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Abstract

Background: It has been previously shown that doxycycline (Doxy) protects the kidney from preservation injury by
inhibition of matrix metalloproteinase. However, the precise molecular mechanism involved in this protection from
injury is not known. We used a pharmaco-proteomics approach to identify potential molecular targets associated
with kidney preservation injury.

Methods: Rat kidneys were cold perfused with or without doxycycline (Doxy) for 22 h. Kidneys perfusates were
analyzed for the presence of injury markers such as lactate dehydrogenase (LDH), and neutrophil-gelatinase
associated lipocalin (NGAL). Proteins extracted from kidney tissue were analyzed by 2-dimensional gel
electrophoresis. Proteins of interest were identified by mass spectrometry.

Results: Triosephosphate isomerase, PGM, dihydropteridine reductase-2, pyridine nucleotide-disulfide oxidoreductase,
phosphotriesterase-related protein, and aminoacylase-1A were not affected by cold perfusion. Perfusion with Doxy
increased their levels. N(G),N(G)-dimethylarginine dimethylaminohydrolase and phosphoglycerate kinase 1 were
decreased after cold perfusion. Perfusion with Doxy led to an increase in their levels.

Conclusions: This study revealed specific metabolic enzymes involved in preservation injury and in the mechanism
whereby Doxy protects the kidney against injury during cold perfusion.
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Background
End stage renal disease (ESRD) is the final phase of
chronic kidney disease. Hemo- or peritoneal dialysis is
life-saving in patients who progress to chronic renal fail-
ure [1]. However, since dialysis is accompanied by low
quality of life and life expectancy, kidney transplantation,
as a form of renal replacement therapy, is the option of

choice for many patients [2]. In North America, approxi-
mately 75% of all solid organ transplants performed are
kidney transplants [3].
The transplantation of a kidney or any other organ

from one person to another is necessarily accompanied
by injury, whether at the time of procurement, the pres-
ervation time, or during the completion of the anasto-
mosis. Injury may occur during those periods of either
warm [4] or cold [5] ischemia.
The consequences include delayed allograft function

(DGF), acute tubular necrosis, and acute kidney injury
(AKI) [6]. Microscopic injury can also contribute to in-
farction and to an increased incidence of acute rejection
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in the early transplant period [5]. There are numerous
factors associated with worse injury during transplant-
ation, including non-optimal preservation, [7] hypoxia,
[4] hypo- or normothermic conditions [8] and perfusion
method [7, 9, 10].
There exist a number of kidney preservation solutions,

yet in spite of this, more than 30% of transplant kidneys
from donation after circulatory death donors have de-
layed function after transplantation [11].
In this study, we focused on the changes observed in the

proteome of kidney subjected to ischemia during machine
cold perfusion. The oxidative stress of the graft during is-
chemia and reperfusion leads to an increased activity of
matrix metalloproteinases (MMPs) [12, 13], and MMPs, in
turn, are able to degrade intra- and extracellular proteins
[14] (causing the changes of protein content in kidneys)
leading to organ injury and dysfunction,. Therefore, the
main aim of the current study was to better describe the
nephroprotective activity of doxycycline (MMPs inhibitor)
during ex vivo kidney cold perfusion in a rat model. The
identification of the possible mechanisms whereby doxycyc-
line protects the transplant kidney could yield other targets
and hence other pharmacologic approaches to protecting
the transplant kidney from preservation injury.

Methods
The experimental procedures described below conform
to the Guide to the Care and Use of Experimental Ani-
mals published by the Canadian Council on Animal Care
and Committee on Animal Care of Polish Academy of
Science. The study was approved by Animal Research
Ethics Board (University of Saskatchewan, Animal Use
Protocol number 20060054) and by the Local Ethics
Board of the Institute of Immunology and Experimental
Therapy (Polish Academy of Science, Wroclaw, Poland,
Animal Use Protocol number 018/2019).

Rat kidney model
The experimental protocol for perfusion of rat kidney is
shown in Fig. 1. Male Sprague-Dawley rats (200–250 g,
Charles River, Burlington, Canada) (4 rat/group) were
anesthetized with isoflurane. The left renal artery was
ligated in situ for 10 min of warm ischemia, then cannu-
lated and the kidney was removed and rapidly cooled to
4 °C. The kidney and tubing were connected to the per-
fusion apparatus and flushed over 60 min with 20mL of
KPS-1 (kidney perfusion solution-1, Organ Recovery,
Chicago, USA).
The machine cold perfusion apparatus consisted of a

micro-pump with flow rate of 0.5 mL/min, operating in
a 4 °C cold room. The KPS-1 (20 mL with or without
100 μM Doxycycline) was continuously infused via the
renal artery and the effluent passively drained via the
renal vein to be recirculated via the pump.

The kidney was perfused for 22 h; this time was longer
than the usual clinically used preservation time in order
to increase the chances of observing significant injury of
the rat kidney. Perfusate samples of 0.5 mL were col-
lected after 22 h and stored at − 80 °C. At the end of the
perfusion, the kidney was stored at − 80 °C.

Preparation of kidney protein extracts
For immunoblot studies, frozen kidney tissue was ho-
mogenized on ice in 150 mM NaCl, 50 mM Tris-HCl
(pH 7.4) containing protease inhibitor cocktail (Sigma, St
Louis, MO, USA) and 0.1% Triton X-100. Homogenates
were centrifuged at 10000 g at 4 °C for 10 min, and the
supernatant was stored at − 80 °C until further use.
Protein samples for 2DE were prepared at room

temperature by mixing frozen (− 80 °C), powdered kidney
tissue (40 to 60mg wet weight) with 200 μL rehydration
buffer (8mol/L urea, 4% CHAPS, 10mmol/L DTT, 0.2%
Bio-Lytes 3/10 [BioRad]) at room temperature. Samples
were sonicated twice for 5 s and centrifuged for 10min at
10000 x g to remove any insoluble particles [15].

