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Abstract
Chronic kidney disease (CKD) is one of the most common chronic diseases worldwide, with increasing rates of morbidity 
and mortality. Thus, early detection is essential to prevent severe adverse events and the progression of kidney disease to an 
end stage. Glomerular filtration rate (GFR) is the most appropriate index to evaluate renal function in both clinical practice 
and basic medical research. Several animal models have been developed to understand renal disease induction and progres-
sion. Specifically, murine models are useful to study the pathogenesis of renal damage, so a reliable determination of GFR 
is essential to evaluate the progression of CKD. However, as in clinical practise, the estimation of GFR in murine by levels 
of serum/urine creatinine or cystatin-C could not be accurate and needed other more reliable methods. As an alternative, the 
measurement of GFR by the clearance of exogenous markers like inulin, sinistrin, 51Cr-EDTA, 99mTc-DTPA, 125I-iothalamate, 
or iohexol could be performed. Nevertheless, both approaches—estimation or measurement of GFR—have their limita-
tions and a standard method for the GFR determination has not been defined. Altogether, in this review, we aim to give an 
overview of the current methods for GFR assessment in murine models, describing each methodology and focusing on their 
advantages and limitations.
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Introduction

Chronic kidney disease (CKD) is a progressive disease 
characterized by a gradual loss of kidney function over time 
[17, 42, 59]. CKD can be asymptomatic until late stages; so 
early detection is essential to prevent disease progression 
and related adverse events [22, 25]. Several aspects of the 
pathogenesis of CKD are not completely elucidated. In this 
regard, murine models are useful to study the pathogenesis 
of renal damage and in particular to understand the molecu-
lar background of disease progression in CKD [13, 31, 63].

Glomerular filtration rate (GFR) is considered the best 
index of renal function [15, 23, 53]. Accordingly, a reliable 
evaluation of GFR is important both in the clinics and in 
animal models of disease. In murine models, the assessment 
of GFR is useful to evaluate the degree of renal dysfunction, 
disease progression, and benefits of drugs designed to treat 
renal damage. In mice and rats, renal function can be esti-
mated by the levels of serum creatinine and by 24 h creati-
nine [64]. On the other hand, GFR can be directly measured 
by the clearance of exogenous markers like inulin, sinistrin, 
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51Cr-EDTA, 99mTc-DTPA, 125I-iothalamate, or iohexol [1, 
4, 27, 40]. Both approaches—estimation and measurement 
of GFR—have advantages and disadvantages. The estima-
tion is simple but not always reliable and the measurement 
is reliable but cumbersome. In this review, we will describe 
the available methods and techniques used to measure kid-
ney function in murine models with a special focus on their 
applicability, utility, advantages, and disadvantages.

Characteristics of a marker of renal function

To be used as a marker of GFR, a molecule must fulfill sev-
eral criteria, such as: to have a constant production, not to 
be bound to proteins or degraded by metabolism, be freely 
filtered by the glomerulus, and have no interaction with renal 
tubular cells i.e. secretion or re-absorption. The measure-
ment of the clearance of such a compound allows a reliable 
GFR evaluation. However, no endogenous substance meets 
all these characteristics simultaneously, as will be discussed 
later in the review. Conversely, a number of exogenous sub-
stances, such as fructose polymers (inulin, sinistrin), metal 
chelates (51Cr-EDTA, 99mTc-DTPA), and tri-iodobenzene 
derivatives (e.g. iohexol, iothalamte, iopamidol, iopromide), 
have been proven to act as an ideal marker.

Estimation of GFR based on creatinine

Serum creatinine

It is the most used endogenous marker used to estimate renal 
function in clinical practice and research, as well as in ani-
mal models [11, 37]. Creatinine is a waste product of normal 
muscle metabolism, an organic compound derived from the 
breakdown of creatine, a nitrogenous organic acid synthe-
sized in the liver and located mainly in the muscles. Creati-
nine is not bound to proteins and is freely filtered by glomer-
uli [61] but its synthesis is not constant since it is determined 
by the daily intake of protein and muscle turnover. Moreo-
ver, there is relevant renal tubular handling of the molecule 
i.e. secretion and reabsorption [7, 12]. All these conditions 
limit the utility of creatinine as a marker of renal function. 
In particular, in mice, creatinine tubular secretion may reach 
50% of total creatinine clearance, reducing plasma creati-
nine levels and consequently leading to the overestimation 
of GFR [12]. Also, gender differences in tubular secretion 
have been described: males may secrete more creatinine than 
females [12]. This may lead to flaws in the estimation of 
GFR between male and female animals [12]. Vallon et al. 
have demonstrated that OAT3 (organic anions transporter 
isoform 3) contributes to this tubular creatinine secretion in 
rodents [58]. In addition, kidney disease promotes creatinine 

tubular secretion, which may mask the reduction in GFR 
during the evolution of renal disease [7, 12]. These consid-
erations must be taken into account when using creatinine 
as a marker of renal function in mice models.

Also, the measurement of creatinine has largely been 
challenging. The first method, developed in 1886, to meas-
ure creatinine was the alkaline picric Jaffé reaction (colori-
metric method) [18]. The interference of this method with 
chromogens i.e. bilirubin, glucose, or hemoglobin has led 
to inaccuracies in humans [50, 56]. In rodents, non-specific 
chromogens may cause a five-fold overestimation of cre-
atinine [11, 28]. Several alternative methods have been 
adapted to measure serum creatinine. Dunn et al. developed 
an HPLC (high-performance liquid chromatography) assay 
able to measure low levels of creatinine in 25uL of plasma 
in mice and correlated the creatinine clearances with inu-
lin-based clearances [11]. Later, Yuen et al. simplified this 
method using a smaller sample volume without acid addition 
in the acetonitrile precipitation step [64]. Thus, HPLC has 
been recommended as a precise method to measure creati-
nine in mice. However, the HPLC assay is time-consuming 
and expensive and so, has been rarely used. The enzymatic 
determination, which is considered nowadays as the refer-
ence method in rodents, was validated in 2007 [19]. This 
method is based on a cascade of reactions with the aid of 
creatininase, creatinase, and sarcosine oxidase and has good 
agreement with the method using HPLC [19]. However, 
despite these improvements in the measurement techniques, 
the intrinsic limitations of creatinine, i.e. tubular secretion, 
dependence on muscle metabolism, still remain. For the 
scope of this review, we measured serum creatinine in 180 
mice that underwent measured GFR by the plasma clear-
ance of iohexol-DBS technique [40] (Fig. 1). The agreement 
between creatinine and measured GFR was weak. In fact, 
a single value of serum creatinine was associated with a 
wide range of GFR. For example, a value of 0.10 mg/dL of 
creatinine is associated with a wide range of GFR from 150 
to 600 μl/min, indicating about 400% variability (Fig. 1). 
Of note, this error is larger than in humans, where the vari-
ability between creatinine and measured GFR was reported 
to be as large as 200% [37]. All the above indicates that 
creatinine itself is far from being an ideal marker of GFR 
leading to relevant over and underestimation of real renal 
function in rodents. Clearly, this may jeopardize research in 
animal models of renal disease.

