. (2011)

2.5D Models

Culture architecture ECM surrogate Cells Biological structure Application References

Coated Micropatterned Silicon-
PDMS surfaces

Fibronectin, laminin,
matrigel. Matrigel in
medium

MDCK, RPTEC,
LLC-PK1

Cysts and tubules (PT) Morphogenesis
Nephrotoxicity

Bosch-Fortea
et al. (2019)

Hydrogels Coated PS plates Matrigel HPTCs Tubules (PT) Morphogenesis Zhang et al.
(2011)

3D Models

Culture architecture ECM surrogate Cells Biological structure Application References

Hydrogel 20% Growth factor-
depleted Matrigel 80%
Collagen I

Mouse embryonic
UB and BSN primary
cells mIMCD3

Cysts and tubules (UB) Tubulogenesis
Development

Sakurai et al. (1997)

Hydrogel Matrigel Primary baby mouse
kidney epithelial cells

Tubules Tubulogenesis Taub et al. (1990)

Hydrogel Rat tail collagen type I Primary murine renal
cells

Tubule- and glomerulus-like
structures

Morphogenesis Joraku et al. (2009)

0.4 µm Polyester Transwell
membranes

Matrigel and collagen I (1:1) RPTEC Tubules (PT) Tubulogenesis Miya et al. (2011)

0.4 µm polycarbonate Transwell
membranes

Matrigel and rat tail
collagen I (1:1)

NKi-2 Tubules Morphogenesis
Nephrotoxicity

DesRochers et al.
(2013)

Hydrogel Collagen MDCK co-cultured
with Swiss 3T3

Tubules (Distal nephron) Morphogenesis Montesano et al.
(1991a)

Hydrogel Collagen MDCK and co-
cultured with MRC-5

Tubules (Distal nephron) Morphogenesis Montesano et al.
(1991b)

Hydrogel Collagen HK-2 Tubules (PT) Morphogenesis Kher et al. (2011)

Hydrogel Matrigel Mouse renal tubule
fragments

Cysts and tubules (Collecting Duct) Genetic disease
(ADPKD)

Dixon et al. (2020)

Hydrogel Growth factor reduced,
phenol red-free Matrigel

RPTEC/TERT1 Tubules (PT) Nephrotoxicity Secker et al. (2018)

Casting molds in 12-well plate Collagen-Matrigel Neonatal rat renal
cells

Tubule- and glomerulus-like
structures

Morphogenesis Lü et al. (2012)

(Continued on following page)
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TABLE 1 (Continued) Role of ECM in in vitro models of renal function and disease.

3D Models

Culture architecture ECM surrogate Cells Biological structure Application References

Round bottom microwell plate GFR-Matrigel MDCK Tubules (distal nephron) Morphogenesis Hirashima et al.
(2017)

Hydrogel Collagen I, GRF-Matrigel RPTEC, renal
fibroblasts and
HUVEC

Tubules (PT) and endothelial unit Tubulo-vascular
interactions

Wang et al. (2020)

Printed silicon gasket Gelatin, Fibrinogen PTECT-TERT1,
GMECs

Tubules (PT) and endothelial unit Epithelial
transport Tubulo-
vascular
interactions

Lin et al. (2019)

Hydrogel Collagen I HKC-8 and WS-1 HKC-8 monolayer on top of WS-1
embeded hydrogel

Fibrosis
Nephrotoxicity

Moll et al. (2013)

Polystyrene multiwell plate Covalent polymer networks
of heparin and/or starPEG

HK-2 Tubules (PT) Tubulogenesis Weber et al. (2017)

PEGDA Hydrogel HA Mouse proximal
tubule cells

Tubules (PT) Nephrotoxicity Astashkina et al.
(2012); Astashkina
et al. (2014)

Hydrogel HA Matrigel Embryonic rat UB Tubules (UB) Morphogenesis Rosines et al. (2007)

PEG hydrogel PEG functionalized with
RGD peptide, laminin-1

MDCK Cysts Epithelial
morphogenesis

Chung et al. (2008)

Scaffold Silk hiPSCs Organoids Development
Differentiation

Gupta et al. (2019)

Scaffold Thiol-ene crosslinked
alginate

hiPSCs Organoids Development
Differentiation

Geuens et al. (2021);
Ruiter et al. (2022)

Scaffold PLA Matrigel-Geltrex HRECs Monolayer- ECM
biomechanical
properties

Love et al. (2019)

Hydrogel PEG-4-MAL MDCK Cysts ECM
biomechanical
properties

Enemchukwu et al.
(2016)

PCLdi (u-UPy) electro-
spun HFM

Collagen I, IV, fibronectin,
laminin

hRPTECs Monolayer Bioactive
membranes for
BAKs

Dankers et al. (2011)

Electrospun transwell membrane 1:1 dKECM-PLC hRPCs HUVEC Monolayer Differentiation
Tubule-Vascular
unit
Nephrotoxicity

Sobreiro-Almeida
et al. (2019);
Sobreiro-Almeida
et al. (2020)

Melt-electrowritten tubular
scaffold

PCL ciPTEC HUVEC Monolayer Self-produced ECM Tubule-Vascular
unit Bioactive
membranes for
BAKs

van Genderen et al.
(2021)

Silk-based porous scaffold Matrigel and Collagen-
Matrigel

MEK Tubules and cysts Genetic disease
(ADPKD)

Subramanian et al.
(2010)

Silk-based porous scaffold Collagen type I and
Matrigel (1:1)

mIMCD Cysts Genetic disease
(ADPKD)

Subramanian et al.
(2012)

Hollow tubes insidehydrogel Collagen I MDCK Primary PCT
from transgenic mice

Tubules Genetic disease
(ADPKD)

Myram et al. (2021)

Extruded topographic hollow
fiber (h- FIBER)

RGD-conjugated alginate Podocytes and
endothelial cells

Tubules Glomerulus-like structure Glomerular
filtration studies

Xie et al. (2020)

EDC hollow fibers Collagen IV HK-2 Tubules (PT) Bioengineering
renal tubules

Shen et al. (2015)

MicroPES HFM Collagen IV and L-DOPA ciPTEC Tubules (PT) Bioactive
membranes for
BAKs

Chevtchik et al.
(2016)

(Continued on following page)
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become available. However, this formulation does not fully

mimic the kidney ECM’s specific proteomic signature. ECM

extracts from decellularized human kidneys can capture this

specificity (Figliuzzi et al., 2017; Hiraki et al., 2018).

In recent years, artificial ECMs have been designed to replace

natural ECM for renal epithelium scaffolding to reduce batch

variability and degradation. This alternative allows more control

over biochemical and mechanical properties and

functionalization with instructive biomolecular tags to

enhance cell attachment, proliferation, and differentiation

(Aisenbrey and Murphy, 2020). Synthetic ECMs can be

formed as hydrogels (Minuth et al., 2004; Chung et al., 2008;

Astashkina et al., 2012) or hollow fibers (Dankers et al., 2011;

Jansen et al., 2015; Shen et al., 2015; Chevtchik et al., 2016; Jansen

et al., 2019; Xie et al., 2020; Myram et al., 2021) (Supplementary

Table S1). The goal is to obtain a material whose composition can

be tailored to control physiochemical matrix properties such as

elasticity (Love et al., 2019), density, and stiffness, while ensuring

low degradation under specific conditions (Petkau-Milroy and

Brunsveld, 2013; Cruz-Acuña et al., 2019).

Conventional models of kidney
function and disease

Two-dimensional renal cell culture on
extracellular matrix-Coated surfaces

In the simplest culture configuration, renal cells grew

directly on plastic surfaces as two-dimensional (2D)

epithelial monolayers (Figure 1A). Adsorbing (coating)

ECM components on plastic surfaces enhances renal cell

adhesion, proliferation, and differentiation (Narayanan

et al., 2013; van Gaal et al., 2021). Matrigel’s complex set of

biochemical signals is used when cell differentiation is the goal

(Narayanan et al., 2013). ECM coatings are also used to

functionalize synthetic scaffolds (Chung et al., 2008; Ni

et al., 2011). Relevant examples of 2D in vitro kidney

models are provided in Table 1. However, lack of complex

cell interactions can lead to undesired effects, such as

epithelial-to-mesenchymal transition (EMT) (Forino et al.,

2006).

TABLE 1 (Continued) Role of ECM in in vitro models of renal function and disease.

3D Models

Culture architecture ECM surrogate Cells Biological structure Application References

PCL tubular nanofiber scaffold Collagen IV and L-DOPA ciPTEC-OAT1 Tubules (PT) Bioactive
membranes for
BAKs
Nephrotoxicity

Jansen et al. (2019)

Bioprinted Scaffolds

Culture architecture ECM surrogate Cells Biological structure Application References

Bioprinted renal constructs dKECMMA Human primary
kidney cells

Tubular Glomerular-like structures Tissue
bioengineering

Ali et al. (2019)

Bioprinted renal construct dKECM Gelatin hRPCs HUVEC,
podocytes

3D glomerular model Regenerative
medicine

Sobreiro-Almeida
et al. (2021)

Bioprinted hollow tubules dECM and alginate RPTEC, HUVEC,
hBMMSCs

Perfused Tubules and capillaries Regenerative
medicine

Singh et al. (2020)

Bioprinted hollow tubules Gelatin-fibrin hydrogel RPTEC/TERT1,
GMECs

Perfused Tubules and capillaries Tubule-Vascular
unit
Nephrotoxicity

Homan et al. (2016);
Lin et al. (2019);
Aceves et al. (2022)

Hydrogel-sandwiched,
bioprinted tubular structure

Collagen I, Matrigel, Fibrin RPTEC/TERT1,
iRECs

Perfused Tubules Bioengineering
renal tubules

Tröndle et al. (2021)

Natural polymers: HA: hyaluronic acid, FMB: fibrin microbreads, dKECMMA: photo-crosslinable kidney ECM-derived bioink.

Synthetic polymers: EDC: 1-ethyl-3-(3- (dimethylamino)propyl) carbodiimide hydrochloride, PA: polyacrylamide.

Cell lines: HUTECs: Primary human tubular epithelial cells, HK-2: Human kidney-2, HPTCs: Human primary renal proximal tubule cells, RPTECs: renal proximal tubular epithelial cells,

hESCs: embryonic stem cells, HUVEC: human umbilical vein endothelial cells, NKi-2: human renal epithelial cells, MDCK: Madin-Darby canine kidney, MRC-5: human fibroblasts, MEK:

mouse embryonic kidney, HK-2: human immortalized proximal tubule epithelial cells, ciPTECs: Conditionally immortalized proximal tubule epithelial cells, HRECs: Human renal

epithelial cells, LLC-PK1: pig kidney epithelial cells, 3T3: fibroblasts, UB: ureteric bud,HEK-293: Human embryonic kidney cell line, CaKi-1: human renal cancer cells, mIMCD: mouse

inner medullary collecting duct, GMECs: glomerular microvascular endothelial cells, HKC-8: human proximal tubular epithelial cells, WS-1: human dermal fibroblasts, hBMMSCs: human

bone marrow-derived mesenchymal stem cells, GMECs: glomerular microvascular endothelial cells, iRECs: induced renal tubular epithelial cells.
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Epithelial 2D monolayers are frequently grown on

permeable supports, like the Transwell system, to promote

cell polarization (Gao et al., 2011; Ni et al., 2011; Shamir and

Ewald, 2014; Schophuizen et al., 2015; Hulshof et al., 2018)

(Figure 1B). Porous membranes can be coated with ECM (Ni

et al., 2011; Shamir and Ewald, 2014) or used as scaffolds for

thin hydrogels to improve mechanical properties (Shamir and

Ewald, 2014) (Table 1). This configuration also facilitates co-

culture with other kidney-relevant components (King et al.,

2017).