Measurement of neutrophil gelatinase-associated
lipocalin (NGAL) level
NGAL concentration in perfusates was measured using
Lipocalin-2 (NGAL) Rat ELISA Kit (Abcam, ab119602)
according to manufacturer’s instruction. The concentra-
tion of NGAL was proportional to the intensity of the
colored reaction product (450 nm). All samples (n = 4/
group) were analyzed in duplicate. NGAL level was
expressed as ng of protein per ml of perfusate.

Measurement of lactase dehydrogenase (LDH) activity
The activity of LDH in perfusates was measured with
the LDH Activity Assay kit (Sigma-Aldrich, Billerica,
MA, US, Reference number: MAK 066) according to the
manufacturer’s instruction. The LDH activity was mea-
sured as the amount of NADH generated within a mi-
nute from the conversion of lactate into pyruvate by
LDH, which was detected by colorimetric assay at 450
nm The LDH activity was expressed as milliunits per
milliliter of perfusate (mU/ml which is nmol of NADH/
min per milliliter of perfusate). All samples (n = 4/group)
were analyzed in duplicate.

Measurement of protein
Protein concentration in perfusates was evaluated by
measurement of absorbance at 220 nm and expressed as
A220nm per ml of perfusate. Protein concentration in the
kidney extract in homogenized buffer was measured with
the Bradford protein assay (Bio-Rad, Hercules, CA, USA).
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Two-dimensional electrophoresis
Protein (0.4 mg) from kidney samples (n = 4/group) was
applied to each of 11 cm immobilized linear pH gradient
(5 to 8) strips (IPG, BioRad), with rehydration for 16–18
h at 20 °C. For isoelectrofocusing, the BioRad Protean
IEF cell was used with the following conditions at 20 °C
with fast voltage ramping: step 1: 15 min with end volt-
age at 250 V; step 2: 150 min with end voltage at 8000 V;
step 3: 35000 V-hours (approximately 260 min). After
IEF, the strips were equilibrated according to the manu-
facturer’s instructions. Second dimension of 2DE was
then carried out with Criterion pre-cast gels (8–16%)
(BioRad). After separation, proteins were detected with
Coomassie Briliant Blue R250 (BioRad). To minimize
variations in resolving proteins during the 2DE run, 12
gels were run simultaneously using a Criterion Dodeca
Cell (BioRad). Because of this limitation, for 2DE ana-
lysis we used 4 kidneys from each of 3 group. All the
gels were stained in the same bath and next scanned

with calibrated densitometer GS-800 (BioRad). Quantita-
tive analysis of protein spots intensity from 2DE was
measured with PDQuest 8.0.1 measurement software
(BioRad). The protein spot sensitivity threshold used to
determine significant changes in protein spot size and
density is based on 4 parameters: minimum peak value
sensitivity, smallest spot area, largest spot area, and a noise
filter level. Using these criteria for protein resolution and
staining, we are able to obtain high reproducibility to
analyze both a single protein from the same sample run in
different gels [16] and a specific protein from different
samples [17]. Only protein spots with relative intensity be-
tween 2 and 500 arbitrary units were considered for ana-
lysis. Protein spots, that showed a significant difference
between groups, were selected for further analysis.

Mass spectrometry
Proteins from 2DE were excised from the gel. Prior to
digestion, gel bands were destained, by placing the gel

Fig. 1 Experimental protocol for perfusion of rat kidney with and without doxycycline. KPS1 – Kidney Perfusion Solution 1
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spots/bands in a centrifuge tube containing 1 ml of a
50% methanol, 5% acetic acid solution, and shaking for
approximately 1 h, or until destaining was achieved.
After destaining, gel bands were rinsed with 1 ml of
water. Then, the gel pieces containing protein of interest
were processed a robotic protein with digesting system
(Investigator ProGest, Genomic Solutions, Huntingdon,
UK). Samples were reduced using 100uL of 10 mM
DTT, alkylated with 100 μL of 55 mM iodoacetamide
and finally digested overnight with trypsin (Promega
Trypsin Gold, Mass Spectrometry Grade. Promega, PN
V5280) at 37 °C.The peptides were extracted from the
gel pieces by three 20 min incubations with a solution
(30 μL) containing acetonitrile (50%) and formic acid
(5%) in LC −MS-grade water with gentle agitation. The
extracts were pooled and dried using a vacuum concentra-
tor (Speed Vac Concentrator, SPD 111 V-230, Thermo
Electron Corp. Gormley, Canada) and finally resuspended
in LC −MS-grade water (15 μL) containing acetonitrile
(3%) and formic acid (0.5%). LC-MS/MS was performed
using a nano flow liquid chromatography system (Ultima-
te3000RSLCnanno, ThermoScientific, Toronto, Canada)
interfaced to a hybrid ion trap-orbitrap high-resolution
tandem mass spectrometer (VelosPro, ThermoScientific,
Toronto, Canada) operated in data-dependent acquisition
(DDA) mode. One μl of each sample was injected onto a
capillary column (50 cm× 75 μm PicoTip/PicoFrit Self
packed column with Jupiter C18 4u chromatographic
media, Phenomenex, Torrance, Ca, USA) at a flow rate of
300 nl x min− 1. Samples electro-sprayed at 1.2 kV using a
dynamic nanospray probe. Chromatographic separation
was carried out using 90min linear gradients (Mobile
Phase A: 0.1% formic acid in MS-grade water, mobile
phase B: 0.1% formic acid in MS-grade acetonitrile,) from
3% B to 35% B over 60min, then increasing to 95% B over
5min. MS/MS spectra were acquired using both collision-
induced dissociation (CID) and higher-energy collisional
dissociation (HCD) for the top 15 peaks in the survey 30,
000 resolution MS scan. The raw files were acquired (Xca-
libur, ThermoFisher) and exported to Proteome Discov-
erer 2.2 (ThermoFisher, Toronto, Canada) software using
SequestHT node for peptide and protein identification
against the Swiss-Prot databases for rodents. Databases
were obtained from Uniprot (Uniprot.org). The latest and
complete UniprotKB (Swiss-Prot + Unvreviwed TrEMBL)
proteome from Rattus norvegicus (ID 10116) was down-
loaded prior to data analysis. The following parameters
were selected for the database search: trypsin digest, one
missed cleavage, 10 ppm precursor mass tolerance and 10
ppm/0.8 Da for fragment (MSMS) mass tolerance for
HCD and CID respectively. Carbamidomethyl cysteine
was selected as static modification, and oxidized methio-
nines were set as dynamic modification [17, 18]. Peptide
and protein False Discovery Rate (FDR) were set to 0.1%

