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Abstract: A small protein, Mitoregulin (Mtln), localizes in mitochondria and contributes to oxidative
phosphorylation and fatty acid metabolism. Mtln knockout mice develop obesity on a high-fat
diet, demonstrating elevated cardiolipin damage and suboptimal creatine kinase oligomerization
in muscle tissue. Kidneys heavily depend on the oxidative phosphorylation in mitochondria. Here
we report kidney-related phenotypes in aged Mtln knockout mice. Similar to Mtln knockout mice
muscle mitochondria, those of the kidney demonstrate a decreased respiratory complex I activity and
excessive cardiolipin damage. Aged male mice carrying Mtln knockout demonstrated an increased
frequency of renal proximal tubules’ degeneration. At the same time, a decreased glomerular filtration
rate has been more frequently detected in aged female mice devoid of Mtln. An amount of Mtln
partner protein, Cyb5r3, is drastically decreased in the kidneys of Mtln knockout mice.

Keywords: kidney; small peptide; oxidative phosphorylation; mitochondria; metabolism; mitoregulin

1. Introduction

Small proteins encoded in short open reading frames are an emerging biomolecule
largely overlooked in the past [1–4]. Out of slightly over 1000 proteins that compose a
mitochondrial proteome, more than 5% are small [5], which is below the length limit of
100 amino acids. Among them are newly discovered peptides, such as MIEF1, a component
of mitoribosome [6,7], RP11_469A15.2 gene product interacting with cytochrome oxidase
complex [8], BRAWNIN regulator of cytochrome c oxidase [9] and PIGBOS mediating
mitochondria to the endoplasmic reticulum (ER) contacts [10] (see [11] for a recent review).
One of the small mitochondrial peptides identified recently is the mitochondrial peptide
Mtln [12–14]. Its inactivation in cell lines and mice leads to respiratory chain defects [12–15]
and dysregulation of fatty acid metabolism [12–14,16]. More recently, Mtln function in
mitochondria-ER cross-talk was discovered [17]. Mice with inactivated Mtln genes demon-
strate several muscle-related phenotypes, such as lower performance on a treadmill or
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rotarod [14,18], reduction of the grip strength [18–20], smaller myofibrils [18,19], increased
cardiolipin damage [20] and several respiratory phenotypes [13,14,18]. Another tissue
found to be affected by Mtln inactivation is fat tissue. Mtln knockout in adipocytes resulted
in triacylglycerol accumulation [15], while inactivation of the Mtln gene in mice likewise
resulted in excessive fat accumulation on a high-fat diet [16].

However, muscles and fat are not the only tissues that depend heavily on mitochon-
drial respiration. The kidney is one of the major energy-consuming organs whose solute
pumps rely on mitochondrial oxidative phosphorylation as a source of ATP [21]. Several
well-known mitochondrial dysfunctions, such as MELAS (mitochondrial encephalomy-
opathy, lactic acidosis, and stroke-like symptoms), MERRF (myoclonus, epilepsy with
ragged red fibers), Pearson, Kearns–Sayre, and Leigh syndromes have kidney-related
manifestations [22]. Among the renal phenotypes of mitochondrial disorders are tubuloin-
terstitial nephritis, focal segmental glomerulosclerosis, renal tubular acidosis, proximal
and distal tubulopathy, methylmalonic aciduria, cystathioninuria, and progressive renal
failure (see [22,23] for reviews). Mitochondrial peptides were recently demonstrated to be
important molecular markers of chronic kidney disease. Humanin, a 24-amino acid peptide
encoded in the mitochondrial 16S rRNA gene, was found at elevated levels in the serum
upon chronic kidney disease, while levels of MOTS-c, a 16-amino acid peptide whose open
reading frame is found in the mitochondrial 12S rRNA, were decreased upon the same
pathologic condition [24].

An influence of Mtln on kidney function was predicted based on differential gene
expression analysis. The Mtln gene was found to be up-regulated in human fibrotic kidney
disease [25], while the Mtln knockout protected the kidney from fibrosis at a number of
damaging conditions [25].

In this work, we set up to investigate kidney-related phenotypes of the ∆Mtln-1
knockout mice line we created earlier [16,20]. Unlike Li and co-authors [25], we haven’t
performed any damaging interventions but rather observed kidney function in the aged
Mtln knockout mice.