When grown on top of hydrogels, kidney primary cells

(Zhang et al., 2011) and most renal cell lines form tubular

structures (tubulogenesis; termed 2.5D architecture;

Figure 1C). Formation of tubules requires adding Matrigel

to the hydrogel and/or to the medium, stressing the need for

specific ECM chemical signals (Shamir and Ewald, 2014;

Bosch-Fortea et al., 2019). Tubulogenesis studies on the

MDCK cell line have been instrumental for understanding

molecular the processes involved in epithelial differentiation

and polarization (Bosch-Fortea et al., 2019). Hagelaars et al.

FIGURE 1
Simple models in vitro of renal epithelia employ ECM components of basal membrane (BM) and extracellular matrix (ECM) Coatings are simply
ECMmaterials, usually collagen, adsorbed to the plastic (A) or permeablemembrane (B). Permeablemembranes and scaffold-basedmodels improve
epithelial polarity by offering two fluid compartments. Tubulogenesis is stimulated by growing renal epithelial cells onto (C) or within (D) hydrogels.
New technologies [microfluidics (E), bioprinting (F), ECM decellularization (G) and organoids development (H)] enable complex models that
introduce cell heterogeneity, vascular and interstitial compartments, and biomechanical stimuli. Compared to simpler, conventional models, these
models have disadvantages related to their complexity. However, complexmodels allow formore faithful modeling of kidney function and disease. A
licensed version of BioRender was used to prepare this figure.
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have recently used this model to show cellular differences in

how matrix stiffness affects integrin-mediated cell-ECM

attachment and cell polarization (Hagelaars et al., 2022).

Better differentiation can happen when the tubule is fully

embedded in the ECM (3D architecture, discussed below),

however, direct exposure to culture medium in 2.5D

structures facilitates imaging and biochemical treatments

and assays.

Three-dimensional renal cell culture in
hydrogel and scaffolds

Primary or continuous renal cell lines grown within collagen I or

Matrigel hydrogels spontaneously form tubule-like structures (Taub

et al., 1990; Sakurai et al., 1997; Zegers et al., 2003; Joraku et al., 2009;

Schlüter andMargolis, 2009) (Figure 1D). Dissociated cells aremixed

with biocompatible hydrogels in liquid form and allowed to

polymerize (Miya et al., 2011; DesRochers et al., 2013).

Alternatively, cells can be sandwiched between two ECM layers

(Montesano et al., 1991a; Montesano et al., 1991b; Kher et al., 2011;

Secker et al., 2018; Dixon et al., 2020) In the presence of appropriate

factors, cells form hollow cysts (Zegers et al., 2003; Schlüter and

Margolis, 2009) and continue to differentiate by elongation (Joraku

et al., 2009) and tubule branching. Different nephron segments,

including the glomerulus, have been modeled in 3D hydrogels

(Joraku et al., 2009; Lü et al., 2012; Hirashima et al., 2017).

3D-culture allows co-culturing of different renal cell lineages,

introducing complexity in kidney models (Montesano et al., 1991a;

Montesano et al., 1991b; Secker et al., 2018). Wang et al. showed that

using a sandwich 3D co-culture model is possible to recreate in vitro

the tubule-interstitial-vascular unit, with more tubular cell polarity

and enhanced functional gene expression (Wang et al., 2020). Gelatin-

fibrin hydrogels outperformed conventional Transwell co-culture in

modeling the proximal tubule-vascular unit in vitro (Lin et al., 2019).

Tubulointerstitial fibrosis, a common feature in chronic kidney

disease, has been modeled in 3D co-cultures (Moll et al., 2013).

Collagen I and Matrigel-like ECM extracts are often used, alone,

mixed, or combined with other ECM components like collagen IV,

fibronectin, or laminins (Weber et al., 2017). Functionality depends on

the 3D hydrogel’s composition, protein concentration, and stiffness

(Shamir and Ewald, 2014; Hirashima et al., 2017; Hiraki et al., 2018).

Hyaluronic acid is an interesting alternative to tissue extracts because it

provides good mechanical and biochemical stimuli. 3D organoids

containing proximal tubule structures were generated from mouse

kidney explants by prolonged (6 weeks) culture in hyaluronic acid

hydrogels resembling in vivo environment (Astashkina et al., 2012).

Thismodel has been successfully employed in the preclinical evaluation

of nanoparticle nephrotoxicity (Astashkina et al., 2014). Hyaluronic

acid modulated ureteric bud branching and promoted mesenchymal-

to-epithelial transition (Rosines et al., 2007). The polarity of tubular

structures obtained by growing human renal cells (HK-2, ciPTEC, and

primary proximal tubule cells) in glycosaminoglycan-based hydrogels

was found to depend on sulphated GAGs (Weber et al., 2017). Matrix

stiffness strongly affects tubulogenesis inMDCK cells (Hirashima et al.,

2017). Such studies (Table 1) exemplify how morphogenesis and

function can be modulated by adjusting hydrogel degradability,

growth factor signaling, and mechanics.

ECM-derived hydrogels have low resistance to mechanical

stress, partly a consequence of active cell remodeling, limiting

their use. A potential solution is to exploit the mechanical

properties of natural (silk, alginate) or synthetic (PEG, PCL,

PLA) polymers to complement natural ECM components

(Chung et al., 2008; Enemchukwu et al., 2016; Gupta et al.,

2019) (Supplementary Table S2). Plastic materials are easily

deposited in 2D or 3D structures by electrospinning or

printing techniques (Dankers et al., 2011; Sobreiro-Almeida

et al., 2020; van Genderen et al., 2021). Murine

PKD1 knockout renal tubular cells seeded in silk-scaffolds

filled with Matrigel and collagen hydrogels has been shown to

reproduce morphological and functional abnormalities present

in Autosomal Dominant Polycystic Kidney disease (ADPKD)

(Subramanian et al., 2010; Subramanian et al., 2012).

Recently, 3D models have gained momentum with

microfabrication techniques. The organ-on-a-chip technology

aims to mimic in vivo tissue architecture by providing

independent but connected compartments (Rayner et al.,

2018) (Figure 1E). Models based on microfabricated devices

recapitulate intercellular and cell-ECM interactions at the

microscale. Microfluidics integration adds flow-mediated shear

stress, a critical mechanical stimulus for the renal tubule (Jang

et al., 2013). Mimetas Organoplate allows for a high throughput

culture and analysis of 3D tissue units under fluidic stimulus

(Schutgens et al., 2019) and it has proven useful in modeling

nephrotoxicity (Vormann et al., 2021) and acute kidney injury

(Vormann et al., 2022). Commercial organ-on-chip solutions are

listed in Supplementary Table S2.

3D models of tubulogenesis have been instrumental in

defining chemical and mechanical stimuli involved in ECM-

cell interactions and their role in kidney development and

function. Lumen access, high-resolution imaging, biochemical

studies, and manipulation for functional or nephrotoxicity assays

are, however, limited in their architecture.

New strategies in in vitro modeling of
kidney function and disease

Bioprinted scaffolds

Bioprinting has recently emerged as a tool for building

complex tissue structures. Biocompatible polymers

(bioinks) are layered to create 3D structures (Figure 1F).

Cells are seeded on these 3D scaffolds or directly mixed in

the bioink. Bioprinting offers unprecedented flexibility and

versatility to recreate in vivo environments at the microscale
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through stereotaxic control of bioink deposition (Fransen

et al., 2021).

Bioinks are chosen for their rheological properties and printing

device compatibility. As technology evolves, the use of bioinks

derived from native tissue like collagen and decellularized ECM

is favored (Garreta et al., 2017; Ali et al., 2019; Dzobo et al., 2019;

Sobreiro-Almeida et al., 2021). This enhances kidney-specific gene

expression by providing tissue-specific biochemical cues (Singh

et al., 2020). However, because ECM bioinks exhibit poor

mechanical stability, they are often combined with other

polymers like methacrylate (Ali et al., 2019).

Using bioprinting, perfused renal tubules have been successfully

made. Lewis’s group used fugitive ink to cast tubular conduits within

hydrogels, which they populated with proximal tubule cells or

endothelial cells and perfused in a closed circuit for days. These

tubular-vascular units expressed differentiated phenotypes, and their

response to pathogenic insults mimicked those observed in native

human tissues (Homan et al., 2016; Lin et al., 2019; Aceves et al.,

2022). Tröndle et al. recently reported a modified 3D sandwich

model in which renal cells were bioprinted as clusters at a controlled

topography on a collagen and Matrigel substrate gel. Cell clusters

formed lumen-containing spheroids, which coalesced into tubular

structures that could be connected to fluidic systems (Tröndle et al.,

2021). Both strategies use fibrin polymers to improve hydrogel

biomechanics. A third strategy used a proprietary bioprinting

technology (the Organovo 3D printing platform) to sequentially

print epithelial tubule, fibroblast-containing ECM, and endothelial

vessels (King et al., 2017). A glomerular functional unit was

successfully recreated by printing hollow tubules from a functional

hybrid bioink (alginate plus decellularized ECM) (Singh et al., 2020).

Bioprinting’s flexibility and automatization capabilities make

it a promising method for in vitromodeling of the kidney’s basic

functional unit. An immediate challenge is to make it affordable

for the general laboratory.

Decellularized kidney as a tissue-specific
scaffold

Regenerative medicine has long sought to fabricate a functional

kidney using a donor’s decellularized ECM scaffold repopulated with

host cells to mitigate the shortage of organs available for transplant

(Sullivan et al., 2012). The technique involves perfusing whole

kidneys with detergent solutions to remove cells and preserve

ECM microscopic architecture and tissue-specific ECM

components like collagens and laminins, as well as basement

membranes (Song et al., 2013) (Figure 1G). Conservation of

signaling molecules, namely glycosaminoglycans, requires proper

detergent composition and perfusion rates and timing (Caralt

et al., 2015; Poornejad et al., 2016; He et al., 2017; Kajbafzadeh

et al., 2019; Zhou et al., 2020; Shahraki et al., 2022). Decellularization

can be successfully applied to stored frozen tissues (Chani et al.,

2017). Decellularized scaffolds have been successfully repopulated

with pluripotent, progenitor, epithelial, or endothelial cells. When

implanted in animal models, this bioengineered tissue integrates with

host structures and shows some kidney functions (Bonandrini et al.,

2014; Caralt et al., 2015; Figliuzzi et al., 2017; Ciampi et al., 2019; Han

et al., 2019; Zhang et al., 2019) or helps to revert EMT and fibrosis

(Hu et al., 2020).

Regenerating a fully functional organ from a decellularized

scaffold is a formidable challenge because of the kidney’s high

structural and functional complexity. Nevertheless, studies on

kidney decellularization have provided valuable information on

cell-ECM interactions, supporting GAGs’ critical role (Louzao-

Martinez et al., 2019; Ullah et al., 2020). Moreover, decellularized

scaffolds are useful for in vitro method development.

