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ABSTRACT
Background. Ischemia–reperfusion (IR) injury is the main cause of delayed graft
function in solid organ transplantation. Hypoxia-inducible factors (HIFs) control the
expression of genes related to preconditioning against IR injury. During normoxia,
HIF-α subunits are marked for degradation by the egg-laying defective nine homolog
(EGLN) family of prolyl-4-hydroxylases. The inhibition of EGLN stabilizes HIFs and
protects against IR injury. The aim of this study was to determine whether the EGLN
inhibitors sodium (S)-2-hydroxyglutarate [(S)-2HG] and succinic acid (SA) have a
nephroprotective effect against renal IR injury in Wistar rats.
Methods. (S)-2HG was synthesized in a 22.96% yield from commercially available
L-glutamic acid in a two-step methodology (diazotization/alkaline hydrolysis), and
its structure was confirmed by nuclear magnetic resonance and polarimetry. SA was
acquired commercially. (S)-2HG and SA were independently evaluated in male and
femaleWistar rats respectively after renal IR injury. Rats were divided into the following
groups: sham (SH), nontoxicity [(S)-2HG: 12.5 or 25 mg/kg; SA: 12.5, 25, or 50
mg/kg], IR, and compound+IR [(S)-2HG: 12.5 or 25mg/kg; SA: 12.5, 25, or 50mg/kg];
independent SH and IR groups were used for each assessed compound. Markers of
kidney injury (BUN, creatinine, glucose, and uric acid) and liver function (ALT, AST,
ALP, LDH, serumproteins, and albumin), proinflammatory cytokines (IL-1β, IL-6, and
TNF-α), oxidative stress biomarkers (malondialdehyde and superoxide dismutase), and
histological parameters (tubular necrosis, acidophilic casts, and vascular congestion)
were assessed. Tissue HIF-1α was measured by ELISA and Western blot, and the
expression of Hmox1 was assessed by RT-qPCR.
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Results. (S)-2HG had a dose-dependent nephroprotective effect, as evidenced by a
significant reduction in the changes in the BUN, creatinine, ALP, AST, and LDH
levels compared with the IR group. Tissue HIF-1α was only increased in the IR group
compared to SH; however, (S)-2HG caused a significant increase in the expression
of Hmox1, suggesting an early accumulation of HIF-1α in the (S)-2HG-treated
groups. There were no significant effects on the other biomarkers. SA did not show
a nephroprotective effect; the only changes were a decrease in creatinine level at
12.5 mg/kg and increased IR injury at 50 mg/kg. There were no effects on the other
biochemical, proinflammatory, or oxidative stress biomarkers.
Conclusion. None of the compounds were hepatotoxic at the tested doses. (S)-
2HG showed a dose-dependent nephroprotective effect at the evaluated doses, which
involved an increase in the expression of Hmox1, suggesting stabilization of HIF-1α.
SA did not show a nephroprotective effect but tended to increase IR injury when given
at high doses.

Subjects Biochemistry, Nephrology, Pharmacology
Keywords Ischemia-reperfusion injury, Hypoxia-inducible factors, EGLN prolyl-4-hydroxylases,
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INTRODUCTION
Kidney transplantation is the definitive treatment for patients with end-stage chronic
kidney disease. However, the shortage of available organs for transplantation is a formidable
challenge. In Mexico, about five patients are on a waiting list for each available kidney
(CENATRA, 2018). Despite the advances in knowledge about histocompatibility and
immunosuppression, few steps have been taken to ameliorate the effects of ischemia–
reperfusion (IR) injury during organ procurement. IR injury is one of the main causes of
delayed graft function and is an important risk factor during surgical procedures such as
thoracic, peripheral vascular, and major vascular surgery (Chen & Date, 2015; Salvadori,
Rosso & Bertoni, 2015).

IR injury is a complex process that occurs when blood flow to an organ is impaired for
a long period of time and then is suddenly restarted, perfusing the organ with oxygenated
blood. This process is characterized by the release of reactive oxygen species (ROS), which
involves severalmetabolic pathways such as the degradation of purine nucleotides (Granger,
1988; McManaman & Bain, 2002). During reperfusion, large amounts of oxygen enter the
cellular microenvironment, where it leads to the production of superoxide radicals, HClO,
and H2O2 (Welbourn et al., 1991). In addition, depletion of ATP during hypoxia causes
alterations in mitochondrial function, inducing cytochrome c release, and apoptosis
(Dorweiler et al., 2007).

Diverse strategies have been developed to prevent or limit IR injury, such as precondi-
tioning drugs (hypoxia mimetics) and techniques such as ischemic preconditioning (IPC)
(Murry, Jennings & Reimer, 1986) and remote ischemic preconditioning (RIPC) (Przyklenk
et al., 1993). A key mechanism in IR injury prevention by IPC and RIPC appears to be the
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upregulation of the family of hypoxia-inducible factors (HIFs) (Randhawa, Bali & Jaggi,
2015).

HIFs are a family of transcription factors that act as regulators of oxygen homeostasis in
cells (Semenza, 2014). These transcription factors function as heterodimers whose structure
includes an α-subunit, which is regulated by oxygen concentration, and a β-subunit, which
is expressed constitutively and is not oxygen dependent (Dengler, Galbraith & Espinosa,
2014; Kaelin & Ratcliffe, 2008;Wang & Semenza, 1995). HIF family members stimulate the
transcription of many genes, such as HMOX1, EPO, VEGF, LDH, and PDK1 (Semenza,
2014). The most relevant of the HIF family is HIF-1α (Wang & Semenza, 1995). During
normoxia, the α-subunit is hydroxylated at Pro-402 and Pro-564 residues by the egg-laying
defective nine homolog (EGLN) family of prolyl-4-hydroxylases (Ivan et al., 2001; Jaakkola
et al., 2001). EGLN-1 is the family member with the greatest affinity for HIF-1α (Appelhoff
et al., 2004; Karuppagounder & Ratan, 2012). Hydroxylated α-subunits are ubiquitinated
by the von Hippel–Lindau E3 ubiquitin ligase and degraded in the proteasome (Ohh et
al., 2000). EGLN family members are α-ketoglutarate-dependent dioxygenases (Bruick
& McKnight, 2001; Jaakkola et al., 2001), and inhibition of EGLN members stimulates
HIF-1α accumulation (Hill et al., 2008). For that reason, these enzymes are considered
to be a potential therapeutic target and have shown great promise in preclinical studies
(Bernhardt et al., 2009; Hill et al., 2008).

A well-known EGLN inhibitor is 2-hydroxyglutarate (2HG), which was the first
oncometabolite to be reported in the literature (Dang et al., 2009). Because of the structural
analogy betweenα-ketoglutarate and 2HG, the latter possesses an inhibitory effect on several
α-ketoglutarate-dependent dioxygenases, such as EGLN family members, increasing the
intracellular concentration of HIF-1α (Xu et al., 2011). It has been shown that the (S)-2HG
enantiomer has a stronger inhibitory activity than the (R)-2HG enantiomer, which can also
act as a weak activator of EGLN-1 without promoting HIF-1α accumulation (Koivunen et
al., 2012; Xu et al., 2011).

Several Krebs cycle metabolites also have EGLN-inhibitory activity. In vitro studies show
that succinic acid (SA) inhibits EGLN family members because of its structural analogy
with α-ketoglutarate and because of a possible product inhibition mechanism (Koivunen
et al., 2007; Myllyharju, 2009), although additional data are needed to understand the role
of SA in IR injury.

Given the reported activities and potential pharmacological properties of these
compounds, the aim of this study was to determine whether the administration of EGLN
inhibitors, (S)-2HG and SA, before induction of IR injury would have a nephroprotective
effect in Wistar rats.