24‑h creatinine clearance

This method has been widely used to assess GFR in animal 
models. However, it must be remembered that the limitations 
of serum creatinine as a marker of renal function (Fig. 1) 
affect the precision and accuracy of the 24-h collection in 
reflecting renal function [7, 12, 58]. Urine sample collection 
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is time-consuming and stressful for the animals, both facts 
that may affect the evaluation of renal function. Rodents 
must be kept for 2-3 days in metabolic cages before starting 
the 24-h collection [54] to acclimate. Finally, blood samples 
are needed to measure serum creatinine. For blood extrac-
tion animals may be sedated or anaesthetized depending 
on different protocols [7, 8] to minimize animal stress. The 
clearance is calculated as the urine concentration of cre-
atinine multiplied by the volume of urine during 24-h and 
divided by the concentration of creatinine in serum.

All the above indicates that creatinine is not an ideal 
marker of GFR in rodents. The agreement between creati-
nine and real renal function is very poor and the variability 
is high. Thus, in terms of investigation, creatinine and cre-
atinine clearance are not reliable methods to evaluate GFR 
in rodents. The limitations of creatinine pertain more spe-
cifically to models aimed at studying CKD than to those of 
AKI. CKD is characterized by a progressive and gradual loss 
of kidney function over time. During this period, the kidneys 
can undergo various adaptive responses to maintain over-
all function like hypertrophy and hyperfiltration, which can 
partially mask the rise in serum creatinine levels. This could 
result in delayed or less pronounced increases in creatinine, 
making it a less sensitive marker for detecting early stages of 
CKD. On the other hand, AKI involves a sudden and severe 
loss of kidney function. The decline in renal function occurs 
rapidly, reducing the time of compensatory mechanism to 
mask the rise in creatinine levels. Thus, creatinine is gener-
ally considered a more sensitive marker for detecting AKI 
compared to CKD.

Estimated GFR by cystatin‑C

Cytatin-C (CysC) is a low molecular weight (13KDa) pro-
tein of the super-family of cysteine protease inhibitors. It is 
produced at a constant rate by a housekeeping gene that is 

present in all nucleated cells. Cystatin-C is freely filtered 
across the glomerulus. However, it is reabsorbed and metab-
olized by tubular epithelial cells, with precludes the use of 
24-h urine collection for clearance analysis. Also, CysC 
levels are affected by age, male, height, subclinical inflam-
mation, central adiposity, diabetes, and metabolic syndrome, 
among others [20, 39, 55]. Even so, in animal models, CysC 
has been used to determine renal damage. Song S et al. were 
the first to use cystatin-C as a reliable method to measure 
renal function in mice models. In this study, they compared 
the sensitivity of creatinine, urea nitrogen (BUN), and CysC 
in the detection of acute renal failure in mice. They observed 
that CysC was more sensitive than the others [52]. Worner S 
et al. used plasma CysC levels to determine aprotinin-asso-
ciated kidney damage [60]. Leelahavanichkul A et al. deter-
mined that CysC was a better early detection biomarker of 
renal damage than creatinine in sepsis. However, this result 
was influenced by non-renal factors limiting the accurate 
prediction of GFR in sepsis animal models [21]. Thus, CysC 
would not be an ideal marker to measure renal damage since 
there are non-renal factors that cause its modification. Even 
so, CysC has advantages since it is easy to measure and very 
sensitive to ELISA measurement [62].

Measuring GFR by an exogenous marker

Clearance of inulin

Inulin is a polymer of fructose with a molecular weight of 
5200 Da [15]. It is found in plants like chicory and garlic, 
among others that use inulin as energy. Since the pioneer-
ing studies of Homer Smith in 1951 the urinary and plasma 
clearances of inulin have been considered a classic method 
to measure renal function in humans [51]. Later, inulin 
has also been considered as the reference method to meas-
ure GFR in rodents. In humans and animals, inulin is not 

Fig. 1  Relationship between 
serum creatinine and meas-
ured glomerular filtration rate 
in C57BL/6J mice (n=180). 
Measured glomerular filtration 
rate (GFR) was assessed by 
plasma clearance of iohexol – 
Dried blood spot (DBS). Serum 
creatinine was measured by an 
automated enzymatic method 
in the Cobas 8000 equipment 
(Roche Diagnostic)
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metabolized, is bound to plasma proteins, and is freely fil-
tered by the glomeruli without being reabsorbed or secreted 
by tubular cells [49].

Despite these major advantages, the method has two 
major limitations: the cost of inulin is high and the pre-ana-
lytical procedures to measure the molecule are cumbersome. 
Inulin can be used un-labelled or labelled with radioactive 
markers (3H or 14C) or fluorescein-isothiocyanate (FITC). In 
any case, the solubility in water of inulin is poor and requires 
extensive treatment to prepare the solution for injection. The 
molecule must be dissolved in saline, filtered, heated at high 
temperatures, and dialyzed overnight to remove low-weight 
fragments inulin and residual free radioactive markers. 
Finally, the solution is injected either in a single intrave-
nous bolus [41] or continuous infusion [6, 26] and plasma 
and/or urine are collected at different time points to calcu-
late the clearance. Animals must be anaesthetized; bladder 
catheterization is needed to collect urine and several blood 
samples are required. Then, un-labelled inulin is measured 
by HPLC whereas, for radioactive-labelled inulin, a count 
emitting isotope radioactive is needed. All these steps make 
the technique not only cumbersome but also prone to errors, 
a fact that has not frequently been considered before.

In 2003, Qi et al. published the use of FITC-inulin as a 
method to measure GFR in mice [38]. Dialyzed FITC-inulin 
was injected retro-orbitally under light anaesthesia, and then, 
20 μL of blood was collected via the saphenous vein at a 
different time point in conscious animals. Then, a fluorom-
eter was used to determine fluorescence in blood and urine. 
Clearly, this approach is simpler than standard inulin. Nev-
ertheless, FITC-labelled inulin has the same requirements 
for the preparation solution for injection i.e. the molecule 
has to be dissolved, filtered, heated at high temperature, 
dialyzed overnight, and filtered again. Thus, independently 
of the method used, i.e. inulin alone, bound to radioactive 
isotopes or fluorescein, the whole procedure is tedious and 
laborious (Table 1, Fig. 2). 

Sinistrin: the new inulin?