Decellularized kidney sections serve as scaffolds for growing

renal cells in nephrotoxicity models (Fedecostante et al.,

2018). These scaffolds allow for the investigation of cell-ECM

interactions in specific organ or tissue microdomains. For

example, the fate of pluripotent or progenitor cells in a

recellularized scaffold can be followed to learn about specific

cell differentiation determinants (Du et al., 2016; Bombelli et al.,

2018; Zhang et al., 2019; Bombelli et al., 2020; Ullah et al., 2020).

An acid hydrolysate of decellularized kidney scaffolds,

termed dKECM, can be used as a source of tissue-specific

ECM materials for surface coating and hydrogel fabrication

(Hiraki et al., 2018; Zhou et al., 2020; Shen et al., 2021; Lee

et al., 2022). Combining dKECM with other natural or synthetic

compounds can enhance their rheological or biophysical

properties (Lih et al., 2019; Sobreiro-Almeida et al., 2019;

Sobreiro-Almeida et al., 2020; Geng et al., 2021; Ko et al.,

2021; Sobreiro-Almeida et al., 2021). Accordingly, dKECM is

becoming a favorite bioink in bioprinting applications (Ali et al.,

2019; Han et al., 2019). The undesired effects observed when

growing human glomerular endothelial cells within hydrogels

made of porcine dKECM (Su et al., 2018) illustrates the

remarkable specificity of biochemical signals delivered by ECM.

Role of ECM in kidney organoids
development

Two strategies are currently used to develop 3D renal structures

fromprogenitor or pluripotent cells by exploiting kidney development

programs. Tubuloids are generated from primary cells and kidney

organoids from pluripotent stem cells. Both situations require ECM

components. Tubuloid culture is a refined version of 3D culture in

Matrigel hydrogels where specific biochemical factors are added to

stimulate progenitor cell proliferation and differentiation (Schutgens

et al., 2019; Wiraja et al., 2021). Human tubuloid culture allows for

long-term propagation of donor-specific primary kidney epithelium

without requiring immortalization or genetic modification. A recent

study comparing the polarization of tubuloid-derived cells and

MDCK cells in response to substrate stiffness demonstrated

tubuloid-derived cells appear to have different requirements and
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use different polarization mechanisms (Hagelaars et al., 2022). Unlike

tubuloids, immortalized, well-established cell lines have been selected

to growonplastic substrates. By skipping the phase of culture on a stiff

substrate, tubuloidsmight retainmore of their physiological responses

to ECM. This makes them a simple and affordable alternative cell

source for in vitro models.

In the organoid technique (Figure 1H), Matrigel (Xia et al., 2013;

Kang and Han, 2014; Takasato et al., 2015; Takasato and Little, 2017;

Howden et al., 2019; Low et al., 2019) or Geltrex (Lam et al., 2014;

Morizane et al., 2015; Morizane and Bonventre, 2017) coatings or

hydrogels are used in feeder-free culture of stem cells or at several

differentiation steps. For instance, Taguchi et al. used a 50%Matrigel

culture medium to stimulate branching morphogenesis in ureteric

buds and to induce interactions with nephron progenitors (Taguchi

and Nishinakamura, 2017). Freedman et al. induced epiblast

spheroids differentiation by sandwiching hPSC between two layers

of diluted Matrigel (Freedman et al., 2015). Under the appropriate

concentration and timing of specific biochemical inducers, complex

self-organized 3D structures develop.

Organoids contain kidney parenchyma and stroma

components, and the synthesis of ECM has been observed

(Lam et al., 2014; Takasato et al., 2015; Howden et al., 2019).

Given the complexity and animal origin of Matrigel and

similar products, there have been efforts to replace it with

recombinant ECM proteins, such as laminins (Howden et al.,

2019; Mae et al., 2020) or vitronectin (van den Berg et al.,

2018), or synthetic products like Synthemax (Toyohara et al.,

2015). Recently, Geunes et al. cultured kidney organoids in

thiol-ene cross-linked alginate hydrogels and showed a

reduction in the onset of aberrant ECM expression and

off-target cell populations (Geuens et al., 2021). By

engineering gel mechanics and dynamics, ECM deposition

and organoid maturation could be tuned, highlighting the

role of engineered matrices in stirring organoid commitment

(Ruiter et al., 2022).

Incomplete maturation and lack of vascularization are unsolved

issues in organoid development where a proper selection and use of

ECMcomponents could help. Garreta et al. demonstrated that ECM

biophysical properties modulate hPSC proliferation and

differentiation (Garreta et al., 2019). Soft hydrogels with stiffness

in the physiological range bettermimic the early stages of embryonic

development. Vascular compartment expression improved when

organoids were grown in hydrogels made from decellularized

human kidney extracellular matrix (Kim et al., 2022).

Bioprinting cellular bioinks allows for precise and reproducible

manipulation of organoid size and more differentiated cells

(Howden et al., 2019; Lawlor et al., 2021). Perfusion of

organoids in microfluidic devices induces higher expression of

vascular and podocyte compartments (Homan et al., 2016; Lee

et al., 2021). High levels of structural and functional complexity in

bioprinted, perfused organoids model more faithfully renal function

and disease, as shown recently for APKD (Howden et al., 2021;

Hiratsuka et al., 2022).

Relevance of ECM-based in vitro
models of renal disease for studies of
renoprotection and kidney
regeneration

Increasing rates of chronic kidney disease (CKD) represent a

major burden for social and healthcare systems worldwide.

Fighting underlying causes (diabetes, obesity, cardiovascular

disease, etc.) is key. But it is equally important to prevent,

slow down, or reverse CKD progression, which very often

results from maladaptive responses to acute kidney injury.

Shortcomings of traditional preclinical models (animal

experimentation and conventional cell culture) have fueled the

development of sophisticated in vitro kidney models that take

advantage of recent technological advances (Morizane et al., 2015).

Only through such complex models is it possible, for instance, to

recreate the delicate glomerular filtration barrier, allowing for the

investigation of the varied glomerulopathies (Lü et al., 2012; Du

et al., 2016; Xie et al., 2020). Sophisticated models, such as

organoids, are already being used successfully to study genetic (e.g.,

ADPKD (Subramanian et al., 2010; Freedman et al., 2015; Dixon et al.,

2020; Zhang et al., 2020; Howden et al., 2021; Myram et al., 2021;

Hiratsuka et al., 2022)) or metabolic tubulopathies (Fabry’s disease

(Kim et al., 2022)). Investigating the mechanisms of drug-related

nephrotoxicity and discovering ways to prevent it is frequently the

goal behind model design or validation (Astashkina et al., 2012;

DesRochers et al., 2013; King et al., 2017; Fedecostante et al., 2018;

Vormann et al., 2021; Tröndle et al., 2022). Research on common

mechanisms underlying CKD progression, irrespective of its cause,

such as epithelial-to-mesenchymal transition (Forino et al., 2006) or

fibrosis (Moll et al., 2013; Hu et al., 2020; Li et al., 2022), requires the

presence of all participants in such complex processes. Studying

tubulogenesis or cell-repair mechanisms in complex in vitro models

helps identification of signals needed for kidney regeneration (Miya

et al., 2011). These processes, which involve multiple actors from

distinct compartments, cannot be studied adequately with

conventional in vitro models. Some bioengineering strategies are

originally aimed at fabricating tissue-like structures for regenerative

techniques, based on the concept of regenerating an entire organ from

a decellularized scaffold (Song et al., 2013;Du et al., 2016; Figliuzzi et al.,

2017; Ciampi et al., 2019) or by stimulating regeneration in vivo via cell

or tissue implants (Lih et al., 2019; Ko et al., 2021; van den Berg et al.,

2018; Garreta et al., 2019; Kim et al., 2022).

We have summarized the essential roles of ECM in in vitro

kidney function and disease modeling. ECM provides the

biochemical and mechanical stimuli required for promoting and

maintaining cell differentiation. A proper 3D architecture also

permits cell-cell interactions and facilitates the presence of all

necessary compartments, including fluid convection, to faithfully

mimic in vivo kidney function. More efforts are needed to make the

technical skills required simpler and to lower the costs associatedwith

using such models, which would increase their adoption in kidney

translational research.
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Enhancing the expression of a key
mitochondrial enzyme at the
inception of ischemia-reperfusion
injury can boost recovery and halt
the progression of acute kidney
injury

Peter R. Corridon  1,2,3*
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Abu Dhabi, United Arab Emirates, 2Healthcare Engineering Innovation Center, Khalifa University, Abu Dhabi,
United Arab Emirates, 3Center for Biotechnology, Khalifa University, Abu Dhabi, United Arab Emirates,
4Indiana Center for Biological Microscopy, Indiana University School of Medicine, Indianapolis, IN,
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Hydrodynamic fluid delivery has shown promise in influencing renal function in
disease models. This technique provided pre-conditioned protection in acute injury
models by upregulating the mitochondrial adaptation, while hydrodynamic
injections of saline alone have improved microvascular perfusion. Accordingly,
hydrodynamic mitochondrial gene delivery was applied to investigate the ability
to halt progressive or persistent renal function impairment following episodes of
ischemia-reperfusion injuries known to induce acute kidney injury (AKI). The rate of
transgene expression was approximately 33% and 30% in rats with prerenal AKI that
received treatments 1 (T1hr) and 24 (T24hr) hours after the injury was established,
respectively. The resulting mitochondrial adaptation via exogenous IDH2 (isocitrate
dehydrogenase 2 (NADP+) and mitochondrial) significantly blunted the effects of
injury within 24 h of administration: decreased serum creatinine (≈60%, p < 0.05 at
T1hr; ≈50%, p < 0.05 at T24hr) and blood urea nitrogen (≈50%, p < 0.05 at T1hr; ≈35%,
p < 0.05 at T24hr) levels, and increased urine output (≈40%, p < 0.05 at T1hr; ≈26%, p <
0.05 at T24hr) and mitochondrial membrane potential, Δψm, (≈ by a factor of 13, p <
0.001 at T1hr; ≈ by a factor of 11, p < 0.001 at T24hr), despite elevated histology injury
score (26%, p < 0.05 at T1hr; 47%, p < 0.05 at T24hr). Therefore, this study identifies an
approach that can boost recovery and halt the progression of AKI at its inception.

KEYWORDS

IDH2 [isocitrate dehydrogenase 2 (NADP+) and mitochondrial], gene delivery, acute kidney
injury, hydrodynamic injections, ischemia-reperfusion injury (I/R), hydrodynamic gene
delivery

1 Introduction

Maintaining kidney health for its multitude of essential regulatory functions remains a
significant global clinical challenge (Ferguson et al., 2008; Corridon et al., 2017; Corridon, 2021;
Pantic et al., 2022b). As a result, renal dysfunction is both a common and progressive problem,
threatening the lives of millions daily. This complex disorder can stem from prerenal, renal, and
postrenal conditions and generally results from renal trauma, blood loss, and the accumulation
of various toxins, such as broad-spectrum antibiotics, chemotherapeutic drugs, and
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radiocontrast agents (Nagase et al., 1977; Thadhani et al., 1996;
Bellomo et al., 2004; Cerda et al., 2008; Himmelfarb et al., 2008;
Hingorani et al., 2009; Lattanzio and Kopyt, 2009; Kinsey and Okusa,
2011a). Such dysfunction can be gradual or sudden, and it is
imperative to address these issues and minimize secondary organ
damage, which can occur primarily as a consequence of an acute
disorder.