2. Results
2.1. Kidney Morphology Changes upon Mtln Inactivation

This study of Mtln’s physiological function was started with an accidental observation.
While maintaining ∆Mtln-1 knockout mice for over a year, we noticed a reduced lifetime
of the male mice with the gene knockout relative to that of the corresponding wild-type
mice. An 18-month-old knockout male mouse demonstrating the signs of immobility,
recumbency, rough hair coat, hunched posture, and a weak reaction to external stimuli was
euthanized and used for a complete histologic analysis to identify the cause of pathology.
As a result, signs of kidney malfunction were observed (Supplementary Figure S1a).

To find the tissue most affected by ∆Mtln-1 knockout, we performed a histological
analysis of yearling knockout and wild-type male mice tissues using an aged mice pop-
ulation. While we found very few pathological differences overall, as we described in
the preceding publication [20], we specifically detected a vacuolar degeneration of kidney
proximal channels (Figure 1a) in the majority of knockout mice analyzed, while fewer
wild-type mice demonstrated similar pathology (Figure 1b). Histopathological analysis
of the kidneys of younger, 6-month-old male mice (Supplementary Figure S1b) or aged,
24-month-old female mice, has not revealed similar pathology.
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Figure 1. Mtln influence on kidney structure and respiration. (a) Hematoxylin/eosin staining of kid-
ney samples from the wild-type (left panel) and ΔMtln-1 (right panel) 12 months old male mice. 
Vacuolar degeneration of proximal channels is visible on the panel corresponding to the Mtln defi-
cient mouse (right). (b) Frequency of the proximal channels degeneration manifestation (red bars 
correspond to the pathology, green bars to the lack of pathology) in the wild-type (left bars, n = 14) 
and ΔMtln-1 (right bars, n = 9) male mice, 12 months old. (c) Number of mitochondria as addressed 
by quantitative PCR of mtDNA (mtND1 gene) vs. nuclear DNA (Ndufv1 gene) from the wild-type 
(green bars, n = 3 biological replicates, 3 technical replicates each) and ΔMtln-1 (red bars, n = 3 bio-
logical replicates, 3 technical replicates each) mice. (d) Oxygen consumption rate (OCR) of kidney 
mitochondria extracted from the wild-type (green bars, n = 3 biological replicates, 3 technical repli-
cates each) and ΔMtln-1 (red bars, n = 3 biological replicates, 3 technical replicates each) mice. The 
groups of bars correspond to the respiration on palmitoyl carnitine (CI + CII + ETF activity), py-
ruvate and malate (CI activity), glutamate and malate (CI activity), and succinate (CII activity) as 
marked below the graphs. The experimental points measured are substrates alone (init), substrates 
with rotenone (rot), substrates and ADP (ADP), substrates, ADP and oligomycin (oligo), substrates 
and FCCP (FCCP). For panels (b,c), interquartile ranges are shown as solid bars, while all data range 
by thin lines. Horizontal line corresponds to the median, the cross to the average. Significance level 
calculated accordingly to the Student’s t-test is shown. 

2.2. Respiration of Kidney Mitochondria upon Mtln Inactivation 
An influence of Mtln gene functionality on respiration efficiency was repeatedly ob-

served on both cellular [12–15] and mice [13,14,20] models. The kidney relies on oxidative 
phosphorylation as a major energy source. The quantity of mitochondria in the kidney has 
not changed upon Mtln inactivation as addressed by mtDNA (Figure 1c) quantitation. To 
evaluate the influence of Mtln on renal mitochondria function, we measured mitochon-
drial respiration using palmitoyl carnitine (Figure 1d, 1st group of bars), glutamate/malate 
(Figure 1d, 2nd group of bars), pyruvate and malate (Figure 1d, 3rd group of bars) and 
succinate (Figure 1d, 4th group of bars). The choice of substances is dictated by known 
controversies in the role of Mtln in the complex I-dependent respiration on fatty acid vs. 