Sinistrin is a polyfructosan extracted from the roots of 
Urgea maritime and has a lower molecular weight (3500 
Da) than inulin. To overcome the poor water solubility of 
inulin, sinistrin was introduced. Sinistrin, like inulin, can 
be used and labelled as fluorescein and most studies using 
sinistrin are complex to FITC. Sinistrin and FITC-sinistrin 
are highly soluble in aqueous solvents at room temperature 
and do not require heating to prepare the solution injec-
tion (Table 1; Fig. 2). Furthermore, it does not need to be 
dialyzed to remove non-dissolved fragments. Thus, FITC-
sinistrin has been proposed as a simpler method to measure 
GFR [34–36]. Also, FITC-sinistrin has been even adapted 
to be measured by transcutaneous devices [44]. Ta
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Transcutaneous methods for GFR measurement

In these methods, a molecule with a fluorescent marker is 
injected and the determination of GFR relies on the lecture 
of the change in the fluorescence over time by a device 
placed over the skin of the animal. Most of the available 
studies use FITC sinitrin as the exogenous marker. The 
decay of fluorescence is used to calculate the half-life of 
the elimination of the marker and then, you need con-
version half-life data into a GFR (mL/min) because the 
transcutaneous method results in relative emission signals 
which do not allow conversion into concentration using 
standard curves. The main advantage of these methods is 
that they are non-invasive (Table 1, Fig. 2). Schock-Kusch 
et al. reported its use for the first time in rats in 2009 [44]. 
In this study, a femoral vein and artery were catheterized 
in animals for the injection of FITC-sinistrin and blood 
sampling, respectively. Animals were anaesthetized and 
the fluorescence was tested with a small imager placed 
over a depilated ear. Simultaneously the plasma clearance 
FITC-sinistrin was measured using an enzymatic method 

and this clearance was used to calculate the conversion 
factor as follows: GFR (mL/min/100g b.w) = 31.26 
(mL/100g b.w.) /  t1/2 (FITC-S) (min) determined by the 
transcutaneous method. In 2011, the same group optimized 
the technique using an optical device fixed on a depilated 
region on the back of the rat. This device was built up 
from a light-emitting diode with an emission maximum for 
FITC at 480 nm, a photodiode that detects the emitted light 
at 520 nm. Also, the device has an internal memory to 
save the information. Before injection, the device detects a 
background signal and after injection, the sampling rate is 
about 60 measurements per min. In 2012, the same group 
implemented this technique in conscious mice and recalcu-
lated the conversion factor as 14616.8 (μL/100g b.w.) [46].

This technique has been used in diverse mice models such 
as healthy mice, nephrectomised mice, and animals with 
nephronophthisis [46]; C57BL/6, Balb/c, SV129, NMRI 
mice [43] lean and obese C57BL/6J mice [29] and animals 
lacking renal angiotensin-converting enzyme (ACE) [16]. 
Also, it was used in rat models like healthy rats as well in 
those with unilateral nephrectomy, 5/6 nephrectomy or rats 

Fig. 2  Schematic representation of the main methods (exogenous 
markers) to measure renal function in rodents. All of them have 
three steps: (1) The animal must be anaesthetized or sedated for (2) 

the administration of the tracer or the placement of the measurement 
device in the animal, and the last step (3) is the analysis that will be 
different depending of the marker used
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with cystic kidney diseases [44] or the Dahl salt-sensitive 
rats [5].

However, the major limitation of this technique is that it 
is an indirect method for measuring GFR. The marker excre-
tion kinetics is evaluated by the analysis of the change in the 
relative fluorescence over time, and not as the decrease in 
the absolute concentrations of the marker. Thus, conversion 
factors are needed to estimate GFR values, which may lead 
to uncertainty in GFR results. Maybe, due to that limitation, 
diverse articles showed low precision and accuracy between 
GFR measured with transcutaneous devices versus the meth-
ods using plasma samples. In rats, Schock-Kusch et al. found 
a weak correlation, i.e. r2= 0.59 and low limits of agreement 
from 0.3 to −0.3 ml/min/100g [45]. In mice, a poor agree-
ment for the two-compartment analysis was also reported: 
r2 = 0.33 with wide limits of agreement from 582 to −609.1 
μL/min/100g [46]. A similar bias was found comparing five 
groups of male mice [43]. Moreover, a recent study com-
pared GFR measurements by transcutaneous and plasma 
methods in obese and lean animal mice without showing 
a clear correlation between the methods in obese animals 
[5]. Thus, this approach may not be useful for all types of 
diseases. Another limitation to consider is the high cost of 
the device (1000$) and the low durability of its battery (only 
2 h), which makes it unfeasible for studies with a high num-
ber of animals. The major advantage of this method is its 
independence of blood/urine sampling and laboratory assays 
allowing the evaluation of renal function almost in “real-
time”. Future device optimization could make this technique 
an effective method to GFR measure in conditions where 
high precision and accuracy are not required.

Radiolabelled tracers

Since the 1970s, the use of radioactive markers has been 
used to measure GFR both in clinical practice animal mod-
els. Although frequently used in humans, few groups have 
worked with these methods in animal models. The two most 
used radiolabelled markers are ethylenediaminetetraacetic 
acid with radioactive chromium-51 (51Cr-EDTA) and dieth-
ylene triamine pentaacetic acid with radioactive techne-
tium-99 (99mTc-DTPA). 51Cr-EDTA has a molecular mass 
of 292 Da, and 99mTc-DTPA has a molecular mass of 393 Da 
and, due to their low molecular mass, are freely filtrated by 
glomerulus [48]. The method consists of measuring plasma 
and urine clearance of single injections of these radiola-
belled compounds through the tail vein or using intraperi-
toneal injections [30]. Then, blood and urine samples are 
taken at several time points and the marker is counted using 
a gamma counter and GFR is calculated.

99mTc-DTPA has been used in healthy male Wistar rats as 
well as in animals with chronic kidney disease or nephritic 
syndrome induced by doxorubicin [30]. The major limitation 

of this technique is derived from the use of radioisotopes. 
Radiolabelled reagents require special licensing and are dif-
ficult to store; the waste is difficult to handle and danger-
ous for staff who are exposed to it. Another limitation is 
that 99mTc can dissociate from DTPA and that up to 13% of 
99mTc-DTPA can bind to plasma proteins, which translated 
into an underestimation of GFR [9]. Another limitation of 
9mTc-DTPA is that results seem to vary greatly depending 
on the distributor of the radiolabelled isotope. Moreover, 
the main manufacturer of 51Cr-EDTA in Europe has recently 
ceased its distribution [1]. Therefore, when possible other 
methods should be preferred to measure GFR in rodents.

Non‑radiolabelled contrast media

Iothalamate

Iothalamate is an ionic contrast, derived from the tri-iodo-
benzoic acid with a molecular weight of 637 KDa. This mol-
ecule has been seldom used for GFR assessment in murine 
models. Bell et al. developed a rapid and sensitive HPLC 
method to detect iothalamate and para-aminohippuric acid in 
the serum and urine of rats [2]. The analytical assay allowed 
a reliable and simultaneous measurement of both GFR and 
renal blood flow. However, the procedure suffered from two 
important drawbacks. Firstly, a surgical preparation of the 
animals was required followed by a recovery period from 
anaesthesia before starting the intravenous administration 
of the markers by continuous infusions in the jugular vein. 
Secondly, sampling was performed from a cannula in the 
carotid artery and urine collection. For these reasons, the 
procedure could be considered difficult and cumbersome.