MATERIALS & METHODS
Sodium (S)-2HG synthesis
(S)-2HG was synthesized in two steps using a modification of previously reported
methods (Bauer & Gajewiak, 2004; Kolitz et al., 2009). l-glutamic acid (Sigma-Aldrich,
Saint Louis, MO, USA) was submitted to a diazotization reaction, which produced
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Figure 1 Sodium (S)-2-hydroxyglutarate synthesis.
Full-size DOI: 10.7717/peerj.9438/fig-1

(S)-5-oxotetrahydrofuran-2-carboxylic acid (MW: 130.10 g/mol), followed by alkaline
hydrolysis, which produced sodium (S)-2HG (MW: 192.08 g/mol) (Fig. 1).

(S)-5-oxotetrahydrofuran-2-carboxylic acid
A solution of 2.9426 g (20mmol) of l-glutamic acid in 80mL of 0.5MH2SO4 was prepared
and cooled to 0 ◦C in an ice bath. A solution of 8.2788 g (120 mmol) of NaNO2 in 30
mL of double-distilled water was then added drop by drop. The reaction was performed
at room temperature for 24 h with continuous stirring and then saturated with NaCl and
extracted three times with 100 mL of ethyl acetate. The organic phase was recovered and
dried with anhydrous Na2SO4. The solvent was low-pressure evaporated at 37 ◦C, and
the synthesis product was purified in a silica column using an ethyl acetate mobile phase.
Fractions of 5mLwere recovered and evaluated using thin layer chromatography with silica
as the stationary phase and ethyl acetate as the mobile phase. The fractions containing the
purified synthesis product were recovered, and the solvent was low-pressure evaporated at
37 ◦C.

Sodium (S)-2HG
To synthesize (S)-2HG, 1.1329 g (8.7079 mmol) of (S)-5-oxotetrahydrofuran-2-carboxylic
acid was dissolved in 100 mL of double-distilled water. A 10 M aqueous solution of NaOH
was added drop by drop until a pH of 10 was reached, and the solution was subjected to
continuous stirring for 2 h at room temperature. Most of the solvent was low-pressure
coevaporated with ethanol at 37 ◦C. The reaction product was warmed in an oil bath,
removed from the heat, and precipitated with anhydrous methanol. (S)-2HG crystals were
recovered using a vacuum filtration system.
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Characterization by nuclear magnetic resonance
Nuclear magnetic resonance (NMR) data were acquired using a Bruker AVANCE III HD
400 MHz spectrometer (Bruker Corp., Billerica, MA, USA). A (S)-5-oxotetrahydrofuran-
2-carboxylic acid sample was dissolved in CDCl3 with 0.03% v/v tetramethylsilane (Sigma-
Aldrich) and transferred to 5 mm NMR standard tubes. (S)-2HG was dissolved in double-
distilled water. The (S)-2HG aqueous solution was analyzed inside a 5mmNMR tube using
a coaxial system (Wilmad

R©
coaxial insert,Wilmad-LabGlass, Vineland,NJ,USA), filledwith

D2O with 0.75% sodium 3-(trimethylsilyl)propionate-2,2,3,3-d4(TSP) (Sigma-Aldrich).
1H and 13C-NMR spectra of (S)-5-oxotetrahydrofuran-2-carboxylic acid were obtained

using standard acquisition parameters. The (S)-2HG proton spectrum was acquired using
the noesypr1d pulse sequence for water signal suppression. Compounds were identified by
comparing the obtained data with previously reported spectra (Bal & Gryff-Keller, 2002).
DEPT-135, HMBC, and HSQC spectra were also acquired. Relative (S)-2HG purity was
determined by the integration of all the signals of the 1H-NMR spectrum, with exception of
the 13C couplings and the TSP signal using a method similar to published chromatographic
procedures (Pauli, Jaki & Lankin, 2007). The obtained data were processed and analyzed
using Bruker TopSpin 3.2 software (Bruker Corp.) and used to confirm (S)-2HG synthesis.

Determination of Sodium (S)-2HG optical activity
The specific optical rotation ([α]D20◦C) of a 0.0944 g/mL aqueous solution of (S)-2HG
was determined at 20 ◦C using the sodium D-line (λ= 589 nm) in a PerkinElmer 341
Polarimeter (PerkinElmer, Waltham, MA, USA) with a 50 mm cell.

Animals
The animal procedures were performed according to the specifications of the Official
Mexican Norm NOM-062-ZOO-1999. This project was approved by the Ethics and
Research Committee of the School of Medicine, Universidad Autónoma de Nuevo León
(Register number HI17-0002). Wistar rats, weighing 250–300 g, were used: 32 male rats to
evaluate (S)-2HG activity and 42 females to evaluate SA activity. We randomly decided to
use male or female rats for each assessed compound based on the availability of animals
in our laboratory. Male and female rats exert a different behavior after induction of IR
injury (Robert et al., 2011). Hence, we used independent control groups for each assessed
compound. The rats were kept under standard conditions such as stable room temperature
(24 ± 3 ◦C) and 12 h light–dark cycle and had access to commercial rat pellets (Nutrimix
de México, S.A. de C.V., Mexico City, Mexico) and water ad libitum.

Experimental design
Dose selection
To our knowledge, neither (S)-2HG nor SA has been tested in an in vivo model of renal
IR injury. In vitro assays have demonstrated the accumulation of HIF-1α 6 h after the
administration of (S)-2HG to cell cultures (Xu et al., 2011), and the administration
of dimethyl fumarate (a structurally related EGLN-inhibitor) has demonstrated a
hepatoprotective effect in Wistar at a dose of 25 mg/kg (Takasu et al., 2017). Hence,
we decided to use the following experimental design:
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Evaluation of treatment with sodium (S)-2HG
Rats were randomized and divided into the following groups.
1. Sham group (SH), n= 4: Rats were treated with double-distilled water administered

p.o. twice per day for 2 days. They then underwent a laparotomy without induction of
kidney IR injury and were allowed to recover for 15 h, after which they were sacrificed,
and blood and kidney tissue samples were obtained.

2. Nontoxicity groups, n= 4 each: Rats were treated with (S)-2HG at a dose of 12.5 or 25
mg/kg (12.5Tox and 25Tox, respectively) in double-distilled water administered p.o.
twice per day for 2 days. Eight hours after the final administration, the rats underwent
the same procedure as the SH group.

3. IR group (IR), n= 6: Rats were treated with double-distilled water in the same way
as for the SH group. They then underwent a laparotomy and induction of kidney IR
injury comprising 45 min of ischemia and 15 h of reperfusion. After the reperfusion,
the rats were sacrificed, and blood and kidney tissue samples were obtained.

4. IR+12.5 and IR+25 groups, n= 6 each: Rats were treated with (S)-2HG at a dose of
12.5 or 25 mg/kg in double-distilled water as for the nontoxicity groups. Eight hours
after the final administration, rats underwent the same procedure as the IR group.

Evaluation of treatment with SA
Rats were randomized and divided into the following groups.
1. Sham group (SH), n= 6: Rats were treated with double-distilled water administered

p.o. twice per day for 2 days. They then underwent a laparotomy without induction
of kidney IR injury and 15 h of recovery. The animals were sacrificed, and blood and
kidney tissue samples were obtained.

2. Nontoxicity groups, n= 4 each: Rats were treated with SA at a dose of 12.5, 25,
or 50 mg/kg (12.5Tox, 25Tox, and 50Tox, respectively) in double-distilled water
administered p.o. twice per day for 2 days. Eight hours after treatment, the rats received
the same procedure as the SH group.

3. IR group (IR), n= 6: Rats were treated with double-distilled water as for the SH
group. After treatment, they received a laparotomy with induction of kidney IR injury
comprising 45 min of ischemia and 15 h of reperfusion. After reperfusion, the rats were
sacrificed, and blood and kidney tissue samples were obtained.

4. IR+12.5, IR+25, and IR+50 groups, n= 5, 6, or 6 respectively: Rats with treated with SA
at a dose of 12.5, 25, or 50 mg/kg in double-distilled water under the same conditions
as for the nontoxicity groups. Eight hours after treatment, rats underwent the same
procedure as the IR group.

Induction of kidney IR injury
The procedure to induce IR injury was based on the protocol of Torres-González et al.
(2018). Rats were anesthetized by intraperitoneal injection with 100 mg/kg of ketamine
(Anesket, PiSA Agropecuaria, S.A. de C.V. Reg. SAGARPA Q7833-028, Guadalajara,
Jal., Mexico) and 10 mg/kg of xylazine (Sedaject, Vedilab S.A. de C.V. Reg. SAGARPA
Q-0088-122, Querétaro, Qro., Mexico). After anesthesia, rats were shaved, and asepsis
of the abdominal region was performed using Microdacyn antiseptic solution (Oculus
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Technologies of Mexico, S.A. de C.V., Guadalajara, Jal., Mexico) followed by a 20%
solution of chlorhexidine gluconate (Farmacéuticos Altamirano de México, S.A. de C.V.,
Mexico City, Mexico). A midline incision was then performed, both kidneys were exposed,
the kidneys were dissected at both renal hila, and these structures were occluded using
atraumatic vascular clamps for 45 min. After ischemia, the clamps were withdrawn, and
the incision was sutured.

Rats were transferred to cages containing UV-sterilized sawdust, and tramadol dissolved
in water was administered as an analgesic (50 mg/L, ad libitum) (Grünenthal GmbH,
Stolberg, Germany). The reperfusion follow-up occurred over the next 15 h. The rats were
then anesthetized by intraperitoneal injection of 50 mg/kg of ketamine and 5 mg/kg of
xylazine. The incision was reopened, and 5–7 mL of blood was withdrawn by cava vein
phlebotomy, which caused death by exsanguination. When the heart had stopped, both
kidneys were removed. Half of each kidney was conserved in a phosphate-buffered 10%
formalin solution (pH 7.4), and the other half was frozen at −80 ◦C. Serum was separated
from blood samples by centrifugation at 2,000 g for 12 min and stored at−80 ◦C until use.

Analysis of biochemical markers, oxidative stress markers,
and proinflammatory cytokines
To evaluate renal function, the serum concentrations of blood urea nitrogen (BUN)
and creatinine were measured. To assess liver function, the serum activities of alanine
aminotransferase (ALT), aspartate aminotransferase (AST), lactate dehydrogenase
(LDH), and alkaline phosphatase (ALP) were measured. The serum concentrations
of glucose (GLU), uric acid (UA), total proteins (TP), and albumin (ALB) were also
measured. The biochemical analysis was performed using kinetic or end-point UV–visible
spectrophotometric methods in an ILab Aries instrument (Instrumentation Laboratory
SpA, Milan, Italy).

To assess the oxidative-stress-induced injury, the tissue concentration of malondialde-
hyde (MDA), and the tissue activity of total superoxide dismutase (SOD) was measured.
Briefly, 200 mg of kidney tissue was homogenized, and the tissue homogenates were
centrifuged three times at 10,000 g for 10 min at 4 ◦C. MDA and SOD quantification was
performed using the supernatant.

MDA is one of the final products of lipid peroxidation, mainly arachidonic acid, and
polyunsaturated fatty acids, and its activity was measured using the thiobarbituric acid
colorimetric method with a thiobarbituric acid-reactive substances (TBARS) assay kit
(Cayman Chemical Company, Ann Arbor, MI, USA). The product of this reaction was
measured spectrophotometrically at 535 nmandnormalized to the amount of homogenized
tissue. SOD represents several metalloenzymes that form a crucial part of the cell enzymatic
antioxidant defenses. SOD catalyzes the dismutation of the superoxide anion to O2 and
H2O2. Total SOD activity was measured using a method of inhibition of the reduction
of Dojindo’s water-soluble tetrazolium salt [WST-1; 2-(4-iodophenyl)-3-(4-nitrophenyl)-
5-(2,4-disulfophenyl)-2H tetrazolium, monosodium salt] in the presence of xanthine
oxidase, xanthine, and oxygen (Sigma-Aldrich). SOD activity ameliorates the reduction in
tetrazolium and was measured spectrophotometrically at 450 nm.
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The serum concentrations of the proinflammatory cytokines interleukin 1 beta (IL-1β),
interleukin 6 (IL-6), and tumor necrosis factor alpha (TNF-α) were measured using a
commercial sandwich enzyme-linked immunosorbent assay (ELISA) (Pepro-Tech, Mexico
City, Mexico). Briefly, 96-well microplates were covered with rabbit antibodies specific
to the measured cytokine. Plates were washed with phosphate-buffered saline containing
0.05% Tween 20 (pH 7.2) and then blocked with 1% serum bovine albumin. Samples and
standards were added and detected using specific biotinylated detection antibodies and
avidin-conjugated horseradish peroxidase (HRP). 2,2-Azino-bis(3-ethylbenzothiazoline-6-
sulfonic) acid was used as the substrate for HRP; the reaction produced a green chromogen
whose concentration was proportional to the concentration of the evaluated cytokine. The
concentration of the end-product was measured spectrophotometrically at 405 nm, with
an additional 650 nm wavelength measurement for correction.

Renal histopathology evaluation
Fixed kidney tissue was paraffin embedded and processed using standard histological
techniques. Paraffin blocks were cut using amicrotome at a thickness of 4µm. Sections were
deparaffinized, hydrated, stained with hematoxylin–eosin, and evaluated microscopically
with the assessor blinded to the identity of the groups.

The presence of tissue damage indicators, such as tubular necrosis, acidophilic casts,
and vascular congestion, was assessed. The damage was reported according to the
semiquantitative scale published by Kobuchi et al. (2009) as follows: 0 = no damage; 1
= mild damage (unicellular patchy isolated damage); 2 = moderate damage (<25%); 3 =
severe damage (25–50%) and 4 = very severe damage (>50%).

Tissue HIF-1α concentration measurement
ELISA
HIF-1α concentration was assessed in tissue homogenates as described for oxidative stress
biomarkers. The analysis was performed using a sandwich ELISA method (Sigma-Aldrich)
with specific capture and detection antibodies, the latter conjugated to HRP. 3,3′,5,5′-
Tetramethylbenzidine was used as the substrate, and the reaction was stopped by the
addition of a 0.2 M solution of H2SO4. Absorbance was measured at 450 nm. HIF-1α
concentration is reported relative to the amount of homogenate tissue.

Western blot
HIF-1α was measured in kidney tissue by a Western blot methodology. Briefly, pools of
100 mg of kidney tissue were mechanically homogenized in 500 µL of 1X lysis buffer
containing 10 mM Tris-HCl (pH 7.5); 50 mM KCl, 2 mMMgCl2, 1% Triton X-100, 1 mM
dithiothreitol, 1 mM phenylmethylsulfonyl fluoride and cOmpleteTM Protease Inhibitor
Cocktail according to manufacturer conditions (Roche, Basilea, Switzerland) at 4 ◦C and
centrifuged at 13,000 g for 5 min. Proteins were quantified in the supernatant by the
Bradford method (Bio-Rad, Hercules, CA, USA) and 150 µg of protein was separated
on 12% polyacrylamide gels. Proteins were transferred onto PVDF membranes and
monoclonal mouse antibodies were used for the detection of HIF-1α (sc-13515; 1:300, 6.7
µg/mL, Santa Cruz Biotechnology, Dallas, TX, USA) and GAPDH (MAB5718; 1:10,000;
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0.05 µg/mL; R&D Systems, Minneapolis, MN, USA). A secondary HRP-conjugated anti-
mouse antibody was used (W4021; 1:10,000; 0.1µg/mL; Promega,Madison,WI, USA), and
the signal was measured by chemiluminescence using a ClarityTM Western ECL Substrate
(Bio-Rad).

Quantitative RT-PCR
Total RNA was extracted from 100 mg tissue (pool of both kidneys) using TRIzol
reagent (Invitrogen, Thermo Fisher Scientific, Carlsbad, CA, USA) according to the
manufacturer’s specifications. RNA samples were precipitated with 100% isopropanol,
washed with 75% ethyl-alcohol, resuspended in RNase-free water, quantified using a
Microdrop Multiskan GO (Thermo Fisher Scientific, Carlsbad, CA, USA) and stored
at −80 ◦C. RT-qPCR was performed with GoTaq 1-Step (Promega) using as template
100 ng RNA to quantify gene expression levels of Hmox1 and β-actin using the following
oligonucleotides: Hmox1 forward 5′-GCCTGCTAGCCTGGTTCAAGA-3′, Hmox1 reverse
5′-GAGTGTGAGGACCCATCGCA-3′, β-actin forward 5′-CCCTGGCTCCTAGCACCAT-
3′ and β-actin reverse 5′-GATAGAGCCACCAATCCACACA-3′. Primers were used at a
concentration of 100 nM. For each PCR reaction, 10µL of GoTaq qPCRMasterMix 2X, 0.4
µL Go Script RT Mix 50X, and 0.33 µL CXR Reference Dye were used, to complete a total
volume of 20 µL. Thermal cycling conditions were as follows: reverse transcription one
cycle to 37 ◦C for 15 min, reverse transcription inactivation and Go Taq DNA Polymerase
activation one cycle to 95 ◦C for 10 min, followed by 40 cycles of 95 ◦C for 10 s and 60 ◦C
for 30 s. β-actin was used as the housekeeping gene and the fold changes of gene expression
were calculated by the 2−11Ct method.

Statistical analysis
Data were analyzed using a one-way analysis of variance followed by the Tukey post hoc
test or by the Kruskal–Wallis nonparametric test followed by the Dunn post hoc test,
depending on the data distribution. Data expressed as fold changes were transformed
logarithmically before the statistical analysis. The analysis was performed using GraphPad
Prism software (v. 7.0; GraphPad, San Diego, CA, USA). The results are expressed as
mean ±standard deviation (SD) or median (interquartile range), depending on the data
distribution. Differences between means were considered to be significant at p< 0.05.

RESULTS
Sodium (S)-2-HG synthesis and chemical characterization
(S)-5-Oxotetrahydrofuran-2-carboxylic acid
After chromatographic purification, 1.9012 g (14.6134mmol) of (S)-5-oxotetrahydrofuran-
2-carboxylic acid was obtained at a 73.07% yield, as a yellow oil, which spontaneously
crystallized and produced beige crystals, which were poorly soluble in water but soluble in
ethyl acetate, methanol, and ethyl ether.

1H-NMR (MeOD): 4.994 ppm (2.8 H, m); 2.574 ppm (3H, m); and 2.296 ppm (1H,
m). The signal at 4.994 ppm overlapped partially with the signal of the residual water
absorbed by the solvent. 13C-NMR (MeOD): 179.20, 173.58, 77.52, 27.94, and 27.08 ppm.
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Both 1H and 13C-NMR spectra are consistent with the values reported previously (Bal &
Gryff-Keller, 2002).

Sodium (S)-2HG
After precipitation, 882.2 mg (4.5929 mmol) of (S)-2HG was obtained at a 31.43% yield
as a beige crystalline solid, which was highly hygroscopic and was soluble in water but
insoluble in methanol, ethanol, acetone, ethyl acetate, ethyl ether, or hexane. The global
yield of the synthesis of (S)-2HG from l-glutamic acid was 22.96%.

In 1H-NMR, the following four signals were observed (Fig. S1): 4.004 ppm (1H, dd; J ′

= 7.6 Hz, J ′′ = 4 Hz); 2.223 ppm (2H, m); 1.960 ppm (1H, m); and 1.827 ppm (1H, m).
In 13C-NMR, five signals were observed (Fig. S2): 185.71, 184.10, 75.01, 36.38, and 33.92
ppm. The DEPT-135 experiment showed only three signals: 75.01, 36.38, and 33.92 ppm
(Fig. S3). The HSQC (Fig. S4) and HMBC (Fig. S5) experiments allowed the unequivocal
signal assignation of the (S)-2HG molecule, which coincided with data reported in the
literature (Bal & Gryff-Keller, 2002). (S)-2HG was obtained with a 98.6% relative NMR
purity.

A value of [α]D20◦C = –8.40◦ cm3 g−1 dm−1 was observed, which coincides with data
previously reported (Ritthausen, 1872; Sigma-Aldrich, 2018).

Evaluation of the effects of sodium (S)-2HG treatment
Kidney and liver injury biomarkers
To examine whether (S)-2HG had any nephroprotective effects, we compared the SH,
12.5+IR, 25+IR, and IR groups. Treatment with (S)-2HG produced a dose-dependent
decrease in the serum concentrations of BUN and creatinine and increased the TP
concentration compared to the IR group. Similarly, it decreased the serum activities
of AST, ALP, and LDH compared to the IR group. There were no significant differences
between groups in serum concentrations of ALB, GLU, and UA, or the serum activity of
ALT (Fig. 2, Table 1, Data S1).

Because one of our aims was to identify any evidence of hepato- or nephrotoxic effects
caused by the administration of (S)-2HG, we compared the nontoxicity and SH groups.
There were no significant differences between the 12.5Tox, 25Tox, and SH groups in the
serum concentration of BUN or creatinine. The serum concentrations of ALB, GLU, TP,
and UA also did not differ between groups. There were no significant differences between
the serum activities of ALT, AST, ALP or LDH (Fig. 2, Table 1, Data S1).

Biomarkers of Oxidative Stress
The total % inhibition rate of WST-1 reduction caused by SOD activity and the normalized
tissue MDA concentration did not differ significantly between groups (Table 1).

Proinflammatory Cytokines
The serum concentrations of IL-1β, IL-6, and TNF-α did not differ significantly between
groups (Table 1).
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Figure 2 Biomarkers of kidney and liver injury after administration of sodium (S)-2-
hydroxyglutarate. Values are expressed as mean± SD. The comparisons were between the 12.5Tox,
25Tox, and SH groups, and between the SH, 12.5+IR, 25+IR, and IR groups. One-way ANOVA test,
Tukey post hoc test. (A) Effect of (S)-2HG treatment on the serum activity of ALT. (B) Effect of (S)-2HG
treatment on the serum activity of AST; a) p = 0.0018 vs. SH group; b) p= 0.0081 vs. IR group. (C) Effect
of (S)-2HG treatment on the serum concentration of (continued on next page. . . )

Full-size DOI: 10.7717/peerj.9438/fig-2
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Figure 2 (. . .continued)
BUN; a) p< 0.0001 vs. SH group; b) p <0.0001 vs. IR group; c) p< 0.0001 vs. IR group. (D) Effect of (S)-
2HG treatment on the serum concentration of creatinine; a) p < 0.0001 vs. SH group; b) p = 0.0017 vs.
IR group; c) p< 0.0001 vs. IR group. (E) Effect of (S)-2HG treatment on the serum activity of ALP; a) p=
0.0010 vs. SH group; b) p= 0.0119 vs. IR group; c) p 0.0394 vs. IR group. (F) Effect of (S)-2HG treatment
on the serum activity of LDH; a) p = 0.0009 vs. SH group; b) p = 0.0002 vs. IR group; c) p = 0.0240 vs.
IR group. (S)-2HG = sodium (S)-2-hydroxyglutarate; ALT = alanine aminotransferase; AST = aspartate
aminotransferase; BUN = blood urea nitrogen; ALP = alkaline phosphatase; LDH = lactate dehydroge-
nase.

Table 1 Biomarkers of kidney and liver injury, oxidative stress biomarkers, and proinflammatory cytokines after administration of (S)-2-
hydroxyglutarate.

Biomarker SH 12.5Tox 25Tox IR 12.5+IR 25+IR

ALB (g/dL) 3.0± 0.1 3.1± 0.1 3.1± 0.2 3.0± 0.2 3.0± 0.1 3.1± 0.2
GLU (mg/dL) 164± 29 193± 31 181± 33 134± 37 144± 25 134± 24

TP (g/dL) 5.3± 0.2 5.4± 0.3 5.8± 0.3 5.1± 0.3 5.2± 0.2 5.6± 0.2*
UA (mg/dL) 0.6± 0.1 0.5± 0.1 0.6± 0.2 0.4± 0.3 0.4± 0.1 0.6± 0.1
SOD (%) 93± 2 91± 1 93± 7 95± 3 97± 5 95± 6
MDA (µmol/g) 75.48± 25.75 80.00± 32.04 70.63± 24.12 87.36± 33.91 86.13± 25.48 73.57± 13.66
IL-1β (ng/mL) 1.50± 0.67 1.50± 0.41 1.34± 0.94 2.19± 1.57 1.70± 1.21 1.51± 0.73
IL-6 (ng/mL) 3.44± 1.26 4.00± 0.65 2.91± 1.33 3.05± 2.49 2.49± 0.45 2.42± 0.73
TNF-α (ng/mL) 0.78± 0.35 0.85± 0.34 1.02± 0.92 1.06± 1.12 0.61± 0.55 0.71± 0.41

Notes.
One-way ANOVA test, Tukey post hoc test. The comparisons were between the 12.5Tox, 25Tox, and SH groups, and between the SH, 12.5+IR, 25+IR, and IR groups.
ALB, albumin; ALP, alkaline phosphatase; GLU, glucose; IL-1β, interleukin 1β; IL-6, interleukin 6; LDH, lactate dehydrogenase; MDA, malondialdehyde; SOD,
superoxide dismutase; TNF-α, tumor necrosis factor α; TP, total proteins; UA, uric acid.
*p= 0.0358 vs. IR group.

Evaluation of renal histopathology
Renal histopathology parameters did not differ significantly between the SH, 12.5Tox, and
25Tox groups. The severity of tubular necrosis and the presence of acidophilic casts differed
significantly between the IR and SH groups (Table 2, representative microphotographs are
shown in Fig. 3).

Evaluation of the effect of sodium (S)-2HG treatment on the tissue HIF-1α
concentration
To assess whether the nephroprotective effect of (S)-2HGwas caused by a promotion of the
accumulation of HIF-1α, this protein was measured in kidney tissue homogenates. ELISA
assessment showed that the normalized HIF-1α tissue concentration was significantly
higher in the 12.5Tox and IR groups compared to the SH group. The normalized HIF-1α
tissue concentration was significantly lower in the 25+IR group compared with the IR
group. The normalized HIF-1α tissue concentration did not differ significantly between
the 25Tox and 12.5+IR groups compared with the SH and IR groups, respectively (Fig. 4).

Western blot analysis showed no significative differences in the HIF-1α concentration
in the groups Tox12.5 and Tox25 compared to the SH group. However, a 3.434-fold
increase in the concentration of HIF-1α in the IR group compared to the SH group was
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Table 2 Evaluation of renal histopathology after administration of (S)-2-hydroxyglutarate.

Parameter SH 12.5Tox 25Tox IR 12.5+IR 25+IR

Tubular Necrosis 0.00 (0.00–0.00) 0.00 (0.00–0.75) 0.00 (0.00–0.00) 4.00 (4.00–4.00)† 2.50 (1.75–3.00) 2.50 (1.75–3.00)
Acidophilic Casts 0.00 (0.00–0.50) 0.50 (0.00–1.75) 0.00 (0.00–0.00) 4.00 (3.00–4.00)‡ 3.00 (1.75–3.25) 2.00 (2.00–2.25)
Vascular Congestion 1.00 (0.00–1.25) 0.50 (0.00–1.75) 0.50 (0.00–1.00) 2.00 (1.00–4.00) 2.00 (1.75–2.00) 1.00 (1.00–2.00)

Notes.
Kruskal–Wallis test, Dunn post hoc test. Values expressed as median (interquartile range). The comparisons were between the 12.5Tox, 25Tox, and SH groups, and between the SH, 12.5+IR, 25+IR, and
IR groups. Significant differences when comparing IR vs. SH group.

†p= 0.0002.
‡p= 0.0016.
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Figure 3 Microphotographs of renal histology in the sodium (S)-2-hydroxyglutarate-treated groups.
Hematoxylin and eosin staining (original magnification× 400). Conserved tissue architecture was ob-
served in (A) the SH group; (B) the 12.5Tox group; and (C) the 25Tox group. Diffuse and severe tubular
necrosis was observed in (D) the IR group, and focal tubular necrosis in (E) the 12.5+IR group and (F) the
25+IR group.

Full-size DOI: 10.7717/peerj.9438/fig-3

observed. On the other hand, the groups 12.5+IR and 25+IR showed a significantly lower
concentration of HIF-1α compared to the IR group (Fig. 5).

Evaluation of the effect of sodium (S)-2HG on the expression of Hmox1 in
kidney tissue
The expression of Hmox1 was significantly increased after the treatment with (S)-2HG at
a dose of 25 mg/kg (14.15-fold from the SH group). Treatment with a dose of 12.5 mg/kg
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Figure 4 Tissue HIF-1α concentrations measured by ELISA after administration of sodium (S)-2-
hydroxyglutarate. Values are expressed as mean± SD. The comparisons were between the 12.5Tox,
25Tox, and SH groups, and between the SH, 12.5+IR, 25+IR, and IR groups. One-way ANOVA test,
Tukey post hoc test. a) p = 0.0114 vs. SH group; b) p = 0.0040 vs. SH group; c) p = 0.0211 vs. IR group.
HIF-1α = hypoxia-inducible factor 1 alpha.

Full-size DOI: 10.7717/peerj.9438/fig-4
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Figure 5 Tissue HIF-1α expression assessed byWestern blot after administration of sodium (S)-2-
hydroxyglutarate. Values are expressed as mean± SD. The comparisons were between the 12.5Tox,
25Tox, and SH groups, and between the SH, 12.5+IR, 25+IR, and IR groups. One-way ANOVA test,
Tukey post hoc test (data were logarithmically transformed prior to the statistical analysis). a) p< 0.0001
vs. SH group; b) p= 0.0001 vs. IR group; c) p= 0.0151 vs. IR group. HIF-1α= hypoxia-inducible factor 1
alpha.

Full-size DOI: 10.7717/peerj.9438/fig-5
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Figure 6 Tissue expression of Hmox1 assessed by RT-qPCR after administration of (S)-2-
hydroxyglutarate. Values are expressed as mean± SD. The comparisons were between the 12.5Tox,
25Tox, and SH groups, and between the SH, 12.5+IR, 25+IR, and IR groups. One-way ANOVA test,
Tukey post hoc test (data were logarithmically transformed prior to the statistical analysis). a) p= 0.0011
vs. SH group; b) p< 0.0001 vs. SH group. Hmox1= heme oxygenase 1.

Full-size DOI: 10.7717/peerj.9438/fig-6

did not have a significant effect on its expression (Fig. 6). The induction of IR injury in the
IR, 12.5+IR, and 25+IR groups drastically increased the expression of Hmox1 compared
to the SH group (128.42-fold, 98.94-fold, and 140.01-fold, respectively; Fig. 6).

Evaluation of the effects of SA treatment
Kidney and liver injury biomarkers
To identify any nephroprotective effects caused by the administration of SA, we compared
the SH, 12.5+IR, 25+IR, and 50+IR groups with the IR group. The administration of
SA did not decrease BUN compared to the IR group but slightly decreased creatinine
concentration in the 12.5+IR group. There were no significative differences in the creatinine
concentrations between the 25+IR and 50+IR compared with the IR group. There was no
significant difference between groups in the serum concentrations of ALB, TP, or UA, or
in the serum activities of ALT, AST, ALP, or LDH (Fig. 7, Table 3, Data S2).

The 12.5Tox, 25Tox, and 50Tox groups were compared with the SH group to identify
any hepato- or nephrotoxic effects caused by the administration of SA. There were no
significant differences between groups in the serum concentrations of BUN, creatinine,
ALB, GLU, TP, or UA. There were also no significant differences between groups in the
serum activities of ALT, AST, ALP, or LDH (Fig. 7, Table 3, Data S2).

Biomarkers of oxidative stress
The total % inhibition rate of WST-1 reduction caused by SOD activity and the normalized
tissue MDA concentration did not differ significantly between groups (Table 3).

Proinflammatory cytokines
The serum concentrations of IL-1β, IL-6, and TNF-α did not differ significantly between
groups (Table 3).
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Figure 7 Biomarkers of kidney and liver injury after administration of succinic acid.Values are ex-
pressed as mean± SD. The comparisons were between the 12.5Tox, 25Tox, 50Tox, and SH groups, and
between the SH, 12.5+IR, 25+IR, 50+IR, and IR groups. One-way ANOVA test, Tukey post hoc test. (A)
Effect of SA treatment on the serum activity of ALT. (B) Effect of SA treatment on the serum activity of
AST. (C) Effect of SA treatment on the serum concentration of BUN; a) p< 0.0001 vs. SH group. (D) Ef-
fect of SA treatment on the serum concentration of creatinine; a) p< 0.0001 vs. SH group; (b) p= 0.0288
vs. IR group. (E) Effect of SA treatment on the serum activity of ALP. (F) Effect of SA treatment on the
serum activity of LDH. SA= succinic acid; ALT= alanine aminotransferase; AST= aspartate amino-
transferase; BUN= blood urea nitrogen; ALP= alkaline phosphatase; LDH= lactate dehydrogenase.

Full-size DOI: 10.7717/peerj.9438/fig-7
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Evaluation of renal histopathology
Tubular necrosis was significantly increased in the IR group compared with the SH group.
None of the other parameters evaluated differed significantly between groups (Table 4,
representative microphotographs are shown in Fig. 8).

DISCUSSION
Despite improvements in the prevention of immunological graft rejection, few steps
have been taken to decrease the magnitude of IR injury. For that reason, strategies are
needed to ameliorate the deleterious effects of IR injury. Several mechanisms are involved
in the processes causing IR injury, such as ROS generation, redox imbalance, necrosis–
apoptosis, and the inflammatory response (Dorweiler et al., 2007). To ameliorate the effects
of injury, various strategies have been tried including the use of antioxidants (Li et al., 2014;
Torres-González et al., 2018; Yildiz et al., 2015), anti-inflammatory compounds (Zhang et
al., 2018; Zhu et al., 2014), and surgical strategies, such as IPC (Cai et al., 2013; Cai et al.,
2008; Shen et al., 2018) and RIPC (Albrecht et al., 2013; Hausenloy & Yellon, 2007; Kalakech
et al., 2013).

In this study, we evaluated the ability of pharmacological preconditioning to prevent or
reduce the effects of IR injury. Previous studies have demonstrated significant amelioration
of IR injury using inhibitors of the EGLN family (Hill et al., 2008; Milkiewicz, Pugh
& Egginton, 2004). Therefore, we evaluated the effects of two structural analogs of α-
ketoglutarate. (S)-2HG was synthesized by a diazotization reaction, followed by alkaline
hydrolysis. The diazotization of α-amino acids is considered to be a classic reaction for
synthesizing α-hydroxy acids through the enantioselective route (Brewster et al., 1950;
Neuberger, 1948; Zollinger, 1995) involving a double-SN2 mechanism on the α carbon
(Markgraf & Davis, 1990; Pleissner, Wimmer & Eriksen, 2011; Van Draanen & Hengst,
2010; Zollinger, 1995). In this work, we obtained (S)-2HG from l-glutamic acid in a
two-step procedure. After the diazotization reaction, the (S)-2-hydroxyglutaric lactone
was produced; in a second step, the alkaline hydrolysis furnished the desired (S)-2HG
(Williams et al., 2006). The chemical identity of (S)-2HG was established by comparing the
experimental NMR spectra and optical activity with those reported in the literature (Bal
& Gryff-Keller, 2002). The optical activity of (S)-2HG was measured and determined as
[α]D20◦C = –8.40◦ cm3g−1dm−1, which is similar to the reported value of –8.5 ± 1.5◦ cm3

g −1 dm −1 (Ritthausen, 1872; Sigma-Aldrich, 2018). These data confirm that the synthetic
product was (S)-2HG.

Several animal models have been used to study renal acute kidney injury caused by IR.
Initial studies were performed in animals of relatively large size, such as dogs, pigs, and
rabbits, and since the 1960s rat models have been one of the most reported in the literature
(Wei & Dong, 2012). However, in recent years, mouse models have become popular mainly
due to the availability of standardized genetically engineered strains. Ratmodels of IR injury
have been well characterized (Heyman et al., 2002; Owji, Nikeghbal & Moosavi, 2018), and
rats have the advantage of larger anatomical structures and a higher blood volume than
mice, yielding larger amounts of serum after exsanguination, making easier to perform a
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Table 3 Biomarkers of kidney and liver injury, oxidative stress biomarkers, and proinflammatory cytokines after administration of succinic acid.

Biomarker SH 12.5Tox 25Tox 50Tox IR 12.5+IR 25+IR 50+IR

ALB (g/dL) 3.1± 0.1 3.1± 0.2 3.1± 0.2 3.3± 0.1 3.1± 0.2 3.0± 0.2 3.0± 0.2 3.0± 0.1

GLU (mg/dL) 153± 15 128± 57 149± 29 143± 22 92± 15* 103± 15 101± 30 92± 44
TP (g/dL) 5.5± 0.1 5.2± 0.5 5.3± 0.3 5.9± 0.3 5.2± 0.4 5.2± 0.2 5.3± 0.3 5.2± 0.1
UA (mg/dL) 0.7± 0.2 0.8± 0.2 0.5± 0.1 0.6± 0.2 1.1± 0.6 0.5± 0.1 0.6± 0.2 0.8± 0.6
SOD (%) 94± 2 88± 4 91± 3 90± 1 97± 2 92± 1 88± 10 91± 4
MDA (µmol/g) 72.71± 9.71 88.80± 14.81 85.13± 9.87 92.10± 16.63 145.54± 97.83 71.89± 16.91 71.64± 18.49 102.46± 24.30
IL-1β (ng/mL) 1.32± 0.70 2.28± 1.05 2.46± 0.29 4.06± 3.08 1.50± 0.42 1.19± 0.43 1.08± 0.48 0.83± 0.42
IL-6 (ng/mL) 3.31± 1.37 3.06± 1.01 3.08± 0.86 4.15± 0.89 3.93± 0.72 2.26± 0.88 2.15± 0.85 1.95± 0.92
TNF-α (ng/mL) 0.77± 0.46 0.52± 0.19 0.70± 0.17 1.24± 0.63 0.92± 0.54 0.37± 0.18 0.30± 0.17 0.89± 1.36

Notes.
One-way ANOVA test, Tukey post hoc test. The comparisons were between the 12.5Tox, 25Tox, and SH groups, and between the SH, 12.5+IR, 25+IR, and IR groups.
ALB, albumin; ALP, alkaline phosphatase; GLU, glucose; IL-1β, interleukin 1β; IL-6, interleukin 6; LDH, lactate dehydrogenase; MDA, malondialdehyde; SOD, superoxide dismutase; TNF-α, tu-
mor necrosis factor α; TP, total proteins; UA, uric acid.
*p= 0.0293 vs. SH.
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Table 4 Evaluation of renal histopathology after administration of succinic acid.

Parameter SH 12.5Tox 25Tox 50Tox IR 12.5+IR 25+IR 50+IR

Tubular Necrosis 0.00 (0.00–0.00) 0.00 (0.00–0.75) 0.00 (0.00–0.00) 0.00 (0.00–0.75) 3.50 (3.00-4.00)* 3.00 (2.50–3.50) 3.50 (3.00–4.00) 4.00 (3.75-4.00)

Acidophilic Casts 0.00 (0.00–0.50) 0.00 (0.00–0.00) 0.00 (0.00–0.75) 0.00 (0.00–0.00) 2.00 (2.00–3.00) 2.00 (1.50–3.00) 3.00 (2.75–3.25) 2.00 (2.00-2.50)

Vascular Congestion 1.00 (0.75–2.00) 1.00 (0.25–1.75) 0.50 (0.00–1.00) 1.00 (0.25–1.75) 1.50 (0.00–3.00) 2.00 (1.00–2.00) 1.50 (0.75–3.25) 3.00 (1.50-4.00)

Notes.
Kruskal-Wallis test, Dunn post hoc test. Values expressed as median (interquartile range). The comparisons were between the 12.5Tox, 25Tox, and SH groups, and between the SH, 12.5+IR, 25+IR, and
IR groups. Significant differences when comparing IR vs. SH group: * p= 0.0297.
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Figure 8 Microphotographs of the renal histology of the succinic acid-treated groups.Hematoxylin
and eosin staining (original magnification×400). Conserved tissue architecture was observed in (A) the
SH group, (B) the 12.5Tox group, (C) the 25Tox group, and (D) the 50Tox group. Diffuse tubular necro-
sis was observed in (E) the IR group. Focal tubular necrosis was observed in (F) the 12.5+IR group. Mod-
erate to diffuse tubular necrosis was observed in (G) the 25+IR group. Diffuse and severe tubular necrosis
and loss of the microscopic architecture were observed in (H) the 50+IR group.

Full-size DOI: 10.7717/peerj.9438/fig-8
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diversity of biochemical assays. Hence, we decided to use a model of renal IR in rats to
assess whether (S)-2HG and SA exert a nephroprotective effect.

The length of the periods of ischemia and reperfusion is a major variable to consider
in renal IR models. Several studies have reported a broad range of IR conditions. Periods
of ischemia of 45 min (Kang et al., 2005) and 60 min (Nakagawa et al., 2005) have been
widely reported in the literature. We decided to use a protocol of 45 min of ischemia
and 15 h of reperfusion based on the results of previous studies in our laboratory, which
have shown that this protocol causes a significative injury, but is mild enough to identify
compounds with moderate nephroprotective activity, allowing us to study deeply their
potential pharmacologic activity (Cura-Esquivel et al., 2018; Perez-Meseguer et al., 2019;
Torres-González et al., 2018).

It has been widely demonstrated that susceptibility to IR injury is gender-dependent.
Studies both in mice and rats have shown that the estradiol-androgen ratio has a key role
in the modulation of IR injury. High concentrations of testosterone are associated with
a more aggressive injury and higher mortality (Robert et al., 2011), and orchiectomy has
been shown to attenuate the post-ischemic oxidative stress and the IR injury in mice (Kim
et al., 2006). We decided to use male and female rats because of the availability of animals
in our laboratory. For that reason, the use of independent SH and IR control groups was
imperative. The fact that we did not assess each compound both in male and female rats is
a limitation of this study. Additional experiments are needed to demonstrate the effect of
these compounds on both genders.

Metabolism of (S)-2HG has not been well characterized in animal models. Biochemical
studies have reported an (S)-2HG dehydrogenase activity of 4.5 ± 5.5 nmol/min/mg
of protein in rat liver, significantly higher than the activity in the kidney (less than 1
nmol/min/mg of protein) and other organs (Jansen & Wanders, 1993), but pharmacokinetic
experiments are still needed. Studies assessing the chronic exposure to (S)-2HG have not
been performed, however, the chronic exposure to the (R)-2HG enantiomer has already
been reported. A study showed that the daily injection of a dose of 250 mg/kg for 32 days
caused significant skeletal atrophy and a decrease of the body weight in mice (Karlstaedt et
al., 2016). Nevertheless, these results cannot be extrapolated to our model, because of the
different effects produced by each of the enantiomers of 2-HG in vitro (Koivunen et al.,
2012). Besides, the application of EGLN inhibitors in the field of solid organ transplantation
does not require the use of a chronic exposition, but just an acute administration of the
drug. In our study, (S)-2HG caused no toxic effects at the hepatic or renal level at the
evaluated doses in our experimental conditions, as shown by the normal values of the
biochemical markers. Comparison between the nontoxicity groups and the SH group
showed no effects of (S)-2HG on the biomarkers of oxidative stress, proinflammatory
cytokines, and histological parameters. By contrast, (S)-2HG exerted a dose-dependent
nephroprotective effect in the groups that underwent IR injury, as manifested by the
significant amelioration of the changes in the serum concentrations of BUN and creatinine
after IR injury. IR injury caused an increase of the serum ALP, AST, and LDH activities,
whereas (S)-2HG caused a significant amelioration of the activity of these enzymes, which
suggests a protective effect of this compound. The TP concentrations differed significantly
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between the IR and 25+IR groups, although these values were within the reported reference
interval for this rat strain (Boehm et al., 2007).

Oxidative stress is one of the main mechanisms involved in IR injury. However, we
observed no changes in the biomarkers of oxidative stress after IR injury in our rat model.
The magnitude of MDA production and the decrease in tissue SOD activity after IR injury
depends on the duration of ischemia and reperfusion. Our results are consistent with those
reported previously showing that these changes are nonsignificant after 30 min of ischemia
and 24 h of reperfusion (Dobashi et al., 2000).

The role of the inflammatory response in the renal IR mechanism is well known and
involves the promotion of IL-1 production, which stimulates tubular cells to produce IL-6
and TNF-α (Daha & Van Kooten, 2000). However, reports are inconsistent. One study
noted that IR does not increase the concentrations of these cytokines (Zhu et al., 2014),
whereas other studies have reported increases in cytokine concentrations in proportion
to the severity of injury (Shen et al., 2018; Tang et al., 2017; Zhang et al., 2018; Zhang et
al., 2015). In this work, we did not observe significant increases in the concentrations of
IL-1β, IL-6, or TNF-α. We also found that (S)-2HG did not decrease the concentrations
of these proinflammatory cytokines compared with their baseline levels, which suggests
that the compound has no immunomodulatory effect. HIF-1α promoted the expression
of proinflammatory cytokines such as IL-1α (Rider et al., 2012) and IL-1β (Ogryzko et al.,
2019; Zhang et al., 2006) in several experimental models. Because these cytokines stimulate
the production of IL-6 and TNF-α, it is possible that this effect antagonizes the potential
amelioration of the inflammatory response induced by the nephroprotective effect of
(S)-2HG. Additional studies are required to confirm this idea.

Renal IR caused significant injury to tissue architecture, which appears as acute tubular
necrosis. We observed a tendency for (S)-2HG toward amelioration of tissue injury in the
three histological parameters evaluated, but these changes were not statistically significant.
These results agree with those of other studies of compounds with nephroprotective
activity, in which the magnitude of tissue injury was assessed using a semiquantitative
approach (Kobuchi et al., 2009; Torres-González et al., 2018). The use of morphometric
analysis would have allowed us to quantify the ratio of damaged to undamaged renal
tubules and to use parametric statistic tests, as reported previously (Barrera-Chimal et al.,
2011), to examine this question at the tissue level.

(S)-2HG administration did not exert an unequivocal accumulation of HIF-1α in the
experimental conditions used in our study, as it was shown by themeasurements performed
in kidney tissue by ELISA and Western blot. It has been shown that the administration
of EGLN inhibitors 6–8 h before ischemia causes HIF-1α accumulation (Bernhardt et
al., 2009; Xu et al., 2011). In the present study, IR injury was induced 8 h after the final
dose of (S)-2HG and tissue HIF-1α concentration was measured 15 h after IR injury.
HIF-1α is a highly regulated protein, extremely sensitive to the concentration of O2 in the
microenvironment and easily degraded (in this study we observed a semi-degraded 55 kDa
isoform of HIF-1α in theWestern blot, as referred by several manufacturers of anti-HIF-1α
antibodies). For that reason, it is understandable that the expression of this protein would
not be stable after the long reperfusion period; however, the IR group showed a significant
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accumulation of HIF-1α after the 15-hours reperfusion period, but the 12.5+IR and 25+IR
groups did not follow this behavior. The effect observed in the IR group is consistent
with that of a study in which HIF-1α accumulation caused by IR occurred in two phases,
namely an acute phase during ischemia and a late phase during reperfusion (Conde et al.,
2012). The findings of the present study suggest that the activation of a nephroprotective
mechanism by the treatment with (S)-2HG could be related whit the non-accumulation
of HIF-1α during the late reperfusion period in the treated groups. Differences in the
patterns of HIF-1α expression measured by ELISA or Western blot could be explained
based on the instability of HIF-1α. Different sample treatments resulted in distinct grades
of degradation, requiring additional experiments to comprehensively assess the effect of
sample preparation in the HIF-1α concentrations.

Despite the inherent instability of HIF-1α in these experimental conditions, the
expression of genes directly transcribed by HIF-1 is an indirect way to infer a previous
stabilization ofHIF-1α caused by the administration of (S)-2HG. Inducible heme oxygenase
(heme oxygenase 1, Hmox1) is a microsomal membrane enzyme, which catalyzes the
oxidative cleavage of heme molecules, yielding biliverdin, CO and iron. The expression
of this enzyme increases significatively in response to hypoxia (it is hypothesized that
biliverdin exerts an antioxidant effect, antagonistic to the heme-mediated production of
ROS), and it is regulated directly by HIF-1 (Lee et al., 1997). It has been described that the
inhibition of the EGLN family induces a 4–5 fold increase in the Hmox1 expression in a
model of kidney transplantation in rats and that the expression of this gene is stable for
at least 24 h after the inhibition of the EGLN family (Bernhardt et al., 2009). In this study,
we observed a 14-fold increase in the expression of Hmox1 in the 25Tox group compared
to the SH group. This significant increase in the expression of Hmox1 strongly suggests a
role of the HIF-1 pathway in the nephroprotective effect showed by the (S)-2HG. It has
been described that the IR injury induces per se the expression of Hmox1 in rats and that
the transcript is also stable for at least 24 h (Maines et al., 1993). In this study, we observed
that IR injury drastically increased the expression of Hmox1 in the IR, 12.5+IR, and 25+IR
groups, with a tendency to increase its expression in the 25+IR group. Additional studies
are needed to fully characterize the biochemical pathways modified by (S)-2HG in the IR
injury, in the kidney, and in other organs.

By contrast, we observed no toxic effects of SA at the hepatic or renal level at the doses
used, as shown by the normal biomarker values, which agrees with the findings ofMaekawa
et al. (1990) who reported the absence of a toxic effect in rats of the F344 strain. In our
study, it was not observed an alteration in the proinflammatory cytokines, the oxidative
stress biomarkers, or the histological parameters.

Unlike (S)-2HG, which showed a significant nephroprotective effect, SA tended to
aggravate IR injury, as shown by the inability to ameliorate the changes in BUN and
creatinine concentrations at most of the doses used, although there was a trend toward a
dose-dependent effect. We found no changes in the other biomarkers evaluated after SA
administration. The role of SA in the IR injury processes has been extensively investigated.
SA accumulates significantly during the IR injury processes, such as in brain stroke,
and its intracellular concentration can increase by up to 30-fold (Chouchani et al., 2014;
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Sahni et al., 2017). SA plays a role in the reverse electron transport (RET) phenomenon
(Scialò, Fernández-Ayala & Sanz, 2017), which occurs in the inner mitochondrial
membrane when complexes III and IV of the electron transport chain are saturated
and RET occurs in complex I and ROS are generated (Chouchani et al., 2014). Stimulation
of complex II (succinate dehydrogenase) strongly promotes the RET phenomenon (Chance
& Hollunger, 1961), and it is probable that SA administration before IR induction activates
this mechanism and produces large amounts of ROS. Additionally, an in vitro study has
demonstrated that, despite its EGLN-1 inhibitory activity, SA cannot cause intracellular
HIF-1α accumulation (Koivunen et al., 2007).

SA did not affect the biomarkers of oxidative stress or proinflammatory cytokines.
Additional studies under different IR conditions are needed to examine the behavior of
these mediators in response to this compound. Histological analysis of the SA-treated
groups showed a dose-dependent tendency toward increased histological evidence of
injury. Although this response was not statistically significant, it is possible that the effect
was underestimated by the nonparametric test used to analyze the semiquantitative data.
Further quantitative morphometric studies are needed to confirm whether SA affects tissue
architecture in association with IR injury.

As previously described, inhibitors of the EGLN family, such as dimethyloxalylglycine
and l-mimosine, promote tissue HIF-1α accumulation and significantly ameliorate the
changes in serum BUN and creatinine levels and histological damage after IR injury (Hill
et al., 2008). Similarly, the administration of the EGLN inhibitor FG-4497 has been shown
to improve graft survival in an allogenic kidney transplantation model (Bernhardt et al.,
2009). The results of our study suggest that (S)-2HG is a potential candidate for additional
studies in animal models. The effects caused by SA administration are similar to those
reported for mitochondrial ROS production by RET. Therefore, subsequent evaluation of
this compound in other IR models may help to elucidate the mechanisms underlying these
metabolic pathways, as well as the possible clinical implications.

CONCLUSIONS
Neither (S)-2HG nor SA showed a hepato- or nephrotoxic effect at the doses tested.
(S)-2HG showed a dose-dependent nephroprotective effect against IR injury, which
involved amelioration of kidney injury biomarkers and an increase in the expression of
Hmox1, suggesting stabilization of HIF-1α. SA did not show a nephroprotective effect but
tended to increase IR injury when given at high doses. Neither (S)-2HG nor SA exhibited
immunomodulatory or antioxidant activity at the different doses used here.
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