Acute kidney injury (AKI) management depends on identifying
and treating its underlying cause(s) (Palevsky et al., 2008; Basu et al.,
2012). Fortunately, in some instances, sudden impairment, which is
the focus of this work, can be reversed within several weeks to months
if the underlying cause has been treated. Yet, beyond certain
thresholds, these disorders induce persistent cell death and
progressing degrees of atrophy that drive the progression of AKI
(Holderied et al., 2020). At this stage, current treatment regimens,
which comprise fluid, electrolyte, and acid-base balance management,
are still mainly supportive and unable to halt the progression of the
illness (Kinsey and Okusa, 2011b; Rostami et al., 2022). As a result,
gene therapy has been proposed as an alternative to treat and prevent
the underlying causes and progression of AKI (Humes et al., 1997;
Torras et al., 2008; Molitoris et al., 2009).

The first human gene therapy trial in 1990 laid the foundation for a
new medical paradigm (Imai, 2003). However, since then, gene
therapy has undergone more than thirty years of trials and
tribulations with unexpected side effects dampening the enthusiasm
for this form of treatment (Imai, 2003; Davis and Park, 2019).
Fortunately, in the past few years, however, gene therapy has
enjoyed a renaissance with recent successes in lymphoma treatment
(Nogrady, 2018), retinal degeneration (Leroy et al., 2022), and
neuromuscular atrophy (Ali et al., 2021), using a variety of viral
and non-viral vector-based applications. With these successes,
continued efforts are being employed using a broad spectrum of
vectors for proof-of-concept and therapeutic approaches in nearly
every organ system in the body, including the kidney. However, the
progress in the development of direct gene transfer methods in the
kidney has been limited compared with other organs due in part to our
lack of knowledge about the biological factors needed to promote
efficient vector entry into the cell and the complex anatomical
structure of the kidney (Davis and Park, 2019).

Numerous methods have been proposed to deliver exogenous
genes to mammalian cells to study and treat human disease
(Friedmann and Roblin, 1972; Amiel et al., 2000; Niidome and
Huang, 2002; Chen et al., 2003; Appledorn et al., 2008; Miyazaki
et al., 2009; Corridon et al., 2013; Collins and Thrasher, 2015;
Hitchman et al., 2017; Kolb et al., 2018; Shen et al., 2018; Peek and
Wilson, 2022). With specific regard to the kidney, attempts have been
made to protect and repair renal function by targeting single genetic
loci (Lien and Lai, 1997). Such approaches have utilized purified
protein products, plasmids, and viruses encoding peptides and
proteins. Historically, recombinant growth factors have been used
in experimental and clinical AKI settings to preserve renal function
and accelerate tissue repair. For instance, these studies have suggested
that hepatocyte growth factor (HGF) may have a significant role in the
management of AKI. HGF has been shown to have diverse functions
in kidney repair following acute injury, as it can act as both a
renotropic and anti-fibrotic agent (Dai et al., 2002; Yazawa et al.,
2004). Parallel studies have shown that HGFmay prevent cyclosporin-
induced tubulointerstitial fibrosis, indicating its additional
renoprotective capacity (Yazawa et al., 2004).

Similarly, other investigations have shown that exogenous
vascular endothelial growth factor (VEGF) enhances renal
microvascular integrity and function following acute and chronic
injuries (Corridon et al., 2006; Leonard et al., 2008; Engel et al.,
2019; Gao et al., 2020). The therapeutic potential of recombinant
interleukin binding protein (IL-18 Bp) was also investigated in
established ischemia AKI rodent models. Intravenous injections of
IL-18 Bp improved renal function and tubule morphology and
reduced tubular necrosis and apoptosis (Wang et al., 2012). More
recently, inhibition of IL-18 by peritoneal doses of IL-18 Bp has been
shown to reduce renal fibrosis following IRI (Liang et al., 2018).
Recombinant uteroglobin treatment prevented glomerulonephritis by
reducing proteinuria and cellular pathogenic globulin-glomerular
biding (Lee et al., 2004). However, several factors may limit the
clinical benefit of this therapy. Such factors include the relatively
short half-life of recombinant proteins and the prohibitive costs and
recurrent doses required for treatments (Mizui et al., 2004; Yazawa
et al., 2004). Altogether, these factors outline a basis for generating
adverse side effects that can result from administering
supraphysiologic doses of recombinant proteins.

In contrast, vector-based gene transfer procedures can be more
straightforward, safer, and cheaper, requiring less frequent dosing
(Mizui et al., 2004). For instance, researchers have utilized adenoviral,
adeno-associated viral, and lentiviral vectors for gene transfer.
Previous studies have identified the ability to robustly elicit
targeted gene transfer with adenoviral vectors using pressurized
renal vein injection techniuqes (Corridon et al., 2013; Corridon
et al., 2021). This type of research has also identified the possibility
of improving renal transplant outcomes in clinically relevant models
of acute rejection using immunomodulating genes like interleukin-13
(a known potent anti-inflammatory agent) (Sandovici et al., 2007) and
2,3-indoleamine dioxygenase (a stimulator of regulatory T cell
production) (Vavrincova-Yaghi et al., 2011) using an adenovirus-
based approach via intrarenal and renal arterial injections,
respectively. These findings are significant since ischemic and toxic
renal injuries repair critically depends on regulating a redundant,
interactive network of cytokine and growth factors (Wang et al., 2012).

Recent studies have highlighted the benefits and drawbacks of
adeno-associated viruses and lentiviruses (Rubin et al., 2019). For
example, retrograde ureteral and subcapsular adeno-associated
injections have been used to transduce the kidney. However, viral
particles leaked from the organ during these processes and mediated
substantial off-target gene transfer. Analogously, similar results were
observed with lentiviral vectors, which also effectively transduced
kidney cells, albeit with less off-target tissue transduction. Thus, it
would be of value to devise a system that canmodulate gene expression
levels in a therapeutic manner capable of reinstating renal function
without inducing harmful viral-derived toxicity. However, viral
vectors may ultimately be confined to experimental gene therapy
applications unless we overcome the obstacles that limit their
widespread use (DeYoung and Dichek, 1998; Kay et al., 2001).

Comparatively, one of the simplest forms of DNA transfection
involves transfer without a specific vector or carrier molecule. Studies
dating back roughly two decades have shown how plasmid DNA can
be transferred using only a solvent intravenously (Liu et al., 1999).
Plasmid-based vector treatments have confirmed the renotherapeutic
potential of HGF as it mediated tissue regeneration and protected
tubular epithelial cells from injury and apoptosis during acute renal
failure. These results were obtained using single intravenous injections
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of plasmids encoding HGF (Dai et al., 2002). One major issue related
to this intravenous approach was the offsite nature of delivery to the
liver. To enhance the delivery to other tissues, namely the kidney, a
form of pressurized injection (hydrodynamic-based delivery) was
coupled with DNA polyplexation techniques to improve the
effectiveness of the technique (Tros de Ilarduya et al., 2010). Even
though these tools increased transfection efficiency compared to
naked DNA transfections (Hayat et al., 2019), this process could
not limit offsite genetic alterations (Rubin and Barry, 2020).
Nevertheless, the original hydrodynamic injections technique
showed great promise in advancing an ability to aid effective renal
gene transfer. Altogether, these studies highlight the generational
issues related to combining the appropriate vector with the delivery
technique to provide efficient and targeted renal gene therapy.

In particular, hydrodynamic-based delivery increases the
permeability of endothelial (Suda and Liu, 2007) and epithelial
(Wang et al., 2000) junctions by non-adversely enhancing poration
in plasma membranes. This transient process facilitates the cellular
internalization of macromolecules of interest (Herweijer and Wolff,
2007). It has also been shown that the unique renal anatomy provides
various innate delivery paths (renal artery, renal vein, and ureter) that
may be ideal for hydrodynamic gene delivery (Xing et al., 2009),
recalling the ability to facilitate efficient exogenous protein expression
in vivo using plasmid reporter vectors (Corridon et al., 2013; Corridon
et al., 2021). Based on these tenets, our group devised ways to examine
the ability to alter functional protein activity with plasmid-based
vectors by adapting the injection process to include a brief period
of vascular cross-clamping. This adaptation focused on limiting or
eliminating offsite genetic alterations, resulting in efficacious and
targeted exogenous protein expression (Corridon et al., 2013).

After that, we aimed to alter functional protein activity that can be
clinically significant to AKI. Specifically, this approach was formulated
to induce benefits from ischemic pre-conditioning, which renders
tissues resistant to subsequent deleterious effects of prolonged
ischemia after previous exposure to vascular occlusion (Ishida
et al., 1997). This pre-conditioning effect is linked to an innate
organ-derived ability to withstand additional ischemic events after
a non-lethal event (Murry et al., 1986). We have previously shown,
using proteomic screens, that this non-lethal approach facilitates the
upregulation of key mitochondrial proteins, including NADP +
-dependent isocitrate dehydrogenase 2 (IDH2) (Kolb et al., 2018).
IDH2 is the primary enzyme responsible for generating the
mitochondrial NADPH pool critical for maintaining the
mitochondrial antioxidant system (Lee et al., 2017). This system
helps protect cells from potentially harmful reactive oxygen species.
These results, in turn, provided a potential genetic target of clinical
significance that may be used to alter proteomic expression using
hydrodynamic-based approaches for therapeutic purposes.

Moreover, prior research has shown that rodents deficient in
IDH2 observed a unique acceleration of renal senescence and
substantial deterioration in structure and function via disruptions to
redox status that promoted oxidative damage and apoptosis (Lee et al.,
2017). Similar reductions in redox status are well-established
consequences of ischemia-reperfusion injury (IRI), leading to AKI
(Zhang et al., 2021). Yet, from a therapeutic point of view, we have
previously altered the mitochondrial proteome via hydrodynamic
IDH2 plasmid delivery. Such alterations have significantly upregulated
IDH2 renal expression and conferred organ-wide protection against
subsequent IRI in live rats in a manner that mimics IPC. Such focus

on elucidating IDH2’s protective role in that study also helped uncover
how hydrodynamic IDH2-mediated exogenous expression increased the
mitochondria membrane potential (Δψm), maximal respiratory capacity,
and intracellular ATP levels. Based on the success of these results, it is of
value to extend the utility of hydrodynamic renal gene therapy by
determining whether upregulating the expression of this key
mitochondrial enzyme could boost recovery and halt the progression
of AKI at the inception of such injury. Thus, herein, prerenal AKI was
induced in rats using an IRI model, which is widely applied for both
fundamental and therapeutic intervention studies of AKI (Le Clef et al.,
2016), to help examine the associated therapeutic potential of
hydrodynamic-based delivery known to elicit efficacious and targeted
genetic alterations.