Iohexol/iohexol‑DBS

Iohexol (Omnipaque™, GE Healthcare) is a non-radioactive, 
iodinated, non-ionic monomeric, and water-soluble molecule 
widely used as a contrast medium [24, 32]. In comparison 
with the first generation of contrast agents, iohexol has 
lower osmolarity and toxicity and better safety. Iohexol is 
excreted un-metabolized by glomerular filtration, without 
being reabsorbed or secreted by renal tubular cells [27]. Nei-
ther hepatic metabolism nor interaction with blood cells has 
been described [3, 10]. In humans, the use of the clearance 
of iohexol as a reference method to measure GFR has been 
established almost 30 years ago [3, 14].

During the last decade, some groups implemented the 
clearance of iohexol in rodents. In general, the method con-
sists of the i.v. injection of a single dose of iohexol, followed 
by the extraction of several blood samples from the tip of 
the tail to perform the pharmacokinetic analysis. Iohexol 
is measured by chromatographic analysis using HPLC. 
Schulz et al. described the plasma clearance of iohexol in 
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rats in 2014 [47] using liquid-chromatography-electro-
spray-mass-spectrometry (LC-ESI-MS). They used male 
HsdRCCHan:WIS rats, which were administered with dif-
ferent doses of iohexol by tail vein, and the animals were 
sacrificed at different time points after iohexol infection 
(15, 30, 60, and 90 min) to obtain blood samples. Passos 
et al. validated the plasma clearance of iohexol in rats [33] 
versus the “classic” gold standard, the clearance of inulin, 
using capillary electrophoresis. They observed a correlation 
between iohexol clearance and inulin clearance (r=0.792). 
However, the procedure required a large volume of blood 
because the molecule was determined in plasma or serum 
instead of blood and the animals were handled under anaes-
thesia. Later, Carrara et al. developed a feasible, safe, and 
reliable protocol to determine the GFR in conscious rats 
[4]. A single intravenous injection of iohexol (129.4 mg) 
was administered and only 4 blood samples of just 15 μL 
were drawn from the tail vein at different times from the 
injection (20, 40, 120, and 140 min. In line with this study, 
Luis-Lima et al. described a simplified method in conscious 
mice [27]. In brief, 6.47 mg of iohexol was injected intra-
venously into the tail vein of sedated mice. Then, reduced 
volumes of blood samples (10μL per point) were collected 
at 15, 35, 55, and 75 min after injection from the tip of the 
tail in conscious and unrestricted mice. Finally, iohexol was 
measured by HPLC-UV in total blood applying a correc-
tor factor of 0.89. The results of the reference (two-com-
partment model) and simplified method (one-compartment 
model) were comparable. This approach was tested in mice 
with different levels of renal function, from normal GFR to 
animals with a heminephrectomy and a model of CKD [27]. 
This approach uses a limited volume per sample (10μL), a 
relevant aspect for the mice that also allows the repetition 
of the test to evaluate renal function changes over time. In 
2021, Rodríguez-Rodríguez AE et al. further simplified the 
procedure by the use of dried blood spot (DBS) sampling 
without losing accuracy and precision [40]. Blood samples 
from the tip of the tail were collected using heparinized cap-
illary tubes of 5μl at different time points: 15, 30, 45, 60, and 
75 min after injection, deposited on filter paper (Whatman 
903, GE Healthcare, Cardiff, UK) and then allowed to dry 
for at least 24h. The total amount of blood taken is very low 
(25μL), which is a specific advantage of the DBS approach. 
Then, the extraction of iohexol from the filter paper was with 
5% perchloric acid, ultrasonicated, and centrifuged [40]. The 
iohexol blood concentration from DBS samples was deter-
mined by HPLC (Table 1, Fig. 2). This DBS method was 
validated with the reference method in plasma, showing high 
accuracy and precision (concordance correlation coefficient 
(CCC) was 0.996). Taken together, the DBS technique rep-
resents a methodological simplification to determine GFR in 
small rodents improving animal welfare according to Russell 
and Burch’s 3Rs model for animal research without losing 

precision. Turner et  al. validated a two-sample iohexol 
plasma clearance method in rodents to evaluate an early 
decline in GFR compared to inulin method and endogenous 
markers such as creatinine, urea, and cystatin-C [57]. After 
a single intravenous injection of 25 mg/kg of iohexol, blood 
samples were taken at 11 time points (2, 5, 10, 20, 30, 60, 
90, 120,180, 240, and 300 min). Surprisingly, the GFR result 
obtained from the analysis of two samples (30 and 90 min) 
was closely approximated at the 11 samples clearance, with 
very high accuracy and almost no loss of precision. This 
way, the authors showed a simplified two-sample determi-
nation of iohexol as a feasible routine method to evaluate 
GFR. However, such a limited number of samples may lead 
to high errors in GFR estimation due to potential random 
errors in iohexol determination. Conversely, blood timing 
(which seems very crucial in this 2-point procedure) and/
or blood drawing errors resulting in “outsiders” points may 
easily identified and ruled out in a multiple points procedure, 
thus leading to a more reliable GFR assessment.

Conclusions

GFR measurement has been intensively studied in both 
humans and animals with a common goal: to seek out an 
affordable, reproducible, simple, rapid, safe, and comfort-
able GFR procedure. This task has been proven to be par-
ticularly demanding in small animals (rodents). The need 
to overcome the difficulties related to urine collection and 
reducing the amount of blood samples and the need to avoid 
the use of radiolabelled substances to improve the safety 
of both animals and laboratory personnel were the most 
relevant reasons that acted, along these last years, as driv-
ing forces toward the miniaturization of the procedure. As 
shown in Table 1, the methods to measure GFR in animal 
models are diverse and all of them have advantages or dis-
advantages. The endogenous markers, like creatinine or 
cystatin-C, are inaccurate and the exogenous markers have 
been developed to replace them. The radiolabelled markers 
(99mTc-DTPA and 51Cr-EDTA) are cheap but not safe and 
should be replaced by another method. Inulin is considered 
the gold standard to measure GFR and is widely used but 
it is operationally complex and expensive. Iothalamate is 
less accurate than inulin but more affordable and easier to 
use. Iohexol is considered to be a more accurate and reliable 
method. It is a safe method and has been validated in differ-
ent animal models of rats and mice. Fluorescence markers 
like FITC-inulin or FITC-sinistrin, are widely used because 
are considered to be safe and effective. Moreover, FITC-
sinistrin is used as a marker in the transcutaneous method 
to measure GFR. This method is non-invasive, which may 
reduce the stress on the animal and eliminate the need for 
blood sampling. Additionally, this method has the potential 
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to allow for real-time monitoring of GFR changes in ani-
mals. Overall, while the transcutaneous method of meas-
uring GFR in rodents shows promise, further research is 
needed to establish its accuracy and reproducibility, and it 
should be used in conjunction with other established meth-
ods to ensure the most accurate and reliable measurement 
of GFR.

In conclusion, the choice of method for GFR measure-
ment in rodents should depend on the specific research 
question, available resources, expertise of the researcher, 
and the safety and welfare of the animals. It is important to 
remember that any procedure performed on animals must 
be performed ethically and justified by scientific research.

Author contribution AERR, STT, FG, SLL, MLM, MND, and EEM 
wrote the main manuscript. AERR and FG reviewed the manuscript. 
AERR and STT prepared figures and table. All authors approved the 
final version of the manuscript.

Funding Open Access funding provided thanks to the CRUE-CSIC 
agreement with Springer Nature. This work is supported by fund-
ing from the Instituto de Salud Carlos III with the following grants: 
AERR is a recipient of a contract from the Sara Borrell programme 
(C21/00142) and STT of PFIS FI20/00147.

Availability of data and materials Not applicable

Declarations 

Ethical approval Not applicable

Completing interests All the authors declared no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

 1. Andersen TB, Jødal L, Nielsen NS, Petersen LJ (2019) Compari-
son of simultaneous plasma clearance of 99mTc-DTPA and 51Cr-
EDTA: can one tracer replace the other? Scand J Clin Lab Invest 
79(7):463–467. https:// doi. org/ 10. 1080/ 00365 513. 2019. 16582 17

 2. Bell RR, Bombardt PA, DuCharme DW, Kolaja GJ, Packwood 
WH, Bothwell BE, Satoh PS (1994) A non-radioactive iothala-
mate and p-aminohippuric acid high-performance liquid chro-
matographic method for simultaneously measuring glomerular 
filtration rate and renal blood flow in the rat. Biomed Chromatogr 
8(5):224–229. https:// doi. org/ 10. 1002/ bmc. 11300 80506

 3. Brown SC, O'Reilly PH (1991) Iohexol clearance for the determi-
nation of glomerular filtration rate in clinical practice: evidence 
for a new gold standard. J Urol 146(3):675–679. https:// doi. org/ 
10. 1016/ s0022- 5347(17) 37891-6

 4. Carrara F, Azzollini N, Nattino G, Corna D, Villa S, Cerullo D, 
Zoja C, Abrante B, Luis-Lima S, Porrini E, Cannata A, Ferrari S, 
Fois M, Stucchi N, Gaspari F (2016) Simplified method to measure 
glomerular filtration rate by iohexol plasma clearance in conscious 
rats. Nephron 133(1):62–70. https:// doi. org/ 10. 1159/ 00044 5843

 5. Cowley AW Jr, Ryan RP, Kurth T, Skelton MM, Schock-Kusch 
D, Gretz N (2013) Progression of glomerular filtration rate reduc-
tion determined in conscious Dahl salt-sensitive hypertensive 
rats. Hypertension 62(1):85–90. https:// doi. org/ 10. 1161/ HYPER 
TENSI ONAHA. 113. 01194

 6. Cullen-McEwen LA, Kett MM, Dowling J, Anderson WP, Ber-
tram JF (2003) Nephron number, renal function, and arterial pres-
sure in aged GDNF heterozygous mice. Hypertension 41(2):335–
340. https:// doi. org/ 10. 1161/ 01. hyp. 00000 50961. 70182. 56

 7. Darling IM, Morris ME (1991) Evaluation of “true” creatinine 
clearance in rats reveals extensive renal secretion. Pharm Res 
8(10):1318–1322. https:// doi. org/ 10. 1023/a: 10158 20316 660

 8. de Castro BB, Colugnati FA, Cenedeze MA, Suassuna PG, Pin-
heiro HS (2014) Standardization of renal function evaluation in 
Wistar rats (Rattus norvegicus) from the Federal University of 
Juiz de Fora's colony. J Bras Nefrol 36(2):139–149. https:// doi. 
org/ 10. 5935/ 0101- 2800. 20140 023

 9. Delanaye P (2012) How measuring glomerular filtration rate? 
Comparison of reference methods. InTechopen. https:// doi. org/ 
10. 5772/ 25770

 10. Delanaye P, Ebert N, Melsom T, Gaspari F, Mariat C, Cavalier E, 
Björk J, Christensson A, Nyman U, Porrini E, Remuzzi G, Rug-
genenti P, Schaeffner E, Soveri I, Sterner G, Eriksen BO, Bäck SE 
(2016) Iohexol plasma clearance for measuring glomerular filtra-
tion rate in clinical practice and research: a review. Part 1: how 
to measure glomerular filtration rate with iohexol? Clin Kidney J 
9(5):682–699. https:// doi. org/ 10. 1093/ ckj/ sfw070

 11. Dunn SR, Qi Z, Bottinger EP, Breyer MD, Sharma K (2004) 
Utility of endogenous creatinine clearance as a measure of renal 
function in mice. Kidney Int 65(5):1959–1967. https:// doi. org/ 10. 
1111/j. 1523- 1755. 2004. 00600.x

 12. Eisner C, Faulhaber-Walter R, Wang Y, Leelahavanichkul A, Yuen 
PS, Mizel D, Star RA, Briggs JP, Levine M, Schnermann J (2010) 
Major contribution of tubular secretion to creatinine clearance in mice. 
Kidney Int 77(6):519–526. https:// doi. org/ 10. 1038/ ki. 2009. 501

 13. Fu Y, Tang C, Cai J, Chen G, Zhang D, Dong Z (2018) Rodent 
models of AKI-CKD transition. Am J Physiol Renal Physiol 
315(4):F1098–F1106. https:// doi. org/ 10. 1152/ ajpre nal. 00199. 2018

 14. Gaspari F, Guerini E, Perico N, Mosconi L, Ruggenenti P, 
Remuzzi G (1996) Glomerular filtration rate determined from 
a single plasma sample after intravenous iohexol injection: is it 
reliable? J Am Soc Nephrol 7(12):2689–2693. https:// doi. org/ 10. 
1681/ ASN. V7122 689

 15. Gaspari F, Perico N, Remuzzi G (1997) Measurement of glomeru-
lar filtration rate. Kidney Int Suppl 63:S151–S154

 16. Giani JF, Janjulia T, Kamat N, Seth DM, Blackwell WL, Shah KH, 
Shen XZ, Fuchs S, Delpire E, Toblli JE, Bernstein KE, McDon-
ough AA, Gonzalez-Villalobos RA (2014) Renal angiotensin-con-
verting enzyme is essential for the hypertension induced by nitric 
oxide synthesis inhibition. J Am Soc Nephrol 25(12):2752–2763. 
https:// doi. org/ 10. 1681/ ASN. 20130 91030

 17. Glassock RJ, Warnock DG, Delanaye P (2017) The global burden of 
chronic kidney disease: estimates, variability and pitfalls. Nat Rev 
Nephrol 13(2):104–114. https:// doi. org/ 10. 1038/ nrneph. 2016. 163

 18. Jaffé M (1886) Ueber den Niederschlag, welchen Pikrinsäure in nor-
malem Harn erzeugt und über eine neue Reaction des Kreatinins. 