Figure 1. Mtln influence on kidney structure and respiration. (a) Hematoxylin/eosin staining
of kidney samples from the wild-type (left panel) and ∆Mtln-1 (right panel) 12 months old male
mice. Vacuolar degeneration of proximal channels is visible on the panel corresponding to the
Mtln deficient mouse (right). (b) Frequency of the proximal channels degeneration manifesta-
tion (red bars correspond to the pathology, green bars to the lack of pathology) in the wild-
type (left bars, n = 14) and ∆Mtln-1 (right bars, n = 9) male mice, 12 months old. (c) Number
of mitochondria as addressed by quantitative PCR of mtDNA (mtND1 gene) vs. nuclear DNA
(Ndufv1 gene) from the wild-type (green bars, n = 3 biological replicates, 3 technical replicates
each) and ∆Mtln-1 (red bars, n = 3 biological replicates, 3 technical replicates each) mice. (d) Oxy-
gen consumption rate (OCR) of kidney mitochondria extracted from the wild-type (green bars,
n = 3 biological replicates, 3 technical replicates each) and ∆Mtln-1 (red bars, n = 3 biological repli-
cates, 3 technical replicates each) mice. The groups of bars correspond to the respiration on palmitoyl
carnitine (CI + CII + ETF activity), pyruvate and malate (CI activity), glutamate and malate (CI
activity), and succinate (CII activity) as marked below the graphs. The experimental points measured
are substrates alone (init), substrates with rotenone (rot), substrates and ADP (ADP), substrates, ADP
and oligomycin (oligo), substrates and FCCP (FCCP). For panels (b,c), interquartile ranges are shown
as solid bars, while all data range by thin lines. Horizontal line corresponds to the median, the cross
to the average. Significance level calculated accordingly to the Student’s t-test is shown.

2.2. Respiration of Kidney Mitochondria upon Mtln Inactivation

An influence of Mtln gene functionality on respiration efficiency was repeatedly observed
on both cellular [12–15] and mice [13,14,20] models. The kidney relies on oxidative phosphory-
lation as a major energy source. The quantity of mitochondria in the kidney has not changed
upon Mtln inactivation as addressed by mtDNA (Figure 1c) quantitation. To evaluate the
influence of Mtln on renal mitochondria function, we measured mitochondrial respiration using
palmitoyl carnitine (Figure 1d, 1st group of bars), glutamate/malate (Figure 1d, 2nd group of
bars), pyruvate and malate (Figure 1d, 3rd group of bars) and succinate (Figure 1d, 4th group
of bars). The choice of substances is dictated by known controversies in the role of Mtln in
the complex I-dependent respiration on fatty acid vs. carbohydrate-derived oxidative sub-
strates [12,13,15,18,20]. We observed a decreased Complex I-dependent respiration for kidney
mitochondria devoid of Mtln. The difference between the wild-type kidney mitochondria and
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the ∆Mtln-1 knockout mice was observed for all respiratory Complex I (CI) substrates, but
not succinate, which is the substrate for respiratory Complex II (CII). Likewise, respiration
stimulated by the excess of ADP (Figure 1d, 2nd group of bars) and respiration uncoupled from
ATP production (Figure 1d, rightmost bars) was inhibited by inactivation of Mtln, reminiscent
of our earlier observations on the cell culture Mtln knockouts [12] and muscle mitochondria of
Mtln knockout mice [20].

2.3. Cardiolipin Damage in Kidney Mitochondria upon Mtln Inactivation

Earlier, we observed a decrease in cardiolipin amount and an increase in monolyso-
cardiolipin in muscle mitochondria of mice devoid of Mtln [20], likely explained by a
predominance of cardiolipin damage over cardiolipin repair. Since cardiolipin is an ubiq-
uitous mitochondria-specific lipid present in the organelles of all tissues, it was logical to
assume that kidney mitochondrial cardiolipin might be affected by Mtln knockout similar
to that of cardiolipin of muscles. To this end, we tested whether kidney mitochondria of
Mtln knockout mice are depleted with cardiolipin (CL) and possess an increased amount
of monolysocardiolipin (MLCL) similar to that observed earlier for muscle mitochondria.
Consistent with our observations for soleus and tibialis anterior, we detected a decrease in
the amount of CL (Figure 2a) and an increase in the proportion of MLCL (Figure 2b,c).
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Figure 2. Mtln influences cardiolipin homeostasis in kidney mitochondria. (a) Cardiolipin quantitation
in the kidney mitochondria of the wild-type male (green bars, n = 8) and ∆Mtln-1 male (red bars, n = 9)
mice. (b) Quantitation of the amount of monolysocardiolipin (MLCL) relative to the total amount of
cardiolipin and monolysocardiolipin (MLCL + CL) in the kidney mitochondria of the wild-type male
(green bars, n = 9) and ∆Mtln-1 male (red bars, n = 9) mice. (c) Thin layer chromatography of the
kidney mitochondrial lipids of the wild-type (left 3 lanes) and ∆Mtln-1 (right 3 lanes) mice. Lipid
designations are fatty acids (FA), cardiolipin (CL), monolysocardiolipin (MLCL), phosphatidic acid (PA),
phosphatidylethanolamine (PE), phosphatidylinositol (PI), phosphatidylserine (PS), phosphatidylcholine
(PC), and lysophosphatidylcholine (LPC). For panels (a,b), interquartile ranges are shown as solid bars,
while all data range by thin lines. Horizontal line corresponds to the median, the cross to the average.
Significance level calculated accordingly to the Student’s t-test is shown.

2.4. Kidney Mitochondrial Creatine Kinase Oligomerization and Activity Depend on Mtln Functionality

In our previous experiments with oxidative soleus and glycolytic tibialis anterior muscles
of the ∆Mtln-1 knockout mice, we observed an influence of Mtln on the oligomerization
and activity of the mitochondrial creatine kinase (mtCK) [20]. This influence is likely to be
caused by the excessive destruction of CL. Although the creatine (Cr) shuttle is less important
for the kidney, we assayed mtCK oligomerization (Supplementary Figure S2a) and activity
(Supplementary Figure S2b) similar to that of muscle mitochondria. We observed an
inhibition of mtCK octamerization and a decrease in the mtCK activity in the kidney
mitochondria of ∆Mtln-1 mice.
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An assay on the respiration coupled to ADP regeneration via Cr phosphorylation
(Supplementary Figure S2c) demonstrated a general inhibition of CI-dependent respiration
irrespective of the Cr shuttle in agreement with less importance of the Cr/CrP shuttling of
kidney cells.

2.5. Reduction of Glomerular Filtration Rates upon Mtln Inactivation

Histological analysis, as well as mitochondrial cardiolipin level or respiration, does not
directly demonstrate an impairment in kidney function. To check whether Mtln inactivation
would affect kidney performance, we determined glomerular filtration rates (GFR) via
transdermal monitoring of the FITC-sinistrin clearance from the bloodstream [26]. In this
experiment, mice were injected with fluorescently labeled sinistrin, normally cleared by
renal filtration. Fluorescence intensity decay in the blood was conveniently monitored by a
miniature fluorimeter mounted on the skin of mice after fur shaving. While an absolute
value of the fluorescence is uninformative due to the variation in the blood vessel networks
below the monitor, the speed of the fluorescence decrease is indicative of the glomerular
filtration rate. While young (6-month-old) male mice demonstrated no dependence of GFR
on the Mtln functionality, we observed a significant deceleration of glomerular filtration for
aged (24-month-old) female ∆Mtln-1 mice (Figure 3a,b).
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bars, n = 7) and ΔMtln-1 (red bars, n = 6) 24 months old female mice. ns-not significant. For panels 
(a,c), interquartile ranges are shown as solid bars, while all data range by thin lines. Horizontal line 
corresponds to the median, the cross to the average. Significance level calculated accordingly to the 
Student’s t-test is shown.  

The suboptimal kidney function of the aged ΔMtln-1 mice might be explained by an 
excessive accumulation of senescent cells. To this end, we stained kidney slices of the 24-
month-old female mice for β-galactosidase positive cells and counted senescent cells (Fig-
ure 3c). However, no significant difference in the density of senescent cells between the 
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Figure 3. Mtln influences kidney functionality. (a) Glomerular filtration rates for the wild-type (green bars,
left side, n = 7) and ∆Mtln-1 (red bars, left side, n = 6) female 24 months old mice and wild-type (green bars,
right side, n = 6) and ∆Mtln-1 (red bars, right side, n = 6) male 6 months old mice. Values correspond to the
half-periods of FITC-sinistrin blood clearance assessed by transdermal fluorescence monitor. (b) Primary
data on glomerular filtration rate (GFR). Shown are transdermally measured fluorescence intensity curves
indicating FITC-sinistrin clearance from the bloodstream. (c) Quantitation of senescent cell number per
mm2 in the kidney of the wild-type (green bars, n = 7) and ∆Mtln-1 (red bars, n = 6) 24 months old female
mice. ns-not significant. For panels (a,c), interquartile ranges are shown as solid bars, while all data range
by thin lines. Horizontal line corresponds to the median, the cross to the average. Significance level
calculated accordingly to the Student’s t-test is shown.
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The suboptimal kidney function of the aged ∆Mtln-1 mice might be explained by
an excessive accumulation of senescent cells. To this end, we stained kidney slices of the
24-month-old female mice for β-galactosidase positive cells and counted senescent cells
(Figure 3c). However, no significant difference in the density of senescent cells between the
wild-type and ∆Mtln-1 mice was found.

2.6. Mtln Inactivation Perturbs Kidney Gene Expression

To get further insight into the functional role of Mtln in the kidney, we performed sequenc-
ing of kidney transcriptome for the ∆Mtln-1 mice (Supplementary Table S1, Figure 4a).Int. J. Mol. Sci. 2023, 24, x FOR PEER REVIEW 7 of 14 
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(a) Volcano plot of differentially expressed genes. X-axis corresponds to the log-scale fold change of
expression, ∆Mtln-1, relative to the wild-type, while the y-axis corresponds to the p-value. (b) Gene
set enrichment analysis result demonstrating downregulation of genes from the category of fatty
acids metabolism (left panel) and the category of oxidative phosphorylation (right panel) in the
kidneys of ∆Mtln-1 mice. (c) Immunoblotting of kidney extracts of the wild-type (left 3 lanes) and
∆Mtln-1 (right 3 lanes) mice. Antibodies against mitochondrial proteins Cyb5r3, Opa1, Mfn2, Vdac1,
and control antibodies against Gapdh were used as indicated left to the panels.
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Unlike muscle transcriptome [20], which demonstrated a minor difference overall, the
kidney demonstrated more genes whose expression was significantly up or downregulated.
Gene set enrichment analysis (GSEA) [27] of the differentially expressed genes resulted in
a finding of the following top-ranked categories that were enriched in the downregulated
genes: fatty acids metabolism (Figure 4b, left panel), bile acids metabolism, protein secretion,
xenobiotic metabolism, Myc targets, and oxidative phosphorylation (Figure 4b, right panel).

Immunoblotting of the kidney extracts of Mtln knockout mice (Figure 4c,
Supplementary Figure S3) corroborated a previously obtained result by mtDNA qPCR,
namely, that the number of mitochondria is unchanged upon Mtln inactivation. A moderate
increase in the amount of mitofusin (Mfn2) was observed, which could not be explained
by excessive transcription (Supplementary Table S1), but most likely by protein stabi-
lization. Mfn2 is a protein whose stability is controlled by PARK2/PINK1-dependent
degradation [28], which might be downregulated upon Mtln inactivation.

In our previous study [12], we observed an interaction of Mtln with Cyb5r3, an
oxidoreductase involved in fatty acids desaturation [29], and several other biosynthetic
processes related to hydrophobic compounds [30]. Often, protein partners stabilize each
other against possible unfolding and proteolytic degradation. To address this issue, we
performed an immunoblotting of the ∆Mtln-1 kidney extracts with anti-Cyb5r3 antibodies
(Figure 4c, panel anti-Cyb5r3, Supplementary Figure S3). A drastic decrease in the amount
of Cyb5r5 upon Mtln inactivation was observed.

3. Discussion

Small mitochondrial protein Mtln is involved in respiration mediated by the CI com-
plex [12,20] and regulation of fatty acids metabolism [12–14,16]. An involvement of Mtln in
muscle [13,14,20] and adipose tissue [15,16] functioning is documented. Here we addressed
the role of this small protein in the functioning of kidneys. We revealed in this study
that vacuolar degeneration of kidney proximal channels caused by Mtln gene knockout
poses a life threat. The kidney is the second most oxygen-consuming organ [31], whose
proximal tubule cells consume a major share of the oxygen to produce ATP fueling an array
of transmembrane solute pumps. Multiple mitochondrial diseases have specific renal mani-
festations [21,32]. Symptoms observed earlier for Mtln knockout mice [16], such as elevated
serum concentrations of lactate and triglycerides accompanied by increased body mass, are
associated with type II diabetes [33]. Mitochondrial dysfunction contributes to the progres-
sion and complications of this disease [31,34]. The role of mitochondrial peptides, such as
Humanin and MOTS-c, in kidney function has been previously reported [24]. Moreover,
kidney-related Mtln function was also reported in a recently published manuscript [25].
An increase in Mtln expression was found to accompany chronic kidney disease leading to
extracellular matrix deposition substituting normal kidney tissue. Artificial reduction of
Mtln expression leads to reduced kidney fibrosis upon unilateral ureteral obstruction [25].
In our study, we observed detrimental age-associated kidney damage upon Mtln inactiva-
tion. The manifestation of the pathology and a disease model in our study and that of Li
and co-authors [25] are different. It is unlikely that Mtln functionality would be retained
in evolution if it were dangerous for kidney function. On the contrary, it is likely that
an increase in Mtln expression regarding kidney damage is a secondary effect aiming to
compensate for renal dysfunction.