using Percolator [19]. The SEQUEST scoring algorithm
[20] was used to justify the accuracy of protein identifica-
tion, which is incorporated into the search engine
algorithm.

Immunoblot analysis
Protein extracts from the same kidneys that were used for
2DE (30 μg protein) were separated by SDS-PAGE (n = 3/
group). After electrophoresis proteins were transferred to
a PVDF membrane (BioRad). Membranes were probed
with rabbit polyclonal antibodies (Abcam) against triose-
phosphate, aminoacylase 1, rabbit polyclonal anti-MLC2,
phosphoglycerate kinase 1 according to the supplier’s in-
structions. Goat anti-rabbit secondary antibodies, tagged
with Alexa Fluor647 (ThermoFisher Scientific, Waltham,
MA, USA), were used and membranes developed with
VersaDoc5000 using appropriate filters. Band densities
were determined with Quantity One software (BioRad).
Actin was used as a protein loading control.

Electron microscopy
Kidneys without cold perfusion, kidneys after 22 h of
cold perfusion and kidneys after 22 h cold perfusion with
Doxy (n = 3/group) were flushed with glutaraldehyde
and 1mm cubes of tissue were excised from the upper
pole in each kidney for electron microscopy, post fixed
in osmium tetroxide, dehydrated in graded ethanol, and
embedded in an epoxy resin. Ultrathin sections were cut
and stained with uranyl acetate and lead citrate and ran-
dom areas photographed using digital transmission elec-
tron microscopy (Hitachi H9500, Tokyo, Japan). These
were reviewed in blinded fashion by a renal pathologist.

Statistical analysis
The protein spot levels were analyzed using PDQuest
measurement software and evaluated by Kruskal Wallis
and Mann-Whitney U test. The proteins of interest (de-
termined by PDQuest to be statistically significant – p <
0.05) were also analyzed with unpaired, one-tailed t-test
with Welch’s correction, followed by identification by
mass spectrometry. ANOVA or Kruskal-Wallis test was
used in functional studies. For immunoblot experiments
a two-tailed unpaired t-test with Welch’s correction was
used. Data are expressed as mean ± SEM.

Results
LDH, NGAL and total protein levels as markers of kidney
injury
LDH, NGAL and total protein levels were measured in per-
fusates as markers of injury. A two-fold increases in LDH
activity and total protein level were observed in perfusates
from ischemic kidneys perfused without Doxy (Fig. 2a,c),
compared to that seen in control kidneys. An almost 10-fold
increase in NGAL levels was seen in perfusates from
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ischemic kidneys compared to the controls (Fig. 2b). Levels
of all analyzed markers were normalized by 100 μM Doxy
(Fig. 2a-c).

Evaluation of kidney injury by electron microscopy
Because in our previous studies we showed that cold
perfusion damages structure of kidney cells [12], the ef-
fect of Doxy on kidney cells and subcellular structures

during cold perfusion was evaluated by electron micros-
copy (Fig. 3, Additional file 4).
Cold perfusion caused separation of cells and enlarging

of the extracellular space (Fig. 3, middle panels). Perfusion
with Doxy protected the kidney from this expansion of
extracellular space (Fig. 3, bottom panel). Damaged mito-
chondria and formation of dense bodies were observed
after cold perfusion (Fig. 3, middle panel, magnification 15,
000x). Perfusion with 100 μMDoxy protected mitochondria

Fig. 2 Levels of markers of kidney injury in perfusates. a Lactate dehydrogenase (LDH); b Neutrophil gelatinase-associated lipocalin (NGAL).
c Total protein level (d) Representative 2DE gel showing protein expression in kidney tissue after cold perfusion. * represents p < 0.05 vs
Control group, n = 4
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and inhibited formation of dense bodies (Fig. 3, bottom
panel, magnification 15,000x).