2 Materials and methods

2.1 Prerenal acute kidney injury

Male Sprague Dawley rats, 200–250 gm, were obtained from Harlan
Laboratories (Indianapolis, IN, United States) and allowed free access to
food and water. After anesthetization by intraperitoneal injections of
sodium pentobarbital (50 mg/kg body weight), each animal was placed on
heating pads to maintain normal physiological temperature. Midline
incisions were performed to expose the renal hila. In this study, rats
were subjected to a sham injury or either of two forms of AKI: mild and
moderate. First, to induce a mild injury, the micro-serrefine clamps with
delicate, atraumatic serrations (Fine Science Tools, Foster City, CA,
United States) were used to bilaterally clamp the renal pedicles for
10–15 min to induce a mild injury. Second, the clamping period was
30–45 min to generate a moderate injury. The clamps were removed at
the end of each injury induction period to reinstate renal blood flow and
generate IRI. Last, animals in the sham (control) group underwent the
same procedures without having their renal pedicle clamped. It should be
noted that during the actual or sham clamping periods, the midline
incisions were temporarily closed to prevent infection and support
homeostasis. A schematic of the experimental workflow is presented
in Figure 1.

2.2 Ischemic pre-conditioning

Similar to the induction of AKI, rats were again anesthetized in the
manner described above and subjected to bilateral pedicle clamps to
occlude renal blood flow for 30–45 min for IPC. The incisions were
again temporarily closed during ischemia. The animals were then
allowed to recover for 14 days, after which in vivo mitochondrial
activity was examined. For such studies, kidneys were collected and
analyzed for adaptations in mitochondrial activity and compared to
control rats using immunoblotting techniques.

2.3 Serum creatinine and blood urea nitrogen
measurements

Blood samples were collected from the rats in 1 mL Eppendorf
heparin-treated tubes after making small incisions on their tails. These
samples were centrifuged at 100,000–130,000 rpm for 10 min. The
supernatants were then stored at 4°C. Quantitative determination of
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creatine kinase activity in serum was then estimated with Pointe
Scientific CK (Liquid) Reagents (Point Scientific, Inc., Canton, MI,
USA). Serum creatinine (SCr) measurements were performed with a
Beckman Creatinine Analyzer 2 (Beckman Instruments, Brea, CA,
USA) according to the manufacturer’s specifications and reported in
milligrams per deciliter (mg/dL). Sera blood urea nitrogen (BUN)
measurements were made using the Liquid Urea Nitrogen Reagent Set
(Pointe Scientific, Canton, MI, United States), whereby the working
reagent was prepared by mixing five parts of the enzyme reagent (R1)
with 1 part of coenzyme (R2) reagent. Approximately 10 μL of each
serum sample was added to the working reagent (1,000 μL), and the
absorbance was immediately measured using a microplate reader. The
levels of these metabolites were measured before all forms of IRI were
induced and monitored across the subsequent 14 days to investigate
the effect of IDH2 hydrodynamic-based injections.

2.4 Urine output measurements

Rats were also housed separately in metabolic cages (Fisher
Scientific, Hampton, NH, USA) to allow standard volumetric
measurements of individual urine outputs collected daily in falcon
tubes without intervention. The animal committee approved the

studies using the metabolic cages, and the animals were checked
daily and independently by the researcher and the animal housing
staff for signs of stress; if any adverse conditions were identified, they
would have been excluded from the study.

2.5 Intravital multiphoton fluorescence
microscopy

Intravital microscopy (IVM) and its fundamentals are well
outlined in the literature (Burne-Taney et al., 2005; Molitoris and
Sandoval, 2005; Tanner et al., 2005; Ashworth et al., 2007; Dunn et al.,
2007; Corridon et al., 2013; Hall et al., 2013; Corridon et al., 2021; Cai
et al., 2022; Corridon, 2022a; Shaya et al., 2022). However, briefly, after
sedation, vertical flank incisions externalized each rat’s left kidney,
which was then placed inside a glass bottom dish containing saline.
This imaging dish was set above a X60 water immersion objective
which supported the acquisition of fluorescent micrographs from an
inverted Olympus FV 1000-MPEmicroscope equipped with a Spectra-
Physics MaiTai Deep See laser tuned to an 800–850 nm excitation
wavelength (Olympus, Tokyo, Japan). The system was connected to
external detectors for multiphoton imaging, and dichroic mirrors for
the collection of blue, green, and red emissions.

FIGURE 1
An outline of the experimental workflow. (1) This experimental approach began by subjecting animals to different degrees of IRI to induce AKI via bilateral
renal pedicle clamps for periods to induce mild (occluded blood flow for 10–15 min) and moderate (occluded blood flow for 30–45 min) injuries, and IPC
(occluded blood flow for 30–45 min). (Corridon et al., 2013) (2) The next step included hydrodynamic gene delivery for four experimental conditions by
conducting rapid retrograde injections using vascular cross-clamping into the renal vein. The experimental conditions were sham injury, mild injury
followed by hydrodynamic gene delivery 1 h after reperfusion (Mild AKI + IDH2—1h), moderate injury followed by hydrodynamic gene delivery 1 h after
reperfusion (Moderate AKI + IDH2—1h), and moderate injury followed by hydrodynamic gene delivery 24 h after reperfusion (Moderate AKI + IDH2—24 h).
The injections took approximately 5 s to deliver 1–3 µg per Gram of plasmid DNA per body weight suspended in 0.5 mL saline (Engel et al., 2019). (3) The last
phase experiment relied on a series of biochemical, microscopic, and volumetric analyses to examine whether hydrodynamic gene delivery could upregulate
IDH2 expression in the mammalian kidney and what effects altering the mitochondrial proteome in this manner could have on serum creatinine (SCr), blood
urea nitrogen (BUN), and urine output levels, as well as the renal mitochondrial membrane potential (Δψm) and renal microarchitecture. LK, left kidney; RK,
right kidney; IVM, intravital microscopy; and IDH2, isocitrate dehydrogenase [NADP], mitochondrial.
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2.6 Hydrodynamic injections

In this study, the following four experimental groups of rats were
subjected to hydrodynamic injections performed with vascular cross-
clamping: sham injury; mild injury followed by hydrodynamic gene
delivery 1 h after reperfusion; moderate injury followed by
hydrodynamic gene delivery 1 h after reperfusion; and moderate
injury followed by hydrodynamic gene delivery 24 h after
reperfusion. For this injection process, midline incisions allowed
the isolation of the left renal vein, with a 4–0 silk loop, in each
sedated rat. The renal artery was occluded first and followed by the
renal vein, using the micro-serrefine clamps. The vein was then gently
elevated, and 0.5 mL infusates were rapidly injected distal to the clamp
using a 30-gauge needle within roughly 5 s. Pressure was then applied
to the injection site for approximately 3 min to induce hemostasis. The
venous clamp was removed, followed by the arterial clamp, and the
animal was prepared for recovery.

The various infusates were prepared as follows. For the toluidine
blue infusates, stock solutions were prepared by dissolving 50 mg of
tolonium chloride dye (Toluidine Blue O, Electron Microscopy
Sciences, Fort Washington, PA, United States) in 5 mL of 0.9%
saline, of which 0.5 mL was used for each injection. This infusate
was used to examine whether this targeted injection process could
support exogenous macromolecular confinement to the injected
kidney.

Infusates of fluorescent dextrans comprised of 0.5 mL saline
containing 4 kDa (low molecular weight) fluorescein isothiocyanate,
FITC, and 150 kDa (large molecular weight) Tetramethylrhodamine-
isothiocyanate, TRITC, dextrans (TdB Consultancy, Uppsala,
Sweden), and 30 μL of Hoechst 33,342 (Invitrogen, Carlsbad, CA,
United States), which was applied to identify cellular nuclei within the
tubular epithelium). These infusates were used to investigate the
subcellular incorporation of the exogenous macromolecules into
the renal epithelium, as well as renal structure and function in the
injury models.

Fluorescent plasmid DNA infusates were used to investigate live
and subcellular incorporation of the exogenous macromolecular and
renal structure and function in the injury models. These fluorescent
infusates were prepared by suspensions in saline using Qiagen Maxi
Prep systems (Qiagen, Chatsworth, CA, United States). These
plasmids encoded enhanced green fluorescent protein (EGFP)-actin
(Clontech Laboratories, Inc., Mountain View, CA, United States). This
pAcGFP1-actin vector expressed the Aequorea coerulescens
GFP(AcGFP1)-actin fusion protein in mammalian cells. The
protein is incorporated into growing actin filaments and allows for
the visualization of actin-containing subcellular structures. Likewise,
non-fluorescently labeled plasmid vectors that encode mitochondrial
enzymes isocitrate dehydrogenase [NADP], mitochondrial, IDH2,
(OriGene Technologies, Inc., Rockville, MD, United States) were
also used in this study. The IDH2 vector was a Myc-DDK-tagged
ORF clone of Homo sapiens isocitrate dehydrogenase 2 (NADP+),
mitochondrial (IDH2), nuclear gene encoding mitochondrial protein
as transfection-ready DNA. Moreover, each transgene solution was
prepared by suspending 1–3 µg of plasmid DNA per Gram of body
weight of either plasmid vectors in 0.5 mL of saline, as outlined in
previous related studies (Corridon et al., 2013; Collett et al., 2017; Kolb
et al., 2018; Corridon et al., 2021).

2.7 In vivo estimations of exogenous gene
expression

In order to estimate the degree of transgene expression that
resulted from the pressurized injection process, intravital
micrographs were used to determine the proportion of renal
segments that expressed the transgenes. For this process,
micrographs were acquired from three adjacent intravital fields and
were randomly chosen from each live kidney within a given
experimental group. A segment was considered transfected if at
least one of its cells expressed the EGFP-actin plasmid vector.
Using ImageJ software (National Institute of Mental Health, NIH,
Bethesda, MD, United States), transgene fluorescence signals were
identified with intensities at least double those of autofluorescent
signals. With this criterion, the percentage of segments that expressed
the reporter transgenes within fields acquired with the X60 objective
was calculated as the average percentage of transfected segments
within the randomly chosen nephron cross-sections.

2.8 In Vivo estimations of the renal
mitochondrial membrane potential

To study in vivo mitochondrial activity, a stock solution of
tetramethyl rhodamine methyl ester, TMRM (Invitrogen Molecular
probes, Eugene, OR, United States) was prepared by suspending 5 μg
of the dye in 2 mL of saline. An incision was made to expose the
jugular vein. The vein was isolated with two 3–0 or 4–0 silk loops. The
superior loop was tied and clamped with a pair of hemostats to stiffen
and elevate this vein. A PE-50 polyethylene catheter tubing (Clay
Adams, Division of Becton, Dickson and Company, Parsippany, NJ,
USA) was attached to a 1 mL syringe containing the TMRM injectate
was inserted into a minor incision in the jugular vein. The other silk
loop was used to anchor the catheter in the vein. The plasma
membrane-permeant TMRM dye was slowly infused into the vein,
and intravital imaging was performed once a steady state was
established to estimate the renal mitochondrial membrane potential
(Δψm). To estimate renal mitochondrial membrane potential (Δψm),
mean fluorescent intensities from TMRM-labelled mitochondria were
computed from each tubule within three adjacent intravital fields
randomly chosen from each live kidney within a given experimental
group using ImageJ software.