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1080/00365513.2019.1658217
https://doi.org/10.1002/bmc.1130080506
https://doi.org/10.1016/s0022-5347(17)37891-6
https://doi.org/10.1016/s0022-5347(17)37891-6
https://doi.org/10.1159/000445843
https://doi.org/10.1161/HYPERTENSIONAHA.113.01194
https://doi.org/10.1161/HYPERTENSIONAHA.113.01194
https://doi.org/10.1161/01.hyp.0000050961.70182.56
https://doi.org/10.1023/a:1015820316660
https://doi.org/10.5935/0101-2800.20140023
https://doi.org/10.5935/0101-2800.20140023
https://doi.org/10.5772/25770
https://doi.org/10.5772/25770
https://doi.org/10.1093/ckj/sfw070
https://doi.org/10.1111/j.1523-1755.2004.00600.x
https://doi.org/10.1111/j.1523-1755.2004.00600.x
https://doi.org/10.1038/ki.2009.501
https://doi.org/10.1152/ajprenal.00199.2018
https://doi.org/10.1681/ASN.V7122689
https://doi.org/10.1681/ASN.V7122689
https://doi.org/10.1681/ASN.2013091030
https://doi.org/10.1038/nrneph.2016.163


1249Pflügers Archiv - European Journal of Physiology (2023) 475:1241–1250 

1 3

Physiol Chem 10(5):391–400. https:// doi. org/ 10. 1515/ bchm1. 1886. 
10.5. 391

 19. Keppler A, Gretz N, Schmidt R, Kloetzer HM, Groene HJ, Lelongt 
B, Meyer M, Sadick M, Pill J (2007) Plasma creatinine determina-
tion in mice and rats: an enzymatic method compares favorably 
with a high-performance liquid chromatography assay. Kidney Int 
71(1):74–78. https:// doi. org/ 10. 1038/ sj. ki. 50019 88

 20. Knight EL, Verhave JC, Spiegelman D, Hillege HL, de Zeeuw D, 
Curhan GC, de Jong PE (2004) Factors influencing serum cystatin 
C levels other than renal function and the impact on renal func-
tion measurement. Kidney Int 65(4):1416–1421. https:// doi. org/ 
10. 1111/j. 1523- 1755. 2004. 00517.x

 21. Leelahavanichkul A, Souza AC, Street JM, Hsu V, Tsuji T, Doi 
K, Li L, Hu X, Zhou H, Kumar P, Schnermann J, Star RA, Yuen 
PS (2014) Comparison of serum creatinine and serum cystatin C 
as biomarkers to detect sepsis-induced acute kidney injury and 
to predict mortality in CD-1 mice. Am J Physiol Renal Physiol 
307(8):F939–F948. https:// doi. org/ 10. 1152/ ajpre nal. 00025. 2013

 22. Levey AS, Eckardt KU, Tsukamoto Y, Levin A, Coresh J, Ros-
sert J, De Zeeuw D, Hostetter TH, Lameire N, Eknoyan G (2005) 
Definition and classification of chronic kidney disease: a position 
statement from Kidney Disease: Improving Global Outcomes 
(KDIGO). Kidney Int 67(6):2089–2100. https:// doi. org/ 10. 1111/j. 
1523- 1755. 2005. 00365.x

 23. Levey AS, Inker LA (2016) GFR as the “gold standard”: esti-
mated, measured, and true. Am J Kidney Dis 67(1):9–12. https:// 
doi. org/ 10. 1053/j. ajkd. 2015. 09. 014

 24. Liu X, Peng D, Tian H, Lu C (2017) Simple equation for calcula-
tion of plasma clearance for evaluation of renal function without 
urine collection in rats. Nephrology 22(1):89–94. https:// doi. org/ 
10. 1111/ nep. 12826

 25. López-Novoa JM, Martínez-Salgado C, Rodríguez-Peña AB, López-
Hernández FJ (2010) Common pathophysiological mechanisms of 
chronic kidney disease: therapeutic perspectives. Pharmacol Ther 
128(1):61–81. https:// doi. org/ 10. 1016/j. pharm thera. 2010. 05. 006

 26. Luippold G, Pech B, Schneider S, Osswald H, Mühlbauer B 
(2002) Age dependency of renal function in CD-1 mice. Am J 
Physiol Renal Physiol 282(5):F886–F890. https:// doi. org/ 10. 1152/ 
ajpre nal. 00134. 2001

 27. Luis-Lima S, Rodríguez-Rodríguez AE, Martín-Higueras C, 
Sierra-Ramos C, Carrara F, Arnau MR, Alvarez de la Rosa D, 
Salido E, Gaspari F, Porrini E (2016) Iohexol plasma clearance, a 
simple and reliable method to measure renal function in conscious 
mice. Pflug Arch Eur J Phy 468(9):1587–1594. https:// doi. org/ 10. 
1007/ s00424- 016- 1843-4

 28. Meyer MH, Meyer RA Jr, Gray RW, Irwin RL (1985) Picric acid 
methods greatly overestimate serum creatinine in mice: more 
accurate results with high-performance liquid chromatography. 
Anal Biochem 144(1):285–290. https:// doi. org/ 10. 1016/ 0003- 
2697(85) 90118-6

 29. Mullins TP, Tan WS, Carter DA, Gallo LA (2020) Validation of 
non-invasive transcutaneous measurement for glomerular filtration 
rate in lean and obese C57BL/6J mice. Nephrology 25(7):575–
581. https:// doi. org/ 10. 1111/ nep. 13713

 30. Nankivell BJ, Fawdry RM, Harris DC (1992) Assessment of glomeru-
lar filtration rate in small animals by intraperitoneal 99mTc DTPA. 
Kidney Int 41(2):450–454. https:// doi. org/ 10. 1038/ ki. 1992. 63

 31. Nogueira A, Pires MJ, & Oliveira P A (2017) Pathophysiologi-
cal mechanisms of renal fibrosis: a review of animal models and 
therapeutic strategies. In Vivo, 31(1), 1–22. https:// doi. org/ 10. 
21873/ invivo. 11019.

 32. Olsson B, Aulie A, Sveen K, Andrew E (1983) Human pharmacoki-
netics of iohexol. A new nonionic contrast medium. Invest Radiol 
18(2):177–182. https:// doi. org/ 10. 1097/ 00004 424- 19830 3000- 00015

 33. Passos MT, Nishida SK, Câmara NO, Shimizu MH, Mastroi-
anni-Kirsztajn G (2015) Iohexol clearance for determination of 

glomerular filtration rate in rats induced to acute renal failure. PloS 
One 10(4):e0123753. https:// doi. org/ 10. 1371/ journ al. pone. 01237 53

 34. Pill J, Issaeva O, Woderer S, Sadick M, Kränzlin B, Fiedler F, 
Klötzer HM, Krämer U, Gretz N (2006) Pharmacological profile 
and toxicity of fluorescein-labelled sinistrin, a novel marker for 
GFR measurements. Naunyn Schmiedebergs Arch Pharmacol 
373(3):204–211. https:// doi. org/ 10. 1007/ s00210- 006- 0067-0

 35. Pill J, Kloetzer HM, Issaeva O, Kraenzlin B, Deus C, Kraemer 
U, Sadick M, Fiedler F, Gretz N (2005) Direct fluorometric 
analysis of a newly synthesised fluorescein-labelled marker for 
glomerular filtration rate. Anal Bioanal Chem 382(1):59–64. 
https:// doi. org/ 10. 1007/ s00216- 005- 3155-y

 36. Pill J, Kraenzlin B, Jander J, Sattelkau T, Sadick M, Kloetzer 
HM, Deus C, Kraemer U, Gretz N (2005) Fluorescein-labeled 
sinistrin as marker of glomerular filtration rate. Eur J Med Chem 
40(10):1056–1061. https:// doi. org/ 10. 1016/j. ejmech. 2005. 03. 020

 37. Porrini E, Ruggenenti P, Luis-Lima S, Carrara F, Jiménez A, de 
Vries APJ, Torres A, Gaspari F, Remuzzi G (2019) Estimated 
GFR: time for a critical appraisal. Nat Rev Nephrol 15(3):177–
190. https:// doi. org/ 10. 1038/ s41581- 018- 0080-9

 38. Qi Z, Whitt I, Mehta A, Jin J, Zhao M, Harris RC, Fogo AB, 
Breyer MD (2004) Serial determination of glomerular filtration 
rate in conscious mice using FITC-inulin clearance. Am J Physiol 
Renal Physiol 286(3):F590–F596. https:// doi. org/ 10. 1152/ ajpre 
nal. 00324. 2003

 39. Reutens AT, Bonnet F, Lantieri O, Roussel R, Balkau B, Epidemi-
ological Study on the Insulin Resistance Syndrome Study Group 
(2013) The association between cystatin C and incident type 2 
diabetes is related to central adiposity. Nephrol Dial Transplant 
28(7):1820–1829. https:// doi. org/ 10. 1093/ ndt/ gfs561

 40. Rodríguez-Rodríguez AE, Luis-Lima S, Donate-Correa J, Diaz-
Martín L, Arnau MR, Jiménez-Sosa A, Gaspari F, Ortiz A, Porrini 
E (2021) Iohexol plasma clearance simplified by Dried Blood Spot 
(DBS) sampling to measure renal function in conscious mice. Sci 
Rep 11(1):4591. https:// doi. org/ 10. 1038/ s41598- 021- 83934-2

 41. Sällström J, Fridén M (2013) Simultaneous determination of renal 
plasma flow and glomerular filtration rate in conscious mice using 
dual bolus injection. J Pharmacol Toxicol Methods 67(3):187–
193. https:// doi. org/ 10. 1016/j. vascn. 2013. 01. 010

 42. Schieppati A, Remuzzi G (2005) Chronic renal diseases as a public health 
problem: epidemiology, social, and economic implications. Kidney Int 
98:S7–S10. https:// doi. org/ 10. 1111/j. 1523- 1755. 2005. 09801.x

 43. Schock-Kusch D, Geraci S, Ermeling E, Shulhevich Y, Sticht C, 
Hesser J, Stsepankou D, Neudecker S, Pill J, Schmitt R, Melk A 
(2013) Reliability of transcutaneous measurement of renal func-
tion in various strains of conscious mice. PloS One 8(8):e71519. 
https:// doi. org/ 10. 1371/ journ al. pone. 00715 19

 44. Schock-Kusch D, Sadick M, Henninger N, Kraenzlin B, Claus 
G, Kloetzer HM, Weiss C, Pill J, Gretz N (2009) Transcutaneous 
measurement of glomerular filtration rate using FITC-sinistrin in 
rats. Nephrol Dial Transplant 24(10):2997–3001. https:// doi. org/ 
10. 1093/ ndt/ gfp225

 45. Schock-Kusch D, Xie Q, Shulhevich Y, Hesser J, Stsepankou D, 
Sadick M, Koenig S, Hoecklin F, Pill J, Gretz N (2011) Trans-
cutaneous assessment of renal function in conscious rats with a 
device for measuring FITC-sinistrin disappearance curves. Kidney 
Int 79(11):1254–1258. https:// doi. org/ 10. 1038/ ki. 2011. 31

 46. Schreiber A, Shulhevich Y, Geraci S, Hesser J, Stsepankou D, 
Neudecker S, Koenig S, Heinrich R, Hoecklin F, Pill J, Friede-
mann J, Schweda F, Gretz N, Schock-Kusch D (2012) Transcu-
taneous measurement of renal function in conscious mice. Am J 
Physiol Renal Physiol 303(5):F783–F788. https:// doi. org/ 10. 1152/ 
ajpre nal. 00279. 2012

 47. Schulz A, Boeringer F, Swifka J, Kretschmer A, Schaefer 
M, Jankowski V, van der Giet M, Schuchardt M, Toelle M, 
Tepel M, Schlieper G, Zidek W, Jankowski J (2014) A highly 

https://doi.org/10.1515/bchm1.1886.10.5.391
https://doi.org/10.1515/bchm1.1886.10.5.391
https://doi.org/10.1038/sj.ki.5001988
https://doi.org/10.1111/j.1523-1755.2004.00517.x
https://doi.org/10.1111/j.1523-1755.2004.00517.x
https://doi.org/10.1152/ajprenal.00025.2013
https://doi.org/10.1111/j.1523-1755.2005.00365.x
https://doi.org/10.1111/j.1523-1755.2005.00365.x
https://doi.org/10.1053/j.ajkd.2015.09.014
https://doi.org/10.1053/j.ajkd.2015.09.014
https://doi.org/10.1111/nep.12826
https://doi.org/10.1111/nep.12826
https://doi.org/10.1016/j.pharmthera.2010.05.006
https://doi.org/10.1152/ajprenal.00134.2001
https://doi.org/10.1152/ajprenal.00134.2001
https://doi.org/10.1007/s00424-016-1843-4
https://doi.org/10.1007/s00424-016-1843-4
https://doi.org/10.1016/0003-2697(85)90118-6
https://doi.org/10.1016/0003-2697(85)90118-6
https://doi.org/10.1111/nep.13713
https://doi.org/10.1038/ki.1992.63
https://doi.org/10.21873/invivo.11019
https://doi.org/10.21873/invivo.11019
https://doi.org/10.1097/00004424-198303000-00015
https://doi.org/10.1371/journal.pone.0123753
https://doi.org/10.1007/s00210-006-0067-0
https://doi.org/10.1007/s00216-005-3155-y
https://doi.org/10.1016/j.ejmech.2005.03.020
https://doi.org/10.1038/s41581-018-0080-9
https://doi.org/10.1152/ajprenal.00324.2003
https://doi.org/10.1152/ajprenal.00324.2003
https://doi.org/10.1093/ndt/gfs561
https://doi.org/10.1038/s41598-021-83934-2
https://doi.org/10.1016/j.vascn.2013.01.010
https://doi.org/10.1111/j.1523-1755.2005.09801.x
https://doi.org/10.1371/journal.pone.0071519
https://doi.org/10.1093/ndt/gfp225
https://doi.org/10.1093/ndt/gfp225
https://doi.org/10.1038/ki.2011.31
https://doi.org/10.1152/ajprenal.00279.2012
https://doi.org/10.1152/ajprenal.00279.2012


1250 Pflügers Archiv - European Journal of Physiology (2023) 475:1241–1250

1 3

sensitive method for quantification of iohexol. Anal Methods 
6(11):3706–3712

 48. Schwartz GJ, Furth SL (2007) Glomerular filtration rate measure-
ment and estimation in chronic kidney disease. Pediatr Nephrol 
22(11):1839–1848. https:// doi. org/ 10. 1007/ s00467- 006- 0358-1

 49. Shannon JA, Smith HW (1935) The excretion of inulin, xylose and 
urea by normal and phlorizinized man. J Clin Invest 14(4):393–
401. https:// doi. org/ 10. 1172/ JCI10 0690

 50. Shemesh O, Golbetz H, Kriss JP, Myers BD (1985) Limitations 
of creatinine as a filtration marker in glomerulopathic patients. 
Kidney Int 28(5):830–838. https:// doi. org/ 10. 1038/ ki. 1985. 205

 51. Smith HW (1951) The kidney: structure and function in health 
and disease. Oxford University Press, USA

 52. Song S, Meyer M, Türk TR, Wilde B, Feldkamp T, Assert R, Wu 
K, Kribben A, Witzke O (2009) Serum cystatin C in mouse mod-
els: a reliable and precise marker for renal function and superior 
to serum creatinine. Nephrol Dial Transplant 24(4):1157–1161. 
https:// doi. org/ 10. 1093/ ndt/ gfn626

 53. Soveri I, Berg UB, Björk J, Elinder CG, Grubb A, Mejare I, 
Sterner G, Bäck SE, SBU GFR Review Group (2014) Measur-
ing GFR: a systematic review. Am J Kidney Dis 64(3):411–424. 
https:// doi. org/ 10. 1053/j. ajkd. 2014. 04. 010

 54. Stechman MJ, Ahmad BN, Loh NY, Reed AA, Stewart M, Wells 
S, Hough T, Bentley L, Cox RD, Brown SD, Thakker RV (2010) 
Establishing normal plasma and 24-hour urinary biochemistry 
ranges in C3H, BALB/c and C57BL/6J mice following acclima-
tization in metabolic cages. Lab Anim 44(3):218–225. https:// doi. 
org/ 10. 1258/ la. 2010. 009128

 55. Stevens LA, Schmid CH, Greene T, Li L, Beck GJ, Joffe MM, 
Froissart M, Kusek JW, Zhang YL, Coresh J, Levey AS (2009) 
Factors other than glomerular filtration rate affect serum cysta-
tin C levels. Kidney Int 75(6):652–660. https:// doi. org/ 10. 1038/ 
ki. 2008. 638

 56. Syal K, Banerjee D, Srinivasan A (2013) Creatinine estimation 
and interference. Indian J Clin Biochem 28(2):210–211. https:// 
doi. org/ 10. 1007/ s12291- 013- 0299-y

 57. Turner ME, Laverty KJ, Jeronimo PS, Kaufmann M, Jones 
G, White CA, Holden RM, Adams MA (2017) Validation of 
a routine two-sample iohexol plasma clearance assessment of 
GFR and an evaluation of common endogenous markers in a 
rat model of CKD. Physiol Rep 5(9):e13205. https:// doi. org/ 
10. 14814/ phy2. 13205

 58. Vallon V, Eraly SA, Rao SR, Gerasimova M, Rose M, Nagle M, 
Anzai N, Smith T, Sharma K, Nigam SK, Rieg T (2012) A role for 
the organic anion transporter OAT3 in renal creatinine secretion in 
mice. Am J Physiol Renal Physiol 302(10):F1293–F1299. https:// 
doi. org/ 10. 1152/ ajpre nal. 00013. 2012

 59. Webster AC, Nagler EV, Morton RL, Masson P (2017) Chronic 
kidney disease. Lancet 389(10075):1238–1252. https:// doi. org/ 10. 
1016/ S0140- 6736(16) 32064-5

 60. Wörner S, Bohnert BN, Wörn M, Xiao M, Janessa A, Birken-
feld AL, Amann K, Daniel C, Artunc F (2022) Renal effects of 
the serine protease inhibitor aprotinin in healthy conscious mice. 
Acta Pharmacol Sin 43(1):111–120. https:// doi. org/ 10. 1038/ 
s41401- 021- 00628-1

 61. Wyss M, Kaddurah-Daouk R (2000) Creatine and creatinine 
metabolism. Physiol Rev 80(3):1107–1213. https:// doi. org/ 10. 
1152/ physr ev. 2000. 80.3. 1107

 62. Xu X, Zou J, Ding X, Xin D, Ren Y (2004) Clinical value of serum 
cystatin C by ELISA for estimation of glomerular filtration rate. J 
Clin Lab Anal 18(2):61–64. https:// doi. org/ 10. 1002/ jcla. 20014

 63. Yang HC, Zuo Y, Fogo AB (2010) Models of chronic kidney 
disease. Drug Discov Today Dis Model 7(1-2):13–19. https:// doi. 
org/ 10. 1016/j. ddmod. 2010. 08. 002

 64. Yuen PS et al (2004) A simplified method for HPLC determina-
tion of creatinine in mouse serum. Am J Physiol Renal Physiol 
286:F1116–F1119

Publisher’s note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1007/s00467-006-0358-1
https://doi.org/10.1172/JCI100690
https://doi.org/10.1038/ki.1985.205
https://doi.org/10.1093/ndt/gfn626
https://doi.org/10.1053/j.ajkd.2014.04.010
https://doi.org/10.1258/la.2010.009128
https://doi.org/10.1258/la.2010.009128
https://doi.org/10.1038/ki.2008.638
https://doi.org/10.1038/ki.2008.638
https://doi.org/10.1007/s12291-013-0299-y
https://doi.org/10.1007/s12291-013-0299-y
https://doi.org/10.14814/phy2.13205
https://doi.org/10.14814/phy2.13205
https://doi.org/10.1152/ajprenal.00013.2012
https://doi.org/10.1152/ajprenal.00013.2012
https://doi.org/10.1016/S0140-6736(16)32064-5
https://doi.org/10.1016/S0140-6736(16)32064-5
https://doi.org/10.1038/s41401-021-00628-1
https://doi.org/10.1038/s41401-021-00628-1
https://doi.org/10.1152/physrev.2000.80.3.1107
https://doi.org/10.1152/physrev.2000.80.3.1107
https://doi.org/10.1002/jcla.20014
https://doi.org/10.1016/j.ddmod.2010.08.002
https://doi.org/10.1016/j.ddmod.2010.08.002

	Measured GFR in murine animal models: review on methods, techniques, and procedures
	Abstract
	Introduction
	Characteristics of a marker of renal function
	Estimation of GFR based on creatinine
	Serum creatinine
	24-h creatinine clearance

	Estimated GFR by cystatin-C
	Measuring GFR by an exogenous marker
	Clearance of inulin
	Sinistrin: the new inulin?
	Transcutaneous methods for GFR measurement
	Radiolabelled tracers
	Non-radiolabelled contrast media
	Iothalamate
	Iohexoliohexol-DBS


	Conclusions
	References