Analysis of kidney proteome by 2DE
Analysis of kidney homogenates by 2DE revealed 8 protein
spots where a significant difference was seen between any of
the three groups (control, 22 h perfusion, and 22 h perfusion
with solution containing Doxy) (Fig. 2d). Mass spectrometry
analysis identified these protein spots as: triosephosphate
isomerase (TPI), phosphoglycerate mutase (PGM), dihydrop-
teridine reductase-2, pyridine nucleotide-disulfide oxidore-
ductase, phosphotriesterase-related protein, aminoacylase-

1A, N(G),N(G)-dimethylarginine dimethylaminohydrolase,
and phosphoglycerate kinase 1 (Table 1). The sequences of
identified peptides are provided in Additional file 1.
Levels of the 6 first proteins (1–6, Table 1) were not

affected by cold perfusion, however 100 μM Doxy signifi-
cantly increased levels of these proteins compared to
control (Fig. 4a). Levels of protein 1, 3 and 4 were sig-
nificantly higher when perfused with Doxy compared to
those perfused without Doxy (Fig. 4a). Levels of protein
7 and 8 (Table 1) were decreased after cold perfusion
(Fig. 4b). Perfusion with Doxy increased the level of
these protein by aproximately two fold in comparison to

Fig. 3 Representative electron micrographs of control rat kidneys (upper micrographs) and perfused without (middle micrographs) or with Doxy
(bottom micrographs). Left micrographs are at 1500x magnification, micrographs on right side are at 15000x magnification. Doxy – doxycycline
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controls and kidneys perfused without Doxy (Fig. 4b). Full
size 2DE gel images are provided in Additional file 2.

Immunoblot analysis of some identified proteins
Protein level changes observed from 2DE for some pro-
teins, was verified by immunoblotting (according to
commercial availability of antibodies). In 2DE triosepho-
sphate isomerase (protein #1), aminoacylase 1 (protein
#6) were not changed in 22 h perfusates (Fig. 4a). Phos-
phoglycerate kinase (protein #8) was identified as signifi-
cantly decreased in the perfusate at 22 h. In perfusates
from kidneys protected with Doxy levels of these 3 pro-
teins were significantly increased in comparison to con-
trol levels (Fig. 5a and b).
The results of immunoblot analysis were in accord-

ance with the changes in protein levels observed in 2DE
for protein #6 (aminoacylase-1) and protein #8 (phos-
phoglycerate kinase). For protein #1 (triosephosphate
isomerase) a significant decrease in its level after 22 h of
perfusion compared to control group was observed in
WB analysis (Fig. 5), whereas there was no difference be-
tween those groups in 2DE (see Fig. 4a). Full size West-
ern blots are provided in Additional file 3.

Discussion
The preservation of kidneys for transplantation relies
mainly on hypothermia, usually at a temperature of 4 °C,
to decrease cellular metabolism and conserve stores of
adenosine triphosphate. Because metabolism is ongoing,
albeit at a slower rate, the duration of cold ischemia
should be minimized as much as possible [8], especially
in donors over 55 year old or marginal donors [2]. Even
with machine cold perfusion, significant preservation in-
jury nonetheless occurs, and likely contributes to delayed
graft function (DGF) and acute tubular necrosis in the
transplanted kidney [21]. Injury of any cause is suspected
to lead to a decrease in kidney function, shortened graft
survival, and an increase in rejection due to increased
activation of the immune system [4, 22, 23].

In our previous studies we also showed that both hearts
[13] and kidneys [12] subjected to ischemia showed an in-
creased activity of matrix metalloproteinase-2. Further-
more, we showed that inhibition of MMP activity by
pharmacological agents protects kidneys from cold perfu-
sion injury. MMPs therefore likely contribute to the injury
cascade that is involved in preservation injury.
In the current study, 22 h of machine cold perfusion

led to significant kidney injury, as shown by release of
LDH (cells injury marker) and NGAL (marker of tubular
epithelial cell damage [24]). Cold perfusion with stand-
ard preservation solution including doxycycline, an in-
hibitor of MMPs, led to decreased kidney injury, as
previously described [12].
MMPs are zinc-containing enzymes initially character-

ized as mainly functioning to degrade extracellular
matrix proteins. Further study has shown that they have
a multitude of other functions including cellular prolifer-
ation, angiogenesis, and inflammation. They have also
been shown to have intracellular effects on metabolism,
including effects on mitochondrial function [25], and
have been shown to reside in mitochondrial membranes
[26]. MMP-2 and MMP-9 has been shown to damage
mitochondrial DNA, chaperone machinery, and increas-
ing mitochondrial membrane permeability, leading in
turn to mitochondrial dysfunction and ROS generation
[27–30]. MMPs are known to be activated by oxidative
stress, other proteases, and HSP70 [31], so it seems lo-
gical that they are part of the mechanism of injury of
preserved organs.
We sought to investigate the specific mechanism by

which inhibition of MMPs protects kidneys from cold
preservation injury. We assessed the proteome changes in
kidneys subjected to machine cold perfusion in comparison
to those perfused with a solution containing Doxy. 2DE
analysis of kidney tissue showed a significant difference in
8 enzymes, all involved in cellular and mitochondrial me-
tabolism. These include 3 involved in glycolysis (triosepho-
sphate isomerase [TPI], phosphoglycerate kinase 1 [PK-1],

Table 1 Identification of protein spots

Protein spot No. Score
SEQUEST

Queries
matched

Sequence coverage (%) pI (Expa)/MW (Exp)
(kDa)

Identified proteinb

(UniProtKB/Swiss-Prot ID)

1 98.53 10 51 6.81(4.05)/26.85(24) Triosephosphate isomerase (P48500)