2.9 Histological assessments

After fixation with 4% paraformaldehyde for 24 h at 4°C, the kidney
samples were immersed in formalin, which was phosphate-buffered, for
24 h. The samples were kept at room temperature and then rinsed with
distilled H2O. After washing, they were stored in 70% ethanol at room
temperature and then subjected to dehydration via a gradation of ethanol
solutions that ranged from 70%–100%, with increments of 10%. Clearing
with xylene and infiltration with paraffin (four paraffin changes under
vacuum at 59°C for 45 min each) followed. The samples were then
embedded in fresh paraffin for sectioning to produce around 5 μm thick
sections with a Reichert-Jung 820 microtome (Depew, NY,
United States). These sections were counterstained with hematoxylin
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and eosin (H&E) and imaged with an X60 objective mounted on a Nikon
Microphot SA Upright Microscope (Nikon, Tokyo, Japan). The degree of
injury associated with each treatment condition was estimated as a
percentage of the injured cells within the micrographs collected.
Specifically, these percentages were computed as ratios of cells with
disrupted/adversely altered plasma membranes to the total number of
cells in a micrograph and averaged across three randomly chosen
micrographs for each animal.

2.10 Western blot analysis

Whole kidneys were collected from anesthetized rats and cryofixed
in liquid nitrogen. Post cryofixation, transverse sections of roughly
300 mg, extending from the cortex to the pedicle, were obtained and
homogenized in 300 µL RIPA buffer using Dounce homogenizer on
ice and the lysate was spun at 13,000 g for 20 min in a 4°C pre-cooled
centrifuge. Bicinchoninic acid assays were then performed to
determine the protein concentration, and denatured protein
samples were acquired by adding equal volumes of 2X Laemmli
Sample Buffer at 70°C for 5 min. After which 5 ug of each protein
sample was loaded on 10% SDS-PAGE gel, along with molecular
weight markers, and ran for 50 min at 240 V. Protein samples were
then transferred from the gel to the membrane for approximately
30 min at 24 V, which preceded overnight membrane blocking that
occurred the at 4°C using TBS blocking solution with 3% FBS.

The next day, the membrane was incubated with 1:1,000 dilution
of primary antibody (Rabbit PolyAb Anti-IDH2 (Novus Biologicals,
Littleton, CO, United States) in TBS blocking solution with 0.3% FBS
for 1 h at room temperature and washed then three times with TBS for
5 min. The membrane was then incubated with 1:40,000 dilution of
the secondary antibody HRP D&R in TBS blocking buffer with 0.3%
FBS at room temperature for 1 h, and the gel was washed three times
with TBS. Finally, the blots were incubated in the enhanced
chemiluminescence (ECL) reagents, SuperSignalTM West Pico
Chemiluminescent Substrate (Thermo Fisher Scientific, Waltham,
MA, United States), to facilitate image acquisition.

2.11 Statistical analysis of data

The Kruskal–Wallis one-way analysis of variance (ANOVA) with the
post hoc pairwise Dunn’s test was applied as appropriate to examine levels
of exogenous gene expression, SCr, BUN, urine output, Δψm, and cellular
injury. These analyses were conducted at a p < 0.05 level of significance
and the data are presented as the mean ± SD.

3 Results

3.1 Hydrodynamic renal fine needle injections
support widespread and targeted delivery of
exogenous probes in rats with mild and
moderate AKI

Whole kidneys were extracted from euthanized rats after they received
hydrodynamic delivery of 0.5 mL of toluidine blue dye. These kidneys
were harvested and sectioned within 20 min of injections, revealing
substantial and localized dye uptake in all four examined conditions:

• sham injury;
• mild injury followed by delivery 1 h after reperfusion;
• moderate injury followed by delivery 1 h after reperfusion; and
• moderate injury followed by delivery 24 h after reperfusion.

In each case, the dye appeared throughout the cortex and medulla
of the left kidneys and was absent in the contralateral kidneys, as
shown in various digital photographs (Figure 2). These results
illustrate the ability to facilitate localized delivery to the kidney
using hydrodynamic-based delivery with vascular cross-clamping in
rats with sham and mild injuries and in animals with substantially
greater degrees of injury.

3.2 Retrograde hydrodynamic injections
facilitate the delivery of large and low
molecular weight dextrans in rats with mild
and moderate AKI

Compared to the macroscopic (visible) evidence provided in the
previous section, intravital micrographs obtained from sham injured
rats (Figure 3A) approximately 20 min after hydrodynamic infusions
of infusates with dextrans and Hoechst stains also illustrated the
robust uptake of each fluorescent tag. These images were obtained
after this period to allow for homeostasis after the injection process.
Intense TRITC-derived signals (red-based fluorescence) from the large
molecular weight dextran were confined to the vasculature, which is
consistent with normal/minimally altered function (Dunn et al., 2003;
Molitoris and Sandoval, 2005; Dunn et al., 2007). At the same time,
FITC-conjugated low molecular weight dextran molecules lined brush
borders. These green, fluorescent molecules appeared as internalized
puncta within the proximal tubule epithelium and concentrated
within the distal tubular lumen (seen as a substantial degree of the
green fluorescence that filled the lumen of this nephron segment).
These observations provide evidence of widespread delivery of
exogenous materials in the sham group and intact structural and
functional renal capacities.

Similarly, there was clear evidence of widespread renal delivery of
the exogenous probes observed in animals with mild and moderate
forms of injury. For instance, in the mildly injured rats, there was
evidence of impaired filtrative capacities based on the simultaneous
presence of both FITC and TRITC dyes in the lumens of proximal and
distal tubules (Figure 3B), as well as the reduced intensity of the large
molecular weight TRITC dextran within the peritubular vasculature.
Additionally, the reduced levels of the low molecular weight FITC
dextran molecules that normally line the proximal tubule’s brush
border highlighted alterations to this epithelium’s innate endocytic
capacities. There was also evidence of cellular injury outlined by the
low level of Hoechst-labelled nuclei within tubular lumens.

As expected, the injury levels escalated with moderate IRI-derived
injuries. There was still a substantial and widespread presence of the
FITC and TRITC dyes, yet their localization differed from the sham
and mild conditions. In particular, there was a far greater degree of
inhomogeneous and composite TRITC and FITC fluorescent-based
signals emanating from the peritubular vasculature and lumens
illustrated by the reduced levels of fluorescence in the vasculature
seen in the fields obtained from the moderately injured rats, 1 h post-
reperfusion, and the presence of intense of yellow-based fluorescence,
blebs, and cellular nuclei within the lumens (Figure 3C). Likewise,
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atypical, brown-based fluorescence lined the peritubular vasculature of
the moderately injured rats that received hydrodynamic-based
injections 24 h post-reperfusion (Figure 3D). The tubular lumens
also contained higher levels of TRITC and FITC dye composites
and detached nuclei. Such deformation of tubular epithelial nuclei
and their atypical presence in the lumen are hallmarks of IRI-induced
AKI (Corridon et al., 2021). Again, additional signs of impaired
filtration are presented and depicted by the reduced concentrations
of FITC molecules and blebs within distal tubule lumens known to
stem from IRI (Hall and Molitoris, 2014). Beyond the aspects
mentioned above related to injury, it was essential to observe signs
of the incorporation of the TRITC dextran molecules in the tubular
epithelia. As a result, these images provided evidence that this
injection technique can effectively deliver various macromolecules
across the nephron in the various injury models.

3.3 Intravital microscopy and Western blot
analysis demonstrate that hydrodynamic
gene delivery induces exogenous renal
protein expression and upregulates
IDH2 activity in rats with mild and
moderate AKI

It should also be noted that the intravital investigations were limited
to proximal and distal tubular compartments, as these segments are easily
accessible within the IVM system’s 100–200 µm imaging depth, while the

superficial glomeruli are rare in the strain of rat. Multiphoton
micrographs presented in Figure 4 reveal enhanced EGFP-actin-
derived fluorescence signals within proximal and distal tubule epithelia
from the sham and AKI model rats 3 days after gene delivery. This time
point was chosen based on previous characterizations that outline the
potential to induce stable exogenous gene expression as early as this
period after gene transfer (Corridon et al., 2013). At that time, distinctive
fluorescent patterns were observed along proximal tubule brush borders
and within distal tubular epithelial cells of sham (Figure 3E) and mildly
injured (Figure 3F) animals. In comparison, these patterns were absent in
the renal compartments of rats subjected to moderate IRI. As anticipated,
moderate AKI induced substantial disruptions to the typical renal
architecture, which provides clear means to differentiate proximal ad
distal tubular segments in the strain of rats used for this study.
Nevertheless, IRI-derived injury made it challenging to make routine
morphological distinctions between proximal and distal segments.

Additionally, the different rates of transgene expression in live renal
segments were determined from the percentage of renal segments within a
microscopic field that expressed the transgenes (Figure 4I). Again, a
segment was considered transfected if at least one of its cells expressed
the EGFP fluorescent transgenes. These estimations provided
approximately 30%–40% transfection efficiency rates in the superficial
cortex accessible by intravital multiphotonmicroscopy in rats that received
moderate IRI (32.8% in the rats that received hydrodynamic gene delivery
1 h after reperfusion and 30.4% in the rats that received hydrodynamic
gene delivery 24 h after reperfusion). These estimated efficiencies were
lower than those obtained for sham (51.4%) and mildly injured (43.0%)

FIGURE 2
Digital photographs were used to illustrate the localized and widespread delivery resulting from renal vein hydrodynamic injections performed in (A)
Sham injured rats and those with (B)mild AKI (injections performed 1 h after inducing AKI), (C)moderate AKI (injections performed 1 h after inducing AKI), and
(D)moderate AKI (injections performed 24 h after inducing AKI). These kidneys were harvested and sectioned within 20 min of performing the injections. The
dye appeared throughout the cortex and medulla of the left kidneys and was absent in the contralateral kidneys. LK = left kidney, RK = right kidney, C =
cortex, and M = medulla.
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rats, whose transgene expression rates were roughly 50%. However, no
significant difference (p = 0.392) was detected in the levels of transgene
expression among the groups, indicating the potential of this technique to
induce genetic alterations throughout the diseased kidney.

Western blot analyses were performed to examine further genetic
alterations that could have resulted from hydrodynamic-gene delivery
and IPC. These blots are presented in Figure 4J. Control data obtained
from the Western analyses illustrate the consistent and intense levels
of actin expression in regions that correspond to the molecular weight
of actin (≈42 kDa) molecules in all groups. These results are consistent
with the innate presence of actin within the kidney. In comparison,
such analyses also revealed enhanced and distant bands in regions
corresponding to the molecular weight of IDH2 (≈47 kDa) molecules,
indicating the upregulation of IDH2 expression in kidneys 3 days after
receiving hydrodynamic delivery and 14 days after IPC compared to
the levels of IDH2 expression detected in control (sham) kidneys.