In this study, we observed two age- and gender-dependent kidney pathologies asso-
ciated with a loss of Mtln function, vacuolar degeneration of kidney proximal channels
in aged males, and a deceleration of the glomerular filtration in aged females. Younger
mice did not display these pathologies, likely because the destructive effect of Mtln loss
on mitochondria accumulates with age. The aging-specific phenotype of mitochondrial
peptide inactivation is common. For a recent review on the association of mitochondrial
peptides and aging, see [35]. Gender-specific differences in kidney pathology related to
mitochondria function are also known (see [36] for a review). In the current study, we
revealed the difference in age-related kidney malfunction in male and female mice devoid
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of Mtln. Further work is needed to uncover molecular mechanisms leading to the age- and
gender-specificity of Mtln knockout renal phenotypes.

While molecular mechanisms linking Mtln peptide with the phenotypic manifestations
of its knockout are still enigmatic, our study contributes to the understanding of this process.
An observed decrease in the concentration of Cyb5r3, an Mtln partner protein, upon Mtln
inactivation, might also contribute to an observed phenotype. Accumulation of MLCL at
the expense of CL concentration decrease indicates CL damage, which is excessive over
CL repair. It could be hypothesized that this damage, exacerbated with age, might cause
mitochondrial dysfunction leading to kidney malfunction.

4. Materials and Methods
4.1. Mice Housing and Breeding

All manipulations were conducted in compliance with the protocol approved by
the Local Bioethics Commission of the Research Center “Institute of Mitoengineering of
Moscow State University” LLC, (Moscow, Russia). Commission decision #79 dated July
2015, #133 dated 23 April 2018, the Bioethics Commission of Lomonosov MSU #76 dated
10 May 2018.

Mtln knockout mice were generated as described [16]. The animals were kept in
individually ventilated cages (IVC system, TECNIPLAST S.p.A., Buguggiate, Italy), with
unrestricted access to food and water, in an environment free of specific pathogens, un-
der a 12:12 h light/dark cycle, 35 lux. Founder pups and their descendants mated with
inbred C57BL/6J mice were genotyped by genomic DNA amplification with the primers
GAGTCAGGGAACTCTGCTTCCTTT and CTCAGGCCAGGTCCAGCTTTTTC, followed
by Sanger sequencing (Center of Collective Use «Genome» at Engelhard Institute of Molec-
ular Biology, Moscow, Russia).

Experiments were performed on 12- and 6-month-old males and 24-month-old females,
as indicated in the text.

4.2. Glomerular Filtration Rate

Intravital study of kidney functional activity was carried out using a miniature flu-
orescent detector (MediBeacon, Mannheim, Germany) attached directly to the skin on
the back of the animal. It measured the excretion kinetics of the exogenous GFR tracer,
fluorescein-isothiocyanate (FITC) conjugated sinistrin [26]. In contrast to the standard
protocol, in our research, animals in the experiment were under general injection anesthesia
(a combination of Zoletil and Xylazine). The injection of 40 mg/mL FITC-sinistrin (in
PBS) at a dose of 0.15 mg/g was carried out in the retroorbital sinus. The collected data
were obtained from a transdermal sensor in the MB Lab ver.2.26 program (MediBeacon,
Mannheim, Germany). According to a standard protocol, we compared the FITC-sinistrin
half-life excretion time by relative fluorescence intensity [26].

4.3. Histology

Male and female kidneys were used for histopathological examination. The specimens
were fixed with 10% buffered formalin solution (pH 7.4), trimmed, dehydrated with 99.7%
isopropanol, and paraffin-embedded. Microtome sections (3 µm) were deparaffinized,
hydrated, and stained with hematoxylin and eosin. Pathologies were diagnosed and
classified according to published recommendations [37,38].

To stain beta-galactosidase-positive senescent cells, we used the protocol for paraffin
sections created by V.N. Manskikh [39]; kidney samples were fixed with Baker’s formol-
calcium solution (1 g CaCl2, 10 mL 37% formaldehyde, 90 mL water) [40] during 24 h at
+4 ◦C, washed in distilled water for 24 h, dehydrated in 3 changes of absolute acetone at
+4 ◦C for 2 h in each, cleared 1 h in benzene and embedded in paraffin with Z. Lojda et al.
method for enzyme histochemistry [41]. Microtome sections with a thickness of 5 µm
were stained 3 h with X-gal solution (20 mg X-gal, 1 mL Dimethylformamide, 5 mL 1.65%
K3[Fe(CN)6], 5 mL 2.11% K4[Fe(CN)6], 70 mL 0.1 M citrate buffer pH 6.0) at suboptimal
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pH 6.0 and 37 ◦C as recommended [42] and counterstained with nuclear red. The number
of senescent cells in the full organ section were counted manually and normalized to 1 mm2

of section area with ImageJ v1.4.3 software on organ photomicrographs.

4.4. Tissue Processing, Mitochondria Preparation, and Respiration Analysis

Kidneys were separated from the capsule upon extraction and placed in an ice-cold
isolation medium. Part of the kidney (5–10 mg) was immediately frozen in liquid nitrogen
and stored at−80 ◦C for later determinations of enzyme activities, oligomer state of creatine
kinase, and creatine concentration. Mitochondria preparation from kidneys of wild-type
and mutant mice was done as described before with slight modifications [43]. For that,
tissue fragments were gently minced by small cooled scissors into 0.5 mm pieces and,
due to the small size of samples, homogenized in a homemade 0.5 mL Potter Teflon–glass
microhomogenizer with 200-micron clearance in 10 volumes (v/w) of 250 mM sucrose,
0.5 mM EGTA, 20 mM HEPES-NaOH, pH 7.6, and 0.1% BSA (isolation medium) for 2 min
at 4 ◦C, with a ratio of 5/1 volume to weight of tissue fragment. The homogenate was
centrifuged at 1000× g for 10 min at 4 ◦C in a centrifuge (Eppendorf, Hamburg, Germany).
The supernatant was collected and centrifuged at 9000× g under the same conditions.
Mitochondrial pellets were collected and suspended in the same volume of isolation
medium lacking BSA (a microhomogenizer and centrifugation at 10,500 g for 10 min at
4 ◦C were used). The resulting pellet was suspended in a minimal volume (approximately
1 uL/mg of initial tissue weight) with a typical concentration of 90–100 mg/mL, as determined
using the bicinchoninic acid method with BSA as the standard, according to the manufacturer’s
instructions (Pierce, Waltham, MA, USA). All procedures were performed in a cold box at 4 ◦C.

To assess the respiration capacity of the isolated mitochondria, the rate of oxygen con-
sumption was measured at 25 ◦C using a closed-type Clark electrode on Hansatech oxygraph
(Narborough, UK) as described before [43]. Mitochondria (0.05–0.1 mg protein) were incu-
bated in an oxygraph cell containing 0.5 mL of MIR05 [44] respiration medium (EGTA 0.5 mM,
3 mM MgCl2, 60 mM potassium lactobionate, 20 mM taurine, 10 mM KH2PO4, 20 mM HEPES,
110 mM sucrose, 1 g/L BSA) and the efficiency of respiration was evaluated in the presence of
5 mM glutamate/1.25 mM malate, 5 mM pyruvate/1 mM malate or 5 mM succinate/ 2 mM
rotenone or 10 µM palmitoyl-L-carnitine. Then indicated 1 µM oligomycin, or 0.1 mM ADP
or 0.1 mM ATP/2 mM creatine, or 10 nM FCCP was added.

4.5. Lipid Analysis

Cardiolipin content in isolated mitochondria was estimated using the Cardiolipin
Assay Kit (ab241036, Abcam, Waltham, MA, USA) according to manufacture protocol.

Lipids extraction was performed according to the Bligh and Dyer method under a
stream of nitrogen with oxygen-free solutions bubbled with N2 [45]. Extracted lipids were
solved in a chloroform/methanol mixture 2:1 (v/v). Thin-layer chromatography was done
according to the published procedure [46]. Analytical grade organic solvents and HPTLC
chromatography plates (20 × 10 cm silica gel 60 F254 aluminum plates) were obtained from
E. Merck (Darmstadt, Germany). Before sample or standard application, HPTLC plates
were prepared by immersion in 2.3% boric acid in ethanol and then dried and activated at
110 ◦C for 20 min.

Samples were applied with the homemade glass capillary sample applicator with
valve (driven by nitrogen stream) as 10 mm-long bands, 15 mm from the bottom of the
plate, at a constant application rate of about 200 nL/s, under continuous drying with a
stream of nitrogen at 4 bars. For PLs standards (Avanti Polar Lipids, Alabaster, AL, USA), a
stock solution (1 mg/mL) was prepared in chloroform/methanol (2:1, v/v).

Elution was done in a glass chamber equilibrated with a vapor of eluent for 1 h. The eluent
consisted of a mixture of chloroform/ethanol/triethylamine/water (3/3.5/3.5/0.7, v/v).

After a 1D development, drying, and immersion in the staining reagent bath with 0.5%
copper sulfate (w/v) in 1.16 m orthophosphoric acid (2 min), plates were dried at fume
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hood for 2 h at room temperature and heated at sand bath for 15 min at 155 ◦C to carbonize
organic matter and visualize PLs.

Plates were photographed in reflection mode under white light in the Biorad ChemiDoc.
Images were analyzed in absorbance mode. PL spot intensities were integrated, and peaks
surfaces were expressed in arbitrary units with the help of Image J and, after calibration with
CL and MLCL standards, converted to nmoles/mg of mitochondrial protein.

4.6. Whole Transcriptome Assay

Transcriptome libraries were prepared using mRNA isolated by polyA fractionation
and Dynabeads® mRNA DIRECT™ Micro Kit (Invitrogen, Waltham, MA, USA) from
kidney tissue of wild-type (n = 3) and Mtln knockout (n = 3) mice. The quality and
concentrations of libraries were measured by the automated electrophoresis system Agilent
4200 BioanalyzerTM with the High Sensitivity ScreenTape kits (Agilent, Santa Clara, CA,
USA) and Qubit 4 fluorimeter (Thermo Fisher Scientific, Waltham, MA, USA), respectively.
The libraries proceeded in three replicas using an Ion Total-RNA Seq Kit v2 according to
the manual provided. Chip loading was done using Ion Chef™ Instrument with the Ion
540™ Chef Kit (Thermo Fisher Scientific, USA), while sequencing was performed on Ion
GeneStudio™ S5 System (Thermo Fisher Scientific, USA).

Read quality was analyzed by the FastQC program. Reads with unsatisfactory quality
and/or length were removed utilizing the Trimmomatic-0.36 package. The reads were
aligned from the obtained files to the reference genome of Mus musculus with the assembly
GRCm39 (GCA_000001635.9) by the STAR 2.7 software [47]. The resulting files with reads
aligned and sorted by coordinates were used to obtain the count matrix using the HTSeq
package. The obtained count matrix was analyzed using the web application Phantasus,
integrated into the R environment. Differentially expressed genes were evaluated using the
Limma package. Adjustment p-values (q-value or FDR, false discovery rate) for genes were
set at less than 0.05 to detect differentially expressed ones. Functional enrichment analysis
was performed with GSEA [27] against h.all.v7.5.symbols database.

4.7. Immunoblotting

Immunoblotting of tissue lysates was done as previously described [39]. For im-
munoblot analysis, samples of kidney tissue were lysed in RIPA buffer (150 mM sodium
chloride, 50 mM Tris-HCl pH 8.0, 0.5% Nonidet P-40, 1% sodium deoxycholate, 0.5% SDS)
with protease inhibitor cocktail (ThermoFisher Scientific, Waltham, MA, USA). The transfer-
ready PVDF membrane (Thermo Scientific, Waltham, MA, USA) was blocked for 1 h in
TBST (10 mM Tris-HCl pH 7.5, 150 mM NaCl, 0.1% Tween-20) containing 5% bovine serum
albumin (BSA, Proliant Biologicals, Ankeny, IA, USA). All primary antibodies were diluted
1:1000 in TBST containing 5% BSA. The following primary antibodies were used: anti-OPA1
(ab42364, Abcam, Waltham, MA, USA), anti-MFN2 (ab56889, Abcam, Waltham, MA, USA),
anti-CYB5R3 (sc-398043), anti-VDAC1 (ab15895, Abcam, Waltham, MA, USA).

The secondary HRP-conjugated anti-mouse (1721011, Biorad, Hercules, CA, USA) and
anti-rabbit (1706515, Biorad, Hercules, CA, USA) antibodies were used at a 1:3000 dilution.
GAPDH (ab8245, Abcam, Waltham, MA, USA) was used as a loading control.

4.8. qPCR

Assessment of the mitochondrial-to-nuclear DNA ratio was done as previously de-
scribed [39]. DNA was extracted from 5–15 mg of kidney tissue with GeneJET Ge-
nomic DNA Purification Kit (ThermoFisher Scientific, Waltham, MA, USA). Quantitative
PCR gene amplifications were performed using SYBR® Green PCR master mix (Ther-
moFisher Scientific, Waltham, MA, USA) in the CFX384 Touch Real-Time PCR System.
qPCR was conducted using primer sets: mt-Nd1 5′-TCCCCTACCAATACCACACC-3′,
5′-CGGCTCGTAAAGCTCCGAAT-3′, and Ndufv1 5′-GATGTGTTTGTGGTGCGTGG-3′,
5′-GAATTGCGTTCTCGGCCAAA-3′. The amount of mitochondrial DNA was calculated
by the 2−∆∆CT method and normalized to the nuclear DNA.
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