2 155.96 13 56 6.73(4.46)/28.83 (26) Phosphoglycerate mutase (P25113)

3 67.64 8 51 7.37(5.60)/25.55 (27) Dihydropteridine reductase-2 (P11348)

4 186.56 14 31 5.25(5.76)/55.49(37) Pyridine nucleotide-disulfide oxidoreductase (Q68FT6)

5 98.45 12 46 6.47(5.91)/39.14 (33) Phosphotriesterase-related protein (Q63530)

6 595.06 29 76 6.11(6.00)/45.80(45) Aminoacylase-1A (Q6AYS7)

7 68.57 8 38 5.81(6.90)/31.42(27) N(G),N(G)-dimethylarginine dimethylaminohydrolase (O08557)

8 184.72 17 52 7.56(7.40)/44.54(40) Phosphoglycerate kinase 1 (P16617)
a) Exp, experimental
b) List of peptides in Additional file 1
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and phosphoglycerate mutase [PGM]), one involved in the
urea cycle (aminoacylase-1A), one that regulates nitric oxide
synthesis (N(G),N(G)-dimethylarginine dimethylaminohydro-
lase) and others (dihydropteridine reductase-2, pyridine
nucleotide-disulfide oxidoreductase, phosphotriesterase-

related protein). For all 8 of these proteins, perfusion with
Doxy led to an increase in protein expression compared to
the pre-cold-perfusion state.
Of particular interest are TPI, PK-1, and N(G),N(G)-

dimethylarginine dimethylaminohydrolase, which were

Fig. 4 Results of densitometric analysis of protein spots from 2DE gels. a Shows protein increased by Doxy but not affected by cold perfusion. b
Shows proteins affected by cold perfusion (decreased level) and by Doxy (increased level). Doxy – doxycycline* represents p < 0.05 vs Control
group, # p < 0.05 vs 22 h perfusion group, n = 4
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decreased by cold preservation and for which perfusion
with Doxy led to a ‘correction’ of these decreases. TPI is a
key enzyme in glycolysis and in the provision of substrates
for cellular respiration and energy production in the mito-
chondria. N(G),N(G)-dimethylarginine dimethylaminohy-
drolase, also known as asymmetric dimethylarginine
(ADMA), is thought to reside primarily in the mitochon-
dria and plays a role in regulating the expression of nitric
oxide, which has many functions including vasodilation, in-
flammation, and maintenance of the endothelium [32].
PK-1 is also a key enzyme in both glycolysis and gluconeo-
genesis, it is somewhat unique in that it activates enzymes
in both directions of these opposing pathways [33].
These findings are in keeping with the electron micro-

graph findings, and together they suggest that inhibiting

MMPs protects the transplant kidney by actions on the
mitochondria in addition to the more well-known mech-
anism of protecting the extracellular matrices. Whether
the preservation of mitochondria is by maintenance of
mitochondrial function, or by protecting against struc-
tural changes to the mitochondria by inhibiting the
MMPs within, remains to be elucidated.
In a prior study, we documented the differences in

proteins released into the perfusate during machine cold
perfusion [34]. This revealed very different proteins
alpha-1-antitrypsin, peroxiredoxin-2, and neutrophil
gelatinase-associated lipocalin (NGAL - a standard
marker of renal injury) being released during preserva-
tion injury. There was no pharmacologic protection arm
in that study. The current study is different in that we

Fig. 5 Verification of results from 2DE by analysis of changes of protein levels with immunoblotting. Doxy – doxycycline, * represents p < 0.05 vs
Control group, # p < 0.05 vs 22 h perfusion group, n = 3
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documented intracellular proteins and we were able to
document changes in proteins that are involved in the
cell’s metabolism via glycolysis, the urea cycle, and nitric
oxide synthesis, and the differences in kidneys protected
and not protected by doxycycline.
Other teams and collaborators are looking at the addition

of hydrogen sulfide and carbon monoxide to the cold per-
fusion solution as means of protecting the transplant kidney
from injury [35, 36]. The mechanism for both approaches
appears to be through the induction of a ‘hibernation-like-
state’, that is, reducing the metabolism so that ATP and
other energy stores are preserved. Our work, on the other
hand, suggests that inhibition of MMPs protects the kid-
neys by a different mechanism, that of maintenance of
mitochondrial function and, in turn, structure.
Mitochondria produce ATP to fuel essential cellular

processes, but on the other hand, they can contribute to
cell death and in turn organ failure by production of
ROS [37]. It is understandable that maintaining of their
homeostasis has a crucial role in cell-survival.
The preservation of mitochondrial structure and their

ability to balance ATP production and consumption in
hypothermic conditions is one of the factors that allows
hibernating animals to survive the hibernation season.
The described phenomenon can be the explanation for
their resistance to IRI resembled by repetitive cycles of
torpor and arousal during hibernation state [38, 39].
Hendriks et al. showed that lowering renal temperature

progressively favors mitochondrial ROS production over
mitochondrial respiration in human kidney cells [39]. Inter-
estingly, renal cells of hibernating animal (hamster) under-
going hypothermia and rewarming showed not only the
maintenance of ATP production and a proper mitochon-
drial network structure, but also no increase in ROS [37].
In addition to the fact that hamster kidney cells had

more potent oxidative phosphorylation (and thus the lar-
ger spare oxidative capacity) than human kidney cells,
hamster cells also showed adaptation to anaerobic ATP
production (via glycolysis). The results suggested that
glycolysis contributes to maintaining ATP synthesis dur-
ing cold ischemia in hibernating animals [37].
Our results indicating the potential increase in glycoly-

sis are consistent with the metabolic adaptations ob-
served in hibernating animals. However, it is important
to remember that increased level of metabolic enzymes
does not necessarily mean an increase in the enzymatic
reaction, and further studies are needed to confirm this
conceptual reasoning.
Our results are also in accordance with the study show-

ing that Doxy increased expression of genes involved in
glycolysis in multiple human cell lines [40]. However, the
mechanism behind Doxy-induced switch from oxidative
metabolism towards glycolysis is not fully elucidated. It
has been suggested it can be an adaptive mechanism to

decreased oxidative phosphorylation (resulting from dis-
turbance of mitochondrial proteostasis through Doxy ef-
fect on mitochondrial translation) [40].
Doxy can contribute to protection of mitochondria

against ischemic damage in different ways. Except for its
potential involvement in energy metabolism, it can in-
hibit MMP activity (by chelating zinc ion in catalytic site
of MMPs [41]), as well as Doxy can directly scavenge
ROS – superoxide [42].
Currently, doxycycline is the only clinically approved

inhibitor of MMPs. Thus, although non-selective, it is
the most fitting for this research, providing the fastest
way for the potential future clinical trial. To the best of
our knowledge, Doxy has not been tested in clinical pre-
vention of organs during transplantation yet. However,
Doxy (submicrobial doses) has been shown to signifi-
cantly reduce cardiac MMP-2 activity in the clinical trial
in patients undergoing artery bypass graft surgery with
cardiopulmonary bypass (cardiac ischemia/reperfusion
injury) [43].
The processes related to renal injury during trans-

plantation is multifactorial, and it requires complex ap-
proach. As combinations of carbon monoxide releasing
molecules and doxycycline and H2S are being contem-
plated, it will be important to document which compo-
nents of metabolism are being targeted so as to avoid
the effects of one drug cancelling out the effects of the
other. It will be interesting to see what happens when
we combine the two pharmacologic approaches in up-
coming collaborations. The pharmacological approaches
addressing any of the pathways of injury related to organ
preservation and transplantation (including oxidative
stress, energy metabolism and structural changes) should
be of interest.

Conclusions
Matrix metalloproteinases are ubiquitous and are acti-
vated by oxidative stress and other proteases. The inhib-
ition of matrix metalloproteinases is able to protect the
kidney from cold preservation injury. This study sug-
gests that this may be as a result of mitochondrial pro-
tection, whether from the direct effects of MMPs from
within or by the maintenance of mitochondrial metabol-
ism and hence the maintenance of mitochondrial struc-
ture, in addition to protection of the ECM.

Supplementary information
Supplementary information accompanies this paper at https://doi.org/10.
1186/s12953-020-00159-3.

Additional file 1. The sequences of identified peptides.

Additional file 2. Two-dimensional gel electrophoresis gel images.

Additional file 3. Western blot images

Additional file 4. Electron microscopy

Moser et al. Proteome Science            (2020) 18:3 Page 10 of 12

https://doi.org/10.1186/s12953-020-00159-3
https://doi.org/10.1186/s12953-020-00159-3


Abbreviations
ADMA: N(G),N(G)-dimethylarginine dimethylaminohydrolase; AKI: Acute
kidney injury; DDA: Data-dependent acquisition; DGF: Delayed allograft
function; Doxy: Doxycycline; ESRD: End stage renal disease; FDR: False
discovery rate; HCD: Higher-energy collisional dissociation; KPS-1: Kidney
perfusion solution-1; LDH: Lactate dehydrogenase; MMPs: Matrix
metalloproteinases; NGAL: Neutrophil-gelatinase associated lipocalin;
PGM: Phosphoglycerate mutase; TMB: Tetramethylbenzidine;
TPI: Triosephosphate isomerase; 2DE: 2-dimensional electrophoresis

Acknowledgements
Not applicable.

Authors’ contributions
MM and GS conceived the idea of this study. MM, IBL, GS designed the
experiments. KS, JS, AF, AC performed the experiment and analyzed the data.
MM, GS, IBL were major contributors in writing the manuscript. The authors
read and approved the final manuscript.

Funding
This work was supported by the National Science Centre, grant no. UMO-
2017/27/B/NZ4/00601.

Availability of data and materials
The sequences of identified peptides, full size 2-DE gel images and western
blot images are available in Additional material. The additional data are avail-
able from the corresponding author on reasonable request.

Ethics approval and consent to participate
The experimental procedures conform to the Guide to the Care and Use of
Experimental Animals published by the Canadian Council on Animal Care
and Committee on Animal Care of Polish Academy of Science. The study
was approved by Animal Research Ethics Board (University of Saskatchewan,
Animal Use Protocol number 20060054) and by the Local Ethics Board of the
Institute of Immunology and Experimental Therapy (Polish Academy of
Science, Wroclaw, Poland, Animal Use Protocol number 018/2019).

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1Department of Surgery, University of Saskatchewan, Saskatoon,
Saskatchewan, Canada. 2Department of Anatomy, Physiology and
Pharmacology, University of Saskatchewan, Saskatoon, 107 Wiggins Road,
Saskatoon, Saskatchewan S7N 5E5, Canada. 3Department of Medical
Laboratory Diagnostics, Division of Clinical Chemistry, Wroclaw Medical
University, Wroclaw, Poland. 4Proteomics and Mass Spectrometry Core
Facility. Life Sciences Research Institute, Dalhousie University, Halifax, Nova
Scotia, Canada.

Received: 5 January 2020 Accepted: 31 March 2020

References
1. Jain D, Haddad DB, Goel N. Choice of dialysis modality prior to kidney

transplantation: does it matter? World J Nephrol. 2019;8:1–10.
2. Rodríguez Faba O, Boissier R, Budde K, Figueiredo A, Taylor CF, Hevia V,

et al. European Association of Urology guidelines on renal transplantation:
update 2018. Eur Urol Focus. 2018;4:208–15.

3. Organ Transplant | US Organ Donation System [Internet]. UNOS. [cited 2019
Mar 4]. Available from: https://unos.org/transplant/.

4. Salvadori M, Rosso G, Bertoni E. Update on ischemia-reperfusion injury in
kidney transplantation: pathogenesis and treatment. World J Transplant.
2015;5:52–67.

5. Ponticelli CE. The impact of cold ischemia time on renal transplant
outcome. Kidney Int. 2015;87:272–5.

6. Grenda R. Delayed graft function and its management in children. Pediatr
Nephrol. 2017;32:1157–67.

7. Deng R, Gu G, Wang D, Tai Q, Wu L, Ju W, et al. Machine perfusion versus
cold storage of kidneys derived from donation after cardiac death: a meta-
analysis. PLoS One. 2013;8 [cited 2019 Mar 4]. Available from: https://www.
ncbi.nlm.nih.gov/pmc/articles/PMC3594243/.

8. Kox J, Moers C, Monbaliu D, Strelniece A, Treckmann J, Jochmans I, et al.
The benefits of hypothermic machine preservation and short cold ischemia
times in deceased donor kidneys. Transplantation. 2018;102:1344–50.

9. Oakes DD, Spees EK, Light JA, Flye WM. Renal perfusion preservation
without cannulation. Prevention of posttransplantation renal artery stenosis.
Arch Surg. 1978;113:654–5.

10. Hamar M, Selzner M. Ex-vivo machine perfusion for kidney preservation.
Curr Opin Organ Transplant. 2018;23:369–74.

11. Mannon RB. Delayed graft function: the AKI of kidney transplantation. NEF.
2018;140:94–8.

12. Moser MAJ, Arcand S, Lin H-B, Wojnarowicz C, Sawicka J, Banerjee T, et al.
Protection of the transplant kidney from preservation injury by inhibition of
matrix metalloproteinases. PLoS One. 2016;11:e0157508.

13. Cadete VJJ, Arcand SA, Chaharyn BM, Doroszko A, Sawicka J, Mousseau DD,
et al. Matrix metalloproteinase-2 is activated during ischemia/reperfusion in
a model of myocardial infarction. Can J Cardiol. 2013;29:1495–503.

14. Cadete VJJ, Sawicka J, Jaswal JS, Lopaschuk GD, Schulz R, Szczesna-Cordary
D, et al. Ischemia/reperfusion-induced myosin light chain 1 phosphorylation
increases its degradation by matrix metalloproteinase 2. FEBS J. 2012;279:
2444–54.

15. Sawicki G, Leon H, Sawicka J, Sariahmetoglu M, Schulze CJ, Scott PG, et al.
Degradation of myosin light chain in isolated rat hearts subjected to
ischemia-reperfusion injury: a new intracellular target for matrix
metalloproteinase-2. Circulation. 2005;112:544–52.

16. Sawicki G, Dakour J, Morrish DW. Functional proteomics of neurokinin B in
the placenta indicates a novel role in regulating cytotrophoblast antioxidant
defences. Proteomics. 2003;3:2044–51.

17. Spivak M, Weston J, Bottou L, Käll L, Noble WS. Improvements to the
percolator algorithm for peptide identification from shotgun proteomics
data sets. J Proteome Res. 2009;8:3737–45.

18. Käll L, Canterbury JD, Weston J, Noble WS, MacCoss MJ. Semi-supervised
learning for peptide identification from shotgun proteomics datasets. Nat
Methods. 2007;4:923–5.

19. The M, MacCoss MJ, Noble WS, Käll L. Fast and accurate protein false
discovery rates on large-scale proteomics data sets with percolator 3.0. J
Am Soc Mass Spectrom. 2016;27:1719–27.

20. Eng JK, McCormack AL, Yates JR. An approach to correlate tandem mass
spectral data of peptides with amino acid sequences in a protein database.
J Am Soc Mass Spectrom. 1994;5:976–89.

21. Bon D, Chatauret N, Giraud S, Thuillier R, Favreau F, Hauet T. New strategies
to optimize kidney recovery and preservation in transplantation. Nat Rev
Nephrol. 2012;8:339–47.

22. Bonventre JV, Yang L. Cellular pathophysiology of ischemic acute kidney
injury. J Clin Invest. 2011;121:4210–21.

23. Smith SF, Hosgood SA, Nicholson ML. Ischemia-reperfusion injury in renal
transplantation: 3 key signaling pathways in tubular epithelial cells. Kidney
Int. 2019;95:50–6.

24. Firu SG, Streba CT, Firu D, Tache DE, Rogoveanu I. Neutrophil gelatinase
associated Lipocalin (NGAL) - a biomarker of renal dysfunction in patients with
liver cirrhosis: do we have enough proof? J Med Life. 2015;8 Spec Issue:15–20.

25. Jobin PG, Butler GS, Overall CM. New intracellular activities of matrix
metalloproteinases shine in the moonlight. Biochimica et Biophysica Acta
(BBA) - Mol Cell Res. 2017;1864:2043–55.

26. Hughes BG, Fan X, Cho WJ, Schulz R. MMP-2 is localized to the
mitochondria-associated membrane of the heart. Am J Physiol Heart Circ
Physiol. 2014;306:H764–70.

27. Santos JM, Tewari S, Lin JY, Kowluru RA. Interrelationship between
activation of matrix metalloproteinases and mitochondrial dysfunction in
the development of diabetic retinopathy. Biochem Biophys Res Commun.
2013;438 [cited 2020 Mar 4]. Available from: https://www.ncbi.nlm.nih.gov/
pmc/articles/PMC3864795/.

28. Mohammad G, Kowluru RA. Matrix Metalloproteinase-2 in the development
of diabetic retinopathy and mitochondrial dysfunction. Lab Investig. 2010;
90:1365–72.

29. Mohammad G, Kowluru RA. Novel role of mitochondrial matrix
Metalloproteinase-2 in the development of diabetic retinopathy. Invest
Ophthalmol Vis Sci. 2011;52:3832–41.

Moser et al. Proteome Science            (2020) 18:3 Page 11 of 12

https://unos.org/transplant/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3594243/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3594243/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3864795/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3864795/


30. Kowluru RA, Mohammad G, dos Santos JM, Zhong Q. Abrogation of MMP-9
gene protects against the development of retinopathy in diabetic mice by
preventing mitochondrial damage. Diabetes. 2011;60:3023–33.

31. Verma RP, Hansch C. Matrix metalloproteinases (MMPs): chemical-biological
functions and (Q)SARs. Bioorg Med Chem. 2007;15:2223–68.

32. Blackwell S. The biochemistry, measurement and current clinical significance
of asymmetric dimethylarginine. Ann Clin Biochem. 2010;47:17–28.

33. Banks RD, Blake CC, Evans PR, Haser R, Rice DW, Hardy GW, et al. Sequence,
structure and activity of phosphoglycerate kinase: a possible hinge-bending
enzyme. Nature. 1979;279:773–7.

34. Moser MAJ, Sawicka K, Arcand S, O’Brien P, Luke P, Beck G, et al. Proteomic
analysis of Perfusate from machine cold perfusion of transplant kidneys:
insights into protection from injury. Ann Transplant. 2017;22:730–9.

35. Sener A, Tran K-C, Deng JP, Garcia B, Lan Z, Liu W, et al. Carbon monoxide
releasing molecules inhibit cell death resulting from renal transplantation
related stress. J Urol. 2013;190:772–8.

36. Juriasingani S, Akbari M, Chan JY, Whiteman M, Sener A. H2S
supplementation: a novel method for successful organ preservation at
subnormothermic temperatures. Nitric Oxide. 2018;81:57–66.

37. Hendriks KDW, Lupi E, Hardenberg MC, Hoogstra-Berends F, Deelman LE,
Henning RH. Differences in mitochondrial function and morphology during
cooling and rewarming between hibernator and non-hibernator derived
kidney epithelial cells. Sci Rep. 2017;7:15482.

38. Dugbartey GJ, Bouma HR, Saha MN, Lobb I, Henning RH, Sener A. A
hibernation-like state for transplantable organs: is hydrogen sulfide therapy
the future of organ preservation? Antioxid Redox Signal. 2018;28:1503–15.

39. Hendriks KDW, Brüggenwirth IMA, Maassen H, Gerding A, Bakker B, Porte RJ,
et al. Renal temperature reduction progressively favors mitochondrial ROS
production over respiration in hypothermic kidney preservation. J Transl
Med. 2019;17:265.

40. Ahler E, Sullivan WJ, Cass A, Braas D, York AG, Bensinger SJ, et al.
Doxycycline alters metabolism and proliferation of human cell lines. PLoS
One. 2013;8:e64561.

41. Krzywonos-Zawadzka A, Franczak A, Sawicki G, Woźniak M, Bil-Lula I.
Multidrug prevention or therapy of ischemia-reperfusion injury of the heart-
mini-review. Environ Toxicol Pharmacol. 2017;55:55–9.

42. Clemens DL, Duryee MJ, Sarmiento C, Chiou A, McGowan JD, Hunter CD,
et al. Novel antioxidant properties of doxycycline. Int J Mol Sci. 2018;19
[cited 2020 Mar 4]. Available from: https://www.ncbi.nlm.nih.gov/pmc/
articles/PMC6321135/.

43. Schulze CJ, Castro MM, Kandasamy AD, Cena J, Bryden C, Wang SH, et al.
Doxycycline reduces cardiac matrix metalloproteinase-2 activity but does
not ameliorate myocardial dysfunction during reperfusion in coronary artery
bypass patients undergoing cardiopulmonary bypass. Crit Care Med. 2013;
41:2512–20.

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

Moser et al. Proteome Science            (2020) 18:3 Page 12 of 12

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6321135/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6321135/

	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Rat kidney model
	Preparation of kidney protein extracts
	Measurement of neutrophil gelatinase-associated lipocalin (NGAL) level
	Measurement of lactase dehydrogenase (LDH) activity
	Measurement of protein
	Two-dimensional electrophoresis
	Mass spectrometry
	Immunoblot analysis
	Electron microscopy
	Statistical analysis

	Results
	LDH, NGAL and total protein levels as markers of kidney injury
	Evaluation of kidney injury by electron microscopy
	Analysis of kidney proteome by 2DE
	Immunoblot analysis of some identified proteins

	Discussion
	Conclusions
	Supplementary information
	Abbreviations
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