3.4 Enhancedmitochondrial activity observed
in rats treated with IDH2 plasmid DNA and
ischemic-preconditioning

In order to gain physiological insight into the effects of
IDH2 upregulation in these injury models, mitochondrial activity was
investigated in various groups of live rats 3 days after hydrodynamic gene
delivery of IDH2 and 14 days after IPC. Intravital measurements of the

mean fluorescent intensities were obtained approximately 20 min after
the jugular infusion of themitochondrial membrane potential-dependent
dye, TMRM. These investigations revealed substantial elevations in
TMRM-based fluorescence signals obtained from kidneys that
received IDH2 gene transfer (5C through 5E) and IPC (Figure 5B),
compared to the sham group (Figure 5A). Specifically, enhancements in
mitochondrial activity exceeded factors of 13 (p < 0.001 at T1hr) and 11
(p < 0.001 at T24hr) when IDH2 hydrodynamic-based treatments were
applied to 1h and 24 h after inducing moderate AKI.

Such results illustrate a potential increase in mitochondrial activity
related to the upregulation of the mitochondrial enzymes facilitated by
hydrodynamic-derived gene delivery and ischemic pre-conditioning,
which are consistent with the previous studies (Kolb et al., 2018). This
upregulation in mitochondrial enzyme activity was confirmed using
Western analysis (Figure 4J). Moreover, the combination of Hoechst
33342-based and TMRM-based staining was used to further examine
alterations to the innate renal ultrastructure. The probes highlighted
cellular sloughing from the tubular epithelium, cast formation within the
tubular lumen, and collapsed tubules. Interestingly, such enhancements
to the mitochondrial proteome occurred despite substantial deformation
to the renal microarchitecture. As anticipated, lower degrees of injury
were observed in the animals subjected to sham and mild injuries.

Furthermore, non-parametric statistical analyses using the Kruskal-
Wallis (p < 0.001) revealed significant differences among these TMRM-
based fluorescent intensities. At the same time, Dunn’s ad hoc test only
indicated significant differences between the means of sham injured rats

FIGURE 3
Intravital micrographs illustrate the incorporation of macromolecules by various renal compartments resulting from renal vein hydrodynamic injections
performed in (A) sham injured rats and those with (B) mild AKI (injections performed 1 h after inducing AKI), (C)moderate AKI (injections performed 1 h after
inducing AKI), and (D)moderate AKI (injections performed 24 h after inducing AKI). Thesemicrographs were acquired from live rats within 20 min of receiving
hydrodynamic infusions of 0.5 mL saline containing 4 kDa FITC and 150 kDa TRITC dextrans, and Hoechst 33,342 (this image A was acquired with 1.5X
digital zoom to illustrate better the dynamic events outlined). The arrowheads highlight regions where the fluorescent dextran molecules appear to bound
brush borders or endocytosed puncta within tubular epithelial cells. All images were taken using a blend of the red-, green-, and blue-pseudo-color channels.
DT, distal tubule; PT, proximal tubule; and V, vasculature; and B, bleb, observed within the tubular lumen.
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and rats with mild injuries followed by hydrodynamic gene delivery 1 h
after reperfusion (Mild AKI + IDH2—1 h), p < 0.001, rats with moderate
injuries followed by hydrodynamic gene delivery 1 h after reperfusion
(Moderate AKI + IDH2—1 h), p < 0.001, and rats with moderate injuries
followed by hydrodynamic gene delivery 24 h after reperfusion (Moderate
AKI + IDH2—1 h), p = 0.001 (Figure 5F).

3.5 SCr, BUN, and urine output indicate that
hydrodynamic injections of IDH2 plasmids
boost recovery and halt the functional
progression of AKI despite increased levels of
structural damage

Biochemical (Figures 6A, B) and volumetric (Figure 6C) analyses
demonstrated the restorative effect that upregulated IDH2 expression

provided since, on average, SCr levels (≈60%, p < 0.05 at T1hr; ≈50%,
p < 0.05 at T24hr) and blood urea nitrogen (≈50%, p < 0.05 at T1hr;
≈35%, p < 0.05 at T24hr) were decreased. Furthermore, SCr and BUN
measurements show how hydrodynamic IDH2 plasmid delivery 1 and
24 h after inducing moderate IRI in live rats significantly blunted the
normal elevated injury response. Strikingly, hydrodynamic plasmids
injections administered at the 24-h mark resulted in faster returns to
normal baseline levels. This return to baseline occurred as early as
3 days after the initial insult, compared to 7 days in the groups that did
not receive hydrodynamic injections of the keymitochondrial enzyme,
IDH2. Additionally, providing these injections at the 1-h mark after
inducing moderate AKI lowered the variations in these biomarkers
significantly and halted the injury’s effect, and creatine and BUN
values stayed within the normal range. The data presented an
analogous effect on urine output as pairwise comparisons revealed
an average increased urine output (≈40%, p < 0.05 at T1hr; ≈26%, p <

FIGURE 4
Hydrodynamic injection derived fluorescent actin expression. Intravital micrographs illustrate the hydrodynamic delivery-based expression of EGFP-
actin in various settings. In sham rats (A) before and (E) after gene delivery. In rats subjected tomild AKI (injections performed 1 h after inducing AKI), (B) before
and (F) after gene delivery. In rats subjected to moderate AKI (injections performed 1 h after inducing AKI), (C) before and (G) after gene delivery. In rats
subjected tomoderate AKI (injections performed 24 h after inducing AKI), (D) before and (H) after gene delivery. The arrowheads highlight regions where
the fluorescent actin expression is highlighted along the brush border and within cuboidal distal tubule cells. The arrows pinpoint fluorescent casts/debris
within the tubular lumen. Image E was acquired with 1.5X digital zoom to highlight these details further. All micrographs were taken 3 days after gene delivery
using a blend of the red- and green-pseudo-color channels to distinguish the true presence of EGFP-based fluorescence. (I) Comparison of the levels of
exogenous gene expression induced by the hydrodynamic technique determined from IVM data. (J) Western blots illustrate the enhanced expression of
IDH2 in kidney tissues harvested from rats 3 days after hydrodynamic injections of the IDH2 plasmids (lanes 1 through 3) and IPC (lanes 4 through 6) compared
to the control group that received sham injections (lanes 7 through 9). n = 3 for all groups. DT, distal tubule and PT, proximal tubule.
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0.05 at T24hr). The volumetric data appeared to support the urinalysis
directly.

Conversely, histological assessments provided further insight into
the damage that resulted from these experimental conditions
(Figure 7; Table 1). Mild degrees of morphological injury were
observed in the Sham AKI (Figure 7A) and mild AKI (Figure 7B)
groups. Interestingly, comparable injuries were observed with each
corresponding case that accompanied hydrodynamic delivery of
IDH2 plasmid vectors, i.e., there were no significant differences
between the levels of injury observed between the AKI and AKI +
IDH2 groups (p > 0.05), and the mild AKI and mild AKI +
IDH2 groups (p > 0.05). Whereas more substantial levels of
structural damage were detected in the animals subjected to
moderate forms of injury (Figure 7C). Again, analogous injury
levels were also detected between the moderate AKI group and the
moderate AKI group that received hydrodynamic IDH2 plasmid
injections 1 h (p > 0.05) and 24 h (p > 0.05) after inducing IRI.

Previous characterizations of the injection process performed with
vascular cross-clamping have outlined that the hydrodynamic forces
and brief ischemia-reperfusion injury generated from this 3-min
process are associated with a minor level of injury, far lower than
that what is derived from the mild form of AKI, which was induced
with 10–15 min of IRI (Corridon et al., 2013). Also, the concentration
of the plasmid vectors used in this study is not known to induce
appreciable pathogenicity and toxicity. As a result, comparisons made
among these groups of animals could be used to demonstrate that the

injection process or the transgene expression did not adversely affect
morphology. Notably, the degrees of structural damage observed in
the sham, mild, and moderate experimental conditions (with and
without IDH2 treatments) are consistent with these forms of injury.
Thus, it can be inferred, in combination with the SCr and BUN
analyses, that no further substantial degree of injury could have
resulted from the injection process.

Yet, extensive disruptions to proximal tubular brush border
integrity and distal tubular and glomerular deformation produced
significantly elevated average histology injury scores (≈40%, p < 0.05 at
T1hr; ≈40%, p < 0.05 at T24hr). These results coincide with the fact that
renal IRI is a dynamic process characterized by endothelial and
epithelial cellular injury, inflammation, and hemodynamic
alterations (Bonventre and Yang, 2011). Within proximal nephron
segments, several essential and high energy demand ATP-dependent
transport processes are eliminated by this form of injury (Vormann
et al., 2022). Typically, the proximal tubule is the main site of injury in
renal IRI, and the injuries observed herein coincide with reductions in
oxygen associated with diminished renal blood flow. While this
segment contains a high density of mitochondria, it lacks anaerobic
ATP-generating capacity and is thus quite vulnerable to such oxygen
supply disruptions (Hall and Molitoris, 2014).

Even though IRI is widely associated with tubular damage, this
form of injury also induces significant podocyte effacements and
disruptions of slit diaphragms (Wagner et al., 2008), which can
lead to atypical filtrative capacities observed in these intravital

FIGURE 5
Mitochondrial membrane potential activity was examined in nephron segments of various live rats via TMRM-labeled signaling in (A) sham animals; (B)
IPC animals; (C) animals with mild AKI that received hydrodynamic injections of IDH2 1 h after inducing IRI for 10–15 min; and (D) animals with moderate AKI
that received hydrodynamic injections of IDH2 1 h after inducing IRI for 30–35 min; and animals with moderate AKI that received hydrodynamic injections of
IDH2 24 h after inducing IRI for 30–35 min. (E) The mean TMRM -based fluorescent intensity from each experimental condition (n = 10 tubules per rat).
The arrows pinpoint fluorescent casts/cellular debris within the tubular lumen. PT, proximal tubule. (F)Mean TMRM fluorescent intensities that were recorded
from the various experimental groups. Scale bar, 20 μm, * represents p < 0.001, and ** represents p = 0.001.
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studies. On the other hand, distal tubules have far greater glycolytic
capacities than their proximal counterparts, which supports their
ability better to maintain the Δψm and mitochondrial structure
during ischemia (Hall et al., 2009). Likewise, prerenal flow
reductions can also reduce GFR by limiting glomerular perfusion
and increasing tubular obstruction due to necrotic and sloughed
tubular epithelial cells (Burek et al., 2020), as observed in the
intravital micrographs (Figure 3 through Figure 5).

4 Discussion

AKI is a severe medical condition that results in approximately
1.7 million deaths worldwide each year (Vormann et al., 2022).
Treatments that can rapidly restore renal function are attractive
options to help reduce the global burden of kidney diseases.
Current AKI treatment regimens are mainly supportive and cannot
halt the illness’s progression into chronic and end-stage conditions.
Thus, there is a need for alternative treatments, like gene therapy
(Pantic et al., 2022a; Wang et al., 2023; Pantic et al., 2023a; Khan et al.,
2023). This form of therapy provides a means to treat and prevent the
root cause of a given condition. Over the years, several methods have

been proposed to elicit efficient gene transfer in various settings
(Corridon, 2022b; Corridon et al., 2022; Davidovic et al., 2022;
Wang et al., 2022a; Wang et al., 2022b; Corridon, 2023; Pantic et
al., 2023b; Shakeel and Corridon, 2023). However, progress in the
development of direct gene transfer methods in the kidney has been
limited compared with other organs. This issue is partly due to the
need to understand better the biological factors needed to promote
efficient vector entry into the cell and the complex anatomical
structure of the kidney (Davis and Park, 2019).

Recently, plasmid-based hydrodynamic gene delivery has shown
promise in overcoming this issue (Corridon, 2023). Therefore, this
study aimed to demonstrate the potential of hydrodynamic-based
gene delivery to halt progressive or persistent renal function
impairment following episodes of ischemia-reperfusion injuries.
The approach presented in this manuscript is based on the transfer
of an essential enzyme via a plasmid vector at the inception of IRI-
based injuries to boost renal recovery. In this first instance, it was
essential to identify whether this rapid injection technique, augmented
with vascular cross-clamping, could provide widespread and targeted
renal vector delivery.

In order to achieve this goal, various attempts were made to
examine the possibility of extending previous successful applications
using this delivery technique to upregulate the level of mitochondrial
enzymatic activity. From a mechanistic perspective, hydrodynamic
injections of 0.5 mL of tolonium chloride solutions revealed robust
distributions of this pigment across the injected kidney and no visible
traces within the right contralateral kidney. Additionally, the
localization of the large molecular weight dextran molecules within
the damaged tubular epithelium, illustrated the potential to facilitate
the cellular internalization of exogenous plasmids of comparable size
using this technique (Corridon et al., 2013; Nishi et al., 2017). These
macroscopic and microscopic evaluations provided sufficient evidence
that the injection process could facilitate widespread and targeted
delivery of the vector to the kidney.

The next phase of the study focused on the actual delivery of
plasmid vectors and their resulting expression rates, using EGFP-actin
reporter plasmids. IVM also allowed the in vivo visualization of the
reporter transgene expression, and it was reassuring to detect
significant and comparable rates of fluorescent protein expression
in the injury models, especially for the moderate forms of AKI. From
the estimated transfection rates in the injured rats, it is conceivable
that ischemia-reperfusion injury, which is known to promote
vasculature and cellular permeability, may have afforded an
increased passage of exogenous material across denatured
membranes. This phenomenon may have also directly enhanced
the internalization of plasmids/exogenous probes in the possible
absence or reduction of innate endocytic capacities and supports a
similar rationale for the transgene expression observed in rats with
injured glomeruli using viral vectors (Kelley and Sukhatme, 1999).

Earlier on, hydrodynamic gene delivery was initially conducted
on mice. However, there is a clear advantage in performing renal-
targeted hydrodynamic gene delivery in rats compared to mice due
to the relative ease in executing intricate intravascular injections in
rats and inducing hemostasis post-injection without inducing
further bouts of ischemic injury and damage to the smaller and
more delicate mouse renal vein. Moreover, a growing body of
evidence suggests that gender differences exist in cardiovascular
responses to significant alterations to normal circulatory
conditions, including vascular occlusive cases and hypertension

FIGURE 6
Blood biochemical and urine volumetric analyses. A comparative
view of the restorative effects of upregulating IDH2 renal expression via
hydrodynamic injections on (A) serum creatinine, (B) blood urea
nitrogen, and (C) urine across the 14-day measurement period
compared to characteristic injury responses. n = 3 for all groups.
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(Lü et al., 2005; Gao et al., 2019). While the underlying
mechanism(s) related to these gender differences remain to be
elucidated, the author believed that it was essential to conduct this
study using male rats to provide a proper comparison for previous
work that led to the design of this investigation.

Also, it is well known that AKI is strongly associated with damage
to the proximal tubule and that the dysfunction or death of proximal
tubule cells is often the main consequence of AKI (Corridon et al.,
2021). Cells within this epithelium often undergo programmed cell
death or necrosis depending on the severity of the injury, while in
some very mild AKI cases, such cellular dysfunction is barely
noticeable and reversible without intervention (Corridon et al.,
2013). This investigation captured the intrinsic nature of this form
of injury, as the real-time effects of cellular damage led to the
effacement and loss of brush border in the proximal tubule,
detachment of tubular epithelial cells from associated basement
membranes, and cellular sloughing, which resulted in the
formation of fluorescent casts with tubular lumens (Basile et al.,
2012; Corridon et al., 2021). Besides, prerenal injury generates
immediate and marked rises in the nicotinamide adenine

dinucleotide (NADH) signal in tubular cells, which then decrease
again upon restoration of renal blood flow and imply rapid transitions
that occur in tubular cellular mitochondria activity stemming from
IRI. This conversion can lead to decreased respiratory chain activity
and a shift of the NADH pool into a reduced state (Hall and Molitoris,
2014), thereby adversely reducing the energy carrier capacity within
the nephron.

At this stage, examining the therapeutic potential of upregulating
IDH2 activity in these injury models was necessary. The impacts of
such genetic alterations on renal function were evaluated using various
biochemical, microscopic, and volumetric analyses. Western blot
analyses confirmed enhanced expression of this crucial
mitochondrial enzyme after hydrodynamic gene transfer. Likewise,
before any injury, serum creatinine (SCr), blood urea nitrogen (BUN),
and urine output aligned with respective typical ranges of 0.4–0.8 mg/
dl90, 15–22 mg/dL (Thammitiyagodage et al., 2020), and 10–15 mL/
day (Kurien et al., 2004). Conversely, with AKI, sudden and significant
spikes in SCr and BUN were observed and known to usually occur
within 24 h of the inception of the injury, whereas these levels
gradually returned to baseline (Zhou et al., 2006; O’Kane et al., 2018).

TABLE 1 Histological assessments for each experimental condition.

Experimental condition Average total cell counts Average number of damaged cells % Damaged cells

Sham 433 42 9.76

Sham + IDH2 450 62 13.78

Mild AKI 860 328 38.28

Mild AKI + IDH2 450 148 33.22

Moderate AKI 466 265 57.99

Moderate AKI + IDH2–1 h 463 194 42.26

Moderate AKI + IDH2–24 h–24 h 517 156 30.45

FIGURE 7
Histological assessments. X60 brightfield images of cortical sections from (A) sham AKI, (B)mild AKI, (C)moderate AKI, (D) Sham AKI + IDH2, (E)mild AKI
+ IDH2 (HD 1-h post-reperfusion), (F)moderate AKI + IDH2 (HD 1-h post-reperfusion) (G)moderate AKI + IDH2 (HD 24-h post-reperfusion). (H)Comparison
of the injury levels observed in tubular cells from all the above groups. n= 3 for all groups. Scale bar, 40 μm*represents significant differences between groups
at a level of p < 0.001.
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Remarkably, the major finding in this study is that the
hydrodynamic-based mitochondrial IDH2 gene delivery led to
recovery and halt of the progression of AKI by decreases in serum
creatinine and blood urea nitrogen levels, and increases in urine
output and mitochondrial membrane potential. In contrast, the
introduction of IRI produced representative and inverse effects on
urine production (Wei et al., 2019) and mitochondrial activity (Hato
et al., 2018). Although the metabolic cage is commonly used for such
studies, it has been recognized as constituting a unique stressor that
could affect behavior and the measurements presented (Kalliokoski
et al., 2013;Whittaker et al., 2016). This effect is a possible limitation of
the study that can be examined in future research by comparing the
results obtained in this study with conventional housed rats.
Recognizing this issue and after receiving approval for such studies,
the animals were checked daily by the researcher and facility staff for
signs of stress, and if any adverse conditions were identified in a given
animal, it would have been excluded from the study.

Recalling that mitochondrial impairment resulting from IRI
represents an early step in the pathogenesis of renal injury, harnessing
the therapeutic effects observed in IPC may be the key to recovery.
Specifically, from a molecular perspective, mitochondrial isocitrate
dehydrogenases catalyze the oxidative decarboxylation of isocitrate.
These enzymes are integral to cellular mechanisms that have evolved
to shield cells from oxidative damage (Zhang et al., 2013) and the unique
acceleration of renal senescence due to IDH2 depletion (Lee et al., 2017).
Such effects are partly mediated by preserving mitochondria function in
response to IRI by preserving cellular ATP levels, reducing reactive
oxygen species (ROS) production, and inhibiting cell death pathways
(Jassem et al., 2002; Kolb et al., 2018). We had already shown that gene
delivery of IDH2 before injury attenuated surges in serum creatinine and
amplified the mitochondria membrane potential, maximal respiratory
capacity, and intracellular ATP levels (Kolb et al., 2018). Furthermore,
this delivery process has also been shown to improve microvascular
perfusion by eliminating rouleaux to reduce peritubular capillary
erythrocyte congestion and the accumulation of renal leukocytes
(Collett et al., 2017). Therefore, it is reasonable to attribute
comparable mechanistic responses generated by cellular pathways that
supported renal recovery amidst substantial morphological damage.

5 Conclusion

Traditionally, the development of renal gene therapy has lagged other
organ-directed gene therapies due to low renal gene transfer efficiencies
and difficulty targeting specific kidney cell types. Nevertheless,
hydrodynamic delivery appears to overcome this problem in the
setting of mild and moderate acute disorders. This possibility may
benefit the outcome of AKIs, characterized by sudden losses of renal
function, subsequent rises in creatinine and BUN, and reductions in urine
output, as current treatments aremainly supportive. It is possible to arrive
at this conclusion from the data presented in this report, as this relatively
simple technique could be used to generate efficient transgene expression
in live renal segments, namely tubular epithelial cells, which are major
sites of damage in AKI (Molitoris, 2004; Chevalier, 2016; Corridon et al.,
2021). Interestingly, substantial levels of transgene expression were
observed in mammalian kidneys with AKI during both the initial
phase of injury and at the maximal point of damage, albeit in a
limited sample size.

Based on this, it is necessary to consider the state of the cells
expressing the transgenes. There is a high probability that injured, and
functional cell populations would express transgenes in some
undefined ratio. Naturally, it would be of interest to shift this ratio
to benefit injured cells. Nevertheless, due to the nature of AKI and
proximal tubule function, it would be of interest to target functional
cells in an attempt to protect them from irreversible damage and foster
their proliferation to compensate for terminally injured cells (Kume
et al., 2012). Hence, the results presented herein may be used to further
investigate the delivery of clinically relevant transgenes in an attempt
to provide further therapeutic, yet transient genetic modifications in
live mammalian kidneys. Such approaches can improve the current
understanding of and ways to combat AKI by boosting recovery and
halting progression at its inception. Although gene therapy for kidney
disease remains a major challenge, new and evolving technologies may
actualize treatment for AKI (Peek and Wilson, 2022). Continued and
complimentary research to identify new key structural and functional
genetic targets, and better examine existing ones while improving gene
delivery, will further enhance the utility of genetic medicine as we aim
to envision its promise.

Finally, the versatility and ease of use of the CRISPR gene editing
system also suggest its potential for renal gene therapy. CRISPR has
been shown to work in mammalian (including human) cells,
underlining the possibility of using this technique for clinically
driven gene editing and gene targeting applications (Cruz and
Freedman, 2018; Aulicino et al., 2022). As with previous rodent
studies, systemic delivery (via the tail vein) of CRISPR editing tools
provided evidence of genetic variations limited to the liver (Liang
et al., 2022). Thus, as with other vectors, significant challenges
remain, including how to effectively deliver CRISPR to kidneys
and control gene editing events within the genome (Cruz and
Freedman, 2018). Future studies could be devised for the
combination of retrograde renal hydrodynamic fluid delivery and
CRSPR to devise preclinical models that forge its safe and efficacious
translation into therapies.
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