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ABSTRACT
Theeukaryotic initiationfactor5A(eIF5A),which ishighlyconservedthroughoutevolution,hastheuniquecharacteristic
of post-translational activation through hypusination. This modification is catalyzed by two enzymatic steps involving
deoxyhypusine synthase (DHPS) and deoxyhypusine hydroxylase (DOHH). Notably, eIF5A may be involved in regu-
lating the lifespanofDrosophiladuring long-termhypoxia. Therefore,we investigated thepossibility of a linkbetween
eIF5A hypusination and cellular resistance to hypoxia/anoxia. Pharmacologic targeting of DHPS by N1-guanyl-1,7-
diaminoheptane (GC7) or RNA interference–mediated inhibition of DHPS or DOHH induced tolerance to anoxia in
immortalized mouse renal proximal cells. Furthermore, GC7 treatment of cells reversibly induced a metabolic shift
towardglycolysis aswell asmitochondrial remodeling and led todownregulatedexpression andactivity of respiratory
chain complexes, features characteristic of mitochondrial silencing. GC7 treatment also attenuated anoxia-induced
generation of reactive oxygen species in these cells and in normoxic conditions, decreased themitochondrial oxygen
consumptionrateofculturedcellsandmice. In rats, intraperitoneal injectionofGC7substantially reducedrenal levelsof
hypusinatedeIF5Aandprotectedagainst ischemia-reperfusion–inducedrenal injury.Finally, inthepreclinicalpigkidney
transplant model, intravenous injection of GC7 before kidney removal significantly improved graft function recovery
and lategraft function and reduced interstitialfibrosis after transplant. This unconventional signalingpathwayoffers an
innovative therapeutic target for treating hypoxic-ischemic human diseases and organ transplantation.

J Am Soc Nephrol 28: 811–822, 2017. doi: 10.1681/ASN.2016010012

In transplantation process, ischemia injury is asso-
ciated with delayed graft function and chronic graft
dysfunction; thus, new treatment strategies have to
be developed through the highlighting of new path-
ways involved in ischemic tolerance. For this pur-
pose, we explored the translational machinery that
is an essential step involved in the development of
physiologic functions and/or progression of dis-
eases1 and that consumes a great part of the ATP
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produced by oxidative phosphorylation and oxygen consump-
tion.2 Translational control is mediated through the selective
translation of specific mRNAs, and a limited number of initi-
ation factors is involved in this process. Among these crucial
factors, the eukaryotic initiation factor 5A (eIF5A) is highly
conserved throughout evolution3; its unique characteristic is
evident in its activation through hypusination that requires
the sequential action of two enzymatic steps catalyzed by de-
oxyhypusine synthase (DHPS) and deoxyhypusine hydroxy-
lase (DOHH). DHPS transfers the aminobutyl moiety from
spermidine to the «-amino group of a specific lysine residue in
the eIF5A precursor protein, whereas DOHH completes hy-
droxylation to its active functional form.4 eIF5A is the only
protein known to be hypusinated.5,6 Over the last years, there
has been a conceptual evolution concerning the role of eIF5A
in the translational mechanism. eIF5A was initially described
as a translation initiation factor,7 but recent studies have
shown that eIF5A interacts after the initiation step on trans-
lating ribosomes only.8 Concerning its role at the cell level,
the absolute requirement for the eIF5A protein and its post-
translational modification was established in yeast9 and eu-
karyotic cells10 proliferation. eIF5A has also been shown to be
involved in physiologic processes, such as the HIV replication,
the inflammatory state, or the progression of diabetes.11 How-
ever, in the Drosophila model, an interesting role of eIF5A has
been highlighted as a potential target for promoting an improve-
ment in the lifespan of flies submitted to low oxygen–containing
atmosphere.12 Because the prevention of the deleterious effects
of ischemia is a major challenge in various hypoxic-ischemic–
related human diseases, including organ transplantation, the
aims of this work were to look for a putative implication of
eIF5A in the mechanism underlying mammalian cell death
in anoxic conditions and highlight this target in the improve-
ment of kidney transplantation. We chose to use proximal
cells from the kidney, a highly oxygen–sensitive organ, and
show that inhibition of eIF5A hypusination induced anoxia
tolerance through a reversible mitochondrial silencing char-
acterized by a specific downregulation of respiratory chain
complexes. We transposed these data to a model of rat ische-
mic renal stress13 and evidenced a beneficial effect of
N1-guanyl-1,7-diaminoheptane (GC7), a highly specific in-
hibitor14 of DHPS, in the protection of kidney submitted to
ischemia. Finally, we addressed the ischemia-reperfusion in-
jury that surgeons face during organ transplantation. We used
the highly relevant model of kidney transplantation in the pig
and found that GC7 largely improved the functional recovery
of the graft. To evidence the role of eIF5A inhibition in ische-
mia tolerance, we targeted the DHPS–mediated activation
step leading to eIF5A hypusination through the use of both
GC7 and siRNA directed against sequences encoding DHPS
and DOHH. We show that the pharmacologic inhibition of
eIF5A hypusination by GC7 preserves cells from anoxic–
induced cell death and can be directly extended to mammals
and potentially, humans through its ability to protect the kidney
against an ischemia-reperfusion injury. This innovative

pharmacologic target of ischemia tolerance paves the way for
future fundamental studies, clinical applications, and pharma-
cologic developments in any physiologic or pathologic situations
in which oxygen requirement is crucial.

RESULTS

Inhibition of eIF5A Hypusination Protects Cells from
Anoxia–Induced Cell Death
We confirmed that GC7 treatment (30 mM for 24 hours) dimin-
ished the ratio of hypusinated eIF5A to total eIF5A in a model of
immortalizedmouse renal proximal (PCT) cells15 (Supplemental
Figure 1). We next studied the effects of the inhibition of eIF5A
hypusination on these PCT cells exposed for 24 hours to nor-
moxia (21% O2) or anoxia (O2,0.1%). Under normoxic con-
ditions, GC7 treatment for 24 hours (Figure 1, A and D) or
siRNA-mediated silencing of DHPS or DOHH enzymes (Figure
1E, Supplemental Figure 2A) did not affect cell viability (95%6
3% of cells were green labeled and alive). By contrast, a 24-hour
period of anoxia markedly decreased the number of green–
labeled living cells (8%62%) concomitantly to an increase in
the number of red–labeled dead cells (Figure 1B). Anoxia–
induced cell death was largely prevented by (1) GC7 treatment
in a dose-dependent manner (Figure 1, F and G) with a maxi-
mum effect around 30 mM (85%61% of cells remained viable)
(Figure 1, B and D) or (2) siRNA targeting DHPS or DOHH
enzymes (.80% of cells remained viable) (Figure 1, C and E).

Inhibition of eIF5A Hypusination Induces Metabolic
Shift and Mitochondrial Remodeling
GC7 treatment (30 mM for 24 hours) did not modify the in-
tracellular ATP level under normoxic conditions (Figure 2A)
but prevented the drop induced by anoxia (O2,0.1%). The
canonical response to anoxia is a downregulation of oxidative
phosphorylation accompanied by a metabolic shift toward
anerobic glycolysis to ensure the energetic status.16,17 As
shown on Figure 2B, in normoxia, GC7 induced an increase
of the basal glucose consumption in a dose-dependent man-
ner, with a maximum effect around 30 mM. This metabolic
shift is correlated to the dose-response that we obtained with
the live-dead assay (Figure 1, F and G). This glucose consump-
tion increase is significantly enhanced within 3 hours and a
maximum of 6 hours after the addition of GC7 (Supplemental
Figure 2B) and fully reversible after GC7 removal (Supple-
mental Figure 2C). We confirmed that this metabolic shift is
caused by the inhibition of eIF5A hypusination, because
RNAi-mediated knockdown of DOHH enzyme (siRNA)
mimicked the increase of glucose consumption induced by
GC7 (Supplemental Figure 2D). The cytosolic stabilization
of the Hypoxia Induced Factor-1a (HIF-1a) is a classic cell
adaptive response to hypoxia.16 Under normoxia, GC7 did not
promote HIF-1a stabilization (Supplemental Figure 3A). By
contrast, anoxia induced amarked increase in HIF-1a levels in
both the presence and absence of GC7. These results suggest
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that GC7 induces a reversible metabolic shift toward glycolysis
and promotes anoxic tolerance in an HIF-1a–independent
manner. Because a metabolic shift is often correlated with a
change in oxidative phosphorylation, we looked for the effect
of GC7 on mitochondrial potential using the DCm-sensitive
fluorescent dye TMRE and FACS analysis. GC7 treatment

(30 mM for 24 hours) induced a dose-dependent decrease in
fluorescence, reflecting a shift of DCm toward less negative
values (Figure 2, C and D). Interestingly, GC7 never induced a
total breakdown of DCm, which was classically observed in
cells entering apoptosis (total DCm dissipation is,3% of the
GC7-treated cells only; areaM1) (Figure 2C).We obtained the

Figure 1. Inhibition of eIF5A hypusination prevents anoxia–induced cell death. (A and B) Representative images of renal PCT cells
exposed to (A) normoxia (20% O2) or (B) anoxia (24 hours of O2,0.1%) in the presence or absence of 30 mM GC7. Living cells are green
labeled (calcein-AM), dead cells are red labeled (homodimeric BET), and nuclei are blue labeled (DAPI). Scale bar, 50 mm. (A) GC7
treatment (30 mM) and (C) mRNA silencing (siRNA) of DOHH or DHPS significantly reduced cell death induced by anoxia. Control siRNA
(scrambled sequence) remained without effect. (D and E) Quantification of cell viability from A–C. (F) Micrographs of subconfluent PCT
cells maintained in anoxic conditions for 24 hours in the presence of various concentrations of GC7. Scale bar, 100 mm. (G) The live-
dead assay was used to determine the rate of cell death that is shown on the histogram. Data are means6SEM for 600 cells per well of
triplicate samples per condition. **P,0.01, one-way ANOVA. O2, oxygen.
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same effect by measuring directly the fluorescence of the mito-
chondrial potential probe Mitotracker red FM18 on intact con-
fluent epithelia (Supplemental Figure 4). Interestingly, this
GC7-induced decrease in DCm was not related to an upregu-
lation of the uncoupling proteins UCP2 (Supplemental Figure
3B) orUCP3 (Supplemental Figure 3C). GC7 treatment (30mM
for 24 hours) generated a reorganization of the mitochondrial
network, which appeared disorganized, with a loss in the tubular
continuumprofile observed in control cells (Figure 2E). Electron
microscopy observations confirmed the GC7-mediated remod-
eling of the mitochondria; they appeared swollen, with the ma-
trix becoming paler and inhomogeneous, and the cristae were

disoriented and reduced in number (Figure 2E). The GC7-
mediated modifications of the mitochondrial network and
ultrastructure were reversible within 48 hours after drug with-
drawal (Figure 2E). Interestingly, targeting DOHH enzyme ac-
tivity through RNAi-mediated knockdown (siRNA DOHH)
mimicked the mitochondrial morphologic modification ob-
served in GC7-treated cells (Figure 2F).

Inhibition of eIF5A Hypusination Induces Functional
Subexpression of OXPHOS Mitochondrial Complexes
We evaluated the molecular status of the respiratory chain
using antibodies raised against subunits of the OXPHOS

Figure 2. Inhibition of eIF5A hypusination induces mitochondrial remodeling. (A) Intracellular ATP content measured in control and
GC7-treated cells exposed to normoxia or anoxia (O2,0.1% for 24 hours). Values are expressed as means6SEM (n=6). **P,0.01, one-
way ANOVA. (B) Glucose consumption in control and GC7–treated PCT cells (1–300 mM) maintained for 24 hours in normoxic at-
mosphere (20% O2). Values are means6SEM (n=10–15). **P,0.01, one-way ANOVA. Distribution of (C) mitochondrial DCm and (D)
related geometric means measured in PCT cells exposed to various GC7 concentrations. Cells were loaded with the DCm–sensitive
fluorescent dye TMRE and analyzed by flow cytometry. Values are expressed as means6SEM (n=6). **P,0.01, one-way ANOVA. (E)
Mitochondrial network organization observed in control and GC7–treated PCT cells (30 mM for 24 hours) and after 48 hours recovery
using MitoTracker Green FM labeling. Scale bar, 20 mm. Representative electron microscopy picture showing mitochondria (arrows)
visualized in control and GC7–treated cells (30 mM for 24 hours) and after 48 hours of recovery. Scale bar, 2 mm. (F) Representative
micrographs of mitochondrial network organization obtained after 48 hours of transfection with control siRNA (scrambled sequence)
and DOHH siRNA. The MitoDSred vector was cotransfected to visualize mitochondria. O2, oxygen.
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complexes and specific proteins of mitochondrial compart-
ments. Expression of complexes 1–3 was significantly de-
creased in GC7-treated cells (Figure 3, A and B). By contrast,
the expressions of other proteins of mitochondrial compart-
ments (porins, cyclophilin D, cytochrome C, and complex 5)
remained unaffected (Figure 3, C and D). A significant reduc-
tion of mitochondrial complexes 1–4 activity was also ob-
served in GC7-treated cells (Figure 3E). By contrast, complex
5 and citrate synthase activities (a hallmark of the mitochon-
drial matrix integrity) were not altered (Figure 3, E and F).
GC7 induced a drastic reduction in OXPHOS mitochondrial
activity through a selective reduction in the expression and the
activity of respiratory chain complexes, reflecting a mitochon-
drial functional silencing.

This unique mitochondrial status induced by GC7 exposure
might support the hypothesis of a fall in mitochondrial reactive
oxygen species (ROS) generation triggered by anoxia. We
measured the time course of ROS formation along with the
application of an anoxic stress (O2,0.1%) (Figure 3G). The
fluorescence emitted by the ROS–sensitive probe 5(and 6)-
carboxy-29,79-dichlorodihydrofluorescein diacetate increased
soon after the induction of anoxia in control cells but remained
constant inGC7-treated cells (Figure 3, G andH), suggesting that
GC7 abolishes anoxia–induced ROS production and protects the
cells from the harmful effects of free O2 radicals.

Inhibition of eIF5A Hypusination Decreases Oxygen
Consumption
Polarographic experiments showed that the cellular O2 con-
sumption measured in PCT cells under normoxia was mainly
caused by mitochondrial respiration, displaying (1) high sen-
sitivity to the cytochrome poison KCN that specifically in-
hibits mitochondrial respiration and (2) stimulation by the
FCCP uncoupler that allows the measurement of maximal
mitochondrial O2 consumption (Figure 4, A and B). GC7
(30 mM for 24 hours) caused a marked time–dependent inhibi-
tion in O2 consumption, reaching 70%, whereas acute exposure
had no effect (Figure 4A, Supplemental Figure 5). Cessation of
GC7 treatment restored O2 consumption to near control values
within 48 hours (Figure 4B).Wenext established the bioenergetic
profile (Seahorse) of GC7–treated PCT cells. In control cells, the
oxygen consumption rate (OCR) was characteristic of a

Figure 3. GC7 induces a mitochondrial silencing. (A) Western
blotting and (B) related quantitative analysis of complexes (1–3
and 5) subunits expression obtained from control and GC7–
treated PCT cells (30 mM for 24 hours). Values are expressed as
means6SEM (n=3); b-tubulin was used as an equal loading
control. (C) Western blotting and (D) quantitative analysis performed
using antibodies raised against the outer mitochondrial membrane
proteins (porin 1+2 isoforms), the matrix space (cyclophilin D [Cyp D]),

and the intermembrane space (cytochrome C [Cyt C]) in control
and GC7–treated PCT cells (30 mM for 24 hours). Values are ex-
pressed as means6SEM (n=3); b-actin was used as an equal
loading control. Enzymatic activities in percentage of control
of (E) mitochondrial complexes 1–5 and (F) citrate synthase obtained
from control and GC7–treated PCT cells (30 mM for 24 hours). (G)
Time course and (H) mean slope of intracellular ROS accumulation
measured in control and GC7-treated cells (30 mM for 24 hours).
The atmosphere was shifted from normoxia to anoxia at the in-
dicated time. Values are expressed as the means6SEM (n=4–10).
**P,0.01, t test.
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bioenergetic profile primarily dedicated toATPsynthesis through
oxidative phosphorylation (Figure 4C). GC7 treatment reduced
the basal OCR by 80%, and the addition of FCCP had almost no
effect on OCR, suggesting that the GC7-treated cells already ex-
hibited the maximal respiratory rate under basal conditions.
These results show a drastic reduction in OXPHOS mitochon-
drial activity and support the previously observed GC7–induced
metabolic shift toward glycolysis. This fall in O2 consumption
was also observed in vivo after GC7 treatment: an approximately
20% decrease in O2 consumption was observed in GC7–treated
awakemice (3mg/kg for 24 hours) (Figure 4D) comparedwith in
control mice (details in Concise Methods).

Inhibition of eIF5A Hypusination Protects Kidney
against an Ischemic Stress
To explore the role of eIF5A hypusination inhibition during
an ischemic stress, we turned to a classic rat model of
controlled renal ischemic injury.13 Adult rats were treated by

intraperitoneal GC7 injection (daily injections for 3 days) to
evaluate in vivo its effect on eIF5A hypusination. This treat-
ment significantly reduced the level of the hypusinated form of
eIF5A in the kidney (Figure 5A) in a dose-dependent manner
(Figure 5B) without modifying basic physiologic parameters or
renal function (Supplemental Table 1). The dose of 3 mg/kg
was used to obtain a GC7 concentration comparable with the
one used in in vitro assays assuming an extracellular space vol-
ume of 30%.19 We induced an unilateral left renal artery ische-
mia (40 minutes) in rats treated or not treated with GC7 and
monitored the related renal functional injury 24 hours later.
Renal injury was assessed by (1) quantification of urinary neu-
trophil gelatinase–associated lipocalin (NGAL), an early bio-
marker of tubular injury20 and (2)measurement of the glucose,
Na+, and PO4

32 fractional excretions (FEs) from the ischemic
(left) kidney compared with those obtained from the contra-
lateral control (right) kidney.21 The urinary NGAL concentra-
tions of the left ischemic kidney significantly increased 24 hours

Figure 4. GC7 induces a fall in cellular oxygen consumption. (A) Oxygen consumption as a function of time in control and GC7-treated cells.
Cells were successively exposed to the uncoupler FCCP and the inhibitor of OXPHOS, KCN. (B) Means of oxygen consumption measured as
in A and after a 24- or 48-hour recovery period without GC7. Values are expressed as means6SEM (n=3–15) **P#0.01, one-way ANOVA. (C)
Bioenergetic profile of control and GC7-treated cells. OCR changes are plotted against time during the Seahorse flux analyzer run. Oli-
gomycin, FCCP, and rotenone were sequentially delivered at the indicated times. OCR values are expressed as the means6SEM (n=11).
**P,0.01, one-way ANOVA. (D) Histogram of oxygen consumption measured in control mice (saline solution treated) and GC7-treated
mice (daily intraperitoneal injections for 3 days of 3 mg/kg each). Values are means6SEM (n=5). **P,0.01, t test.
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after the application of the ischemia-reperfusion protocol
(Figure 5C) together with an increase in sodium (Figure 5D),
glucose (Figure 5E), and phosphate (Figure 5F) FEs. GC7 treat-
ment prevented the increase in urine levels of NGAL 24 hours
after the ischemia-reperfusion protocol (Figure 5C). Further-
more, GC7 largely protected the proximal tubular functions,
because the FEs of glucose, PO4

32, and Na+ remained similar
to those observed in the control nonischemic kidney (Figure 5,
D and F). This in vivo study shows that inhibition of eIF5A
hypusination protects renal function from oxygen deprivation

in amodel of renal ischemia-reperfusion injury.We next eval-
uated the effect of GC7 when perfused to the rats after the
ischemic injury to determine if it could be used in a post-
treatment protocol. In this context and our experimental
conditions, we were unable to show a protective effect of
GC7 on sodium, glucose, and phosphate FEs (Supplemental
Figure 6).

GC7 Improves Kidney Graft Function Recovery and
Decreases Fibrosis in a Highly Relevant Preclinical
Model of Kidney Transplantation
We tested the relevance of our new concept in a pertinent
preclinical porcine model of kidney autotransplantation close
tohumanconditions.Wemeasured theplasma creatinine up to
90 days after kidney transplantation. Figure 6, A and B shows
that the ischemia-reperfusion injury alone induces early and
late graft dysfunctions. GC7 administration through two suc-
cessive intravenous injections 24 and 3 hours before pig kid-
ney removal improves significantly the graft function recovery
and the late graft function as creatininemia (Figure 6, A and
B), sodium FE, osmolarity plasma/urine, alanine aminopep-
tidase excretion, and plasma aspartate aminoransferase
level measurements (Table 1). We also evaluated the diuresis
recovery along time, one of the major challenges in kidney
transplantation. All GC7–treated animals exhibited an early
recovery of diuresis, whereas it lasted 3 days to be effective in
vehicle-treated pigs. We looked for the morphologic aspect of
the cortical area by electron microscopy on kidney graft bi-
opsies obtained 30 minutes after reperfusion (Figure 6D). In
the vehicle group, proximal tubule cells present an altered
cytoplasm (low density) with vacuoles, and mitochondria
have a relatively good morphology. Microvilli of the brush
border appear short, not tight, and edematized. In the GC7-
treated group, proximal tubule cells present a dense cytoplasm
with few vacuoles and mitochondria with a correct morphol-
ogy. GC7 clearly improves the morphologic integrity of the
kidney brush border. Additionally, the rate of apoptotic cells
measured by the terminal deoxynucleotidyl transferase–
mediated digoxigenin-deoxyuridine nick end labeling (TUNEL)
technique was trend lower in GC7-treated animals (Figure
6E). We evaluated the oxidative stress on these biopsies. The
use of GC7 before ischemia permits a significant decrease in
the staining of the fluorogenic ROS sensor CellROX (Figure
6F) and a diminution of the lipid peroxidation visualized by 4-
HNE labeling (Figure 6G) compared with in the nontreated
vehicle group. Thus, GC7 lowers the oxidative stress. To de-
termine the effect of graft treatment with GC7 on chronic
fibrosis, we evaluated the degree of interstitial collagen depo-
sition using Sirius red staining22 (Figure 6H). Treatment with
GC7 protects efficiently against the development of chronic
interstitial fibrosis 3 months post-transplantation (Figure 6I).
The deposition of fibrin in the small vessels and capillaries of
the graft is a critical element in the development of chronic
kidney fibrosis. Analysis of the expression of tissue plasmin-
ogen activator (tPA), an enhancer of fibrinolysis and thus,

Figure 5. GC7 inhibits eIF5A hypusination in the kidney and
protects rats against ischemia-reperfusion–induced renal injury.
(A) Western blot of kidney extracts revealed with antibodies
raised against the hypusinated and the total form of eIF5A.
b-Actin was used as a loading control. (B) Histogram obtained
from A showing the hypusinated eIF5A-to-total eIF5A ratio in rats
treated with the indicated dose of GC7 (mean6SEM of four rats
per group). (C) Urinary NGAL-to-creatinine ratio and FEs of (D)
sodium, (E) glucose, and (F) PO4

32 measured in urine from the
left ischemic kidney and the right control kidney from sham
(sham), GC7–treated sham (sham + GC7), ischemic (IR), and is-
chemic GC7–treated (IR + GC7) rats 24 hours after ischemia-
reperfusion. Values are expressed as means6SEM of 10–18 rats
per group. *P,0.05, t test; **P,0.01, t test.
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Figure 6. GC7 improves the functional recovery of kidney graft after transplantation in pig. Postreperfusion plasma creatinine levels (A)
quantified from day 21 before transplantation to day 90 after kidney transplantation and (B) expressed as area under the curve from
day 0 to day 90 after kidney transplantation in vehicle and GC7-treated groups (vehicle is the unilateral nephrectomy control). *P,0.05
vehicle versus GC7 group at each time, Mann–Whitney test. (C) Number of animals with diuresis recovery at post-transplantation days
1–3. (D) Electron microscopy of renal biopsies obtained 30 minutes after reperfusion of the nontreated group (vehicle) or the
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protective of the graft, revealed that the protein was critically
suppressed in grafts of the vehicle group, whereas it was pre-
served in the GC7 group. Moreover, we found that PAI-1,
inhibitor of tPA,23 was overexpressed in the vehicle group,
whereas it was decreased in grafts treated with GC7 (Figure
6J). We, thus, show that GC7 exposure has a long–term pro-
tective effect on the graft against the inhibition of fibrinolysis
in the vessels known to promote fibrosis. We also show that
the expression of the fibrosis–related factor24 connective tis-
sue growth factor (CTGF) was suppressed in the GC7-treated
group (Figure 6K).

DISCUSSION

The highly conserved factor eIF5A in its hypusinated active
formhas been already implicated inmany cellular, physiologic,
and pathologic functions25–28; thus, there is a considerable
interest in this factor as a potential target for drug develop-
ment through inhibition of hypusination. More interestingly, a
previous work12 suggested that eIF5A could be associated with
the survival rate of flies maintained in hypoxic atmosphere. Be-
cause this last result could be of high relevance in human ische-
micdiseases, we investigated the putative involvement of eIF5A in
an ischemic–related kidney disease. Impairment of proximal tu-
bules by ischemia is one of the most frequent causes of renal
failure.29 This sensitivity toward oxygen deprivation is because
of their highly aerobic metabolism associated with a poor capac-
ity of regeneration.

Using cultured immortalized proximal cells, we showed an
unsuspected link between eIF5A hypusination status and mito-
chondrial respiratory chain complexes expression, ROS pro-
duction, O2 consumption, and resistance to hypoxic-anoxic

situations. We used the spermidine analog3 GC7 that is a com-
petitive inhibitor exhibiting a Ki of 10 nM toward DHPS in vi-
tro.14 We confirmed DHPS as the target of GC7 through an
siRNA strategy silencing the enzymes (DHPS and DOHH) in
charge of eIF5A hypusination. Under normoxic conditions, GC7
induced a fall in oxygen consumption in either cells or whole an-
imals. Our hypothesis is that this fall in oxygen consumption is a
consequence of the downregulation of mitochondrial complexes
induced by inhibition of eIF5A hypusination. The mitochondrial
potential falls down to a nonlethal level that is not associated with
an overexpression of uncoupling proteins but rather, is associated
with a subexpression of mitochondrial complexes. This result is
consistent with previous findings showing that the hypusinated
form of eIF5A interacts specifically with a small set of mRNAs,
including the NADH dehydrogenase (complex 1) mRNA,25 and
influences translation of these proteins. This slowdown in mito-
chondrial activity is compensated by a metabolic shift toward an-
aerobic glycolysis to maintain the energetic status of the cells.

Classically, anoxic conditions favor the generation of
deleterious oxygen reactive species,30 and the prevention of
ROS generation along an ischemic stress is one of the keys
allowing the organ to survive to oxygen deprivation. One of
the main consequences of this mitochondrial silencing is the
absence of ROS production after the cells are submitted to
anoxia, preventing them from death. Thus, GC7 seems to
act as an agent of preconditioning to anoxic conditions
through anHIF-independent pathway. AKI is currently a great
challenge to overcome in clinical practice,31 and the preven-
tion of kidney dysfunction progression remains a critical
point. Therefore, the search for safe and effective agents to
ameliorate ischemia-reperfusion injury is of clinical relevance.
The data that we obtained clearly show the protective effect of
GC7 against the harmful effect of AKI. However, we have to

GC7-treatedgroup (GC7).Thebrushbordermembranemorphologyappearedpreserved inGC7-treatedanimals. Scalebars, 0.5mm. (E–G)
Histograms representative of the TUNEL labeling (apoptotic cells), CellROX staining (oxidative stress), and 4-HNE labeling (lipid per-
oxidation) performed on kidney biopsies 30 minutes after reperfusion. Values are expressed in percentages of positive pixels for each
probe compared with DAPI labeling. (H) Representative images for each group showing staining for fibrosis (Sirius red staining). Original
magnification, 3100. (I) Fibrosis expressed as percentage of Sirius red staining by field. (J and K) Representative Western blots of PAI-1
(tPA inhibitor), tPA, and CTGF and quantitative analyses by densitometry of blots. Values are means6SEM of three animals per groups
(n=3). *P,0.50, ANOVA and Tukey–Kramer multiple comparison post–test.

Table 1. Renal function parameters and injury markers measured in vehicle– and GC7–treated porcine groups (mean6SEM;
n=3 per group; statistics P,0.05 vehicle versus GC7 group were performed with Mann–Whitney test on NCSS software)

Parameters Vehicle GC7 Mann–Whitney Test

Sodium FE (area under the curve; from day 21 to day 90 post-transplantation) 440616.5 324610 P,0.05
Osmolarity plasma/urine (area under the curve; from day 21 to day 90 post-transplantation) 7160.4 48.561 P,0.05
Alanine aminopeptidase urine (day 3 post-transplantation), IU/L 25666 2762 P,0.05
ASAT at 60 min post-transplantation, IU/L 13465 5663 P,0.05
ASAT at day 1 post-transplantation, IU/L 18462 10663 P,0.05
ASAT at day 2 post-transplantation, IU/L 7162 4063 P,0.05
ASAT at day 3 post-transplantation, IU/L 5461.5 4463 P,0.05
ASAT (area under the curve; from day 21 to day 3 post-transplantation) 37562 22066 P,0.05
ASAT, aspartate aminotransferase.
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consider the negative results obtained in an attempt to protect
kidney functions when GC7 is applied in a post-treatment
protocol. This limits the use of GC7 in a pretreatment way.
Hopefully, this is highly pertinent in the transplantation con-
text, in which pretreatment can be scheduled. Over the past
50 years, kidney transplantation has become an established
worldwide practice, bringing immense benefits to hundreds
of thousands of patients. Organ transplantation is now the
most cost–effective treatment for end stage renal failure. How-
ever, this success has led to an organ shortage crisis, and only
one quarter of patients on the waiting list have access to organ
transplantation. This state changed the donor demography,
with the increased use of organs from extended criteria donors
and deceased after circulatory death donors with important
comorbidity factors.32 These organs are more sensitive to the
ischemia–reperfusion injury, which has a critical influence on
graft dysfunctions. Kidneys from deceased after circulatory
death donors are correlated with higher levels of delayed graft
function and primary nonfunction.33 This new donor demog-
raphy pushes the community to investigate new conditioning
methods to improve graft quality. In this context, proper do-
nor or recipient management protocols including the use of
innovative drugs, such as GC7, are of outmost importance. It
is now shown that the intensity of ischemia-reperfusion injury
very strongly correlates with delayed graft function, chronic
graft dysfunction, and late graft loss,34 and our data bring
evidence that GC7 greatly enhanced the functional recovery
of kidney after transplantation. From a more general point of
view, this study provides an experimentally driven preclinical
rationale for a newmechanistic–based pharmacologic therapy
suitable for testing protection against ischemic injury.

CONCISE METHODS

GC7 Synthesis
GC7was synthesized by AtlanChim Pharma (Saint-Herblain, France)

according to the methods described by Jasiulionis et al.35 The molec-

ular structure and purity of the product were evaluated using NMR

and mass spectrometry.

Cell Culture and Experimental Conditions
RenalPCTcellswere obtained fromprimary cultures ofmurineproximal

tubule segments, immortalized with pSV3neo vector, and cultured as

previously described.36,37 Cultures were classically maintained in a 5%

CO2 and 95% air water–saturated atmosphere. Hypoxic or anoxic con-

ditions were obtained by maintaining the cell culture at 37°C in a sealed

Bug-Box Anaerobic Workstation (Ruskin Technologies).

Silencing of DHPS and DOHH Proteins
In total, 150,000 PCT cells were cultured on petri dishes and then,

transfected24hours laterwith50nMeitherDHPSorDOHHpool siRNAs

(Sigma MISSIONesiRNATargeting Mouse Dhps or Dohh: EMU150671

and EMU093741, respectively; Sigma-Aldrich, St. Louis, MO) using

Lipofectamine 3000 Transfection Reagent (Invitrogen, Carlsbad, CA).

Cell Viability/Cytotoxicity Assay, Measurement of ROS
Levels, and Mitochondrial Potential Measurements
The Fluorescent LIVE/DEAD Cell Viability/Cytotoxicity Assay Kit

(Invitrogen) was used on PCT cells (24-well plates) according to the

manufacturer’s protocol. Fluorescent micrographs were recorded us-

ing an observer D1 microscope (Carl Zeiss GmbH, Jena, Germany).

Fluorescent DAPI (Live Science) labelingwas also used to estimate the

number of cells in each field.

Intracellular oxidative stress (i.e., ROS production) was measured

using the fluorescent probe 5(and 6)-carboxy-29,79-dichlorodihydro-

fluorescein diacetate (Molecular Probes) according to the protocol

described by L’Hoste et al.37

Formeasurementofmitochondrialmembranepotentials (DCm),cells

were collected by trypsinization (0.05% trypsin and 0.53mMEDTA) and

loaded with 50 nM TMRE. The fluorescence intensity was determined at

488 nm excitation and 564–606 nm emission by flow cytometry (FACS-

Calibur; Becton Dickinson, San Diego, CA). DCmwas also quantified in

intact cultured cells using a fluorescent mitochondrial potential reporter

(MitoTracker Red FM; Invitrogen). Confluent cultured cell monolayers

were incubated with MitoTracker-Red FM (30–40 minutes; 1 mM), and

fluorescence was quantified at 640 nm using a plate reader.

The carbocyanine–based fluorescent probe (MitoTracker Green

FM; Invitrogen) and Mito DS Red Vector were used according to the

manufacturer’s protocol.

Oxygen Consumption
Adult male C57/Bl6mice (Janvier-Europe) weighing 2462 g received

daily intraperitoneal injections of 0.9% control saline or GC7 (3 mg/kg

in saline solution) for 3 days. For oxygen consumption, the non-

treated or GC7-treated mice were maintained in a container (600 cm3).

After a short period of adaptation (30 minutes), the container was

sealed, and the internal O2 concentration was measured over a period

of 40 minutes with an oxymeter (OXYBABY, Witt, Germany). To scav-

enge the toxic CO2 expired by the animals, a solution of saturated bar-

ium hydroxide (50 ml at 37 g/L) was added to the container.

Western Blotting Analyses
Protein expressionwas analyzedbyWesternblotting analysis using the

following antibodies: total eIF5A (1:2500; Abcam, Inc., Cambridge,

MA), hypusinated form of eIF5A (1:200), Mitoprofile membrane

integrity cocktail (MS620; Mitosciences), Mitoprofile total OXPHOS

cocktail (MS601;Mitosciences), tubulin (1:5000; Sigma-Aldrich), and

b-actin (1:10,000; Sigma-Aldrich). Equivalent amounts of protein

were separated by SDS-PAGE on 8%–17.5% acrylamide gels and then,

electrophoretically transferred to Hybond-C Extra Membrane (Amer-

sham). Proteins were detected using HRP–labeled secondary antibodies

and the Amersham ECL System. Band intensity was quantified by den-

sitometric analysis (Fusion FX7, Vilbert-Lourmat, France).

Measurement of Cell Metabolism Parameters
Oxygen consumption was measured with a Clark Electrode (polaro-

metric technique; YSI53) in a closed chamber (2 ml) and monitored

using a Powerlab 8/35 Acquisition System (AD Instrument). The cell

protein content in each experimental conditionwas quantified using a

colorimetric assay kit (DC Protein Assay; Bio-Rad, Hercules, CA). The
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glucose consumption was determined by quantifying the difference

between the DMEM/F12 medium concentration measured at the

beginning of the experiment and the residual glucose concentration

measured at the end of the experiment using a colorimetric kit (Randox

Kit; Randox Laboratories, Crumlin, United Kingdom). Measurement of

cellular ATP content was performed using a luciferin/luciferase assay kit

(ATPlite; PerkinElmer, Waltham, MA). The bioenergetic profile was

established using a Seahorse XF96 Extracellular Flux Analyzer from

Seahorse Bioscience (North Billerica, MA). Enzymatic spectrophotomet-

ric measurements of the OXPHOS respiratory chain complexes 1–5 were

performed at 37°C on PCT cells according to standard procedures.38

Proteins were measured according to Bradford microassays, and results

were expressed as nanomoles per minute per milligram proteins.

Quantitative RT-PCR Analyses
Reverse transcription was performed using 2 mg RNA samples, M-

MLV-RT (Promega, Madison, WI), and random primers (250 ng/ml;

Roche Diagnostics, Indianapolis, IN). Preliminary to reaction, geno-

mic DNA contaminant was eliminated by DNAse RQ1 (Promega) in

presence of RNAsin (Promega). Primer sequences were designed us-

ing Primer Express software (Applied Biosystems, Foster City, CA)

and tested for their specificity, efficiency, reproducibility, and dy-

namic range. For quantitative PCR, final reaction volume was 20 ml

using SYBR Green Master Mix (Eurogentec, Angers, France) and

100 nM primers. Assays were run on an ABI Prism 7700 Real-Time

PCR Machine (PerkinElmer). The expression of selected genes was

quantified by the comparative DCt method using 36B4, b-actin,

hprt1, and gapdh as reference genes. Primer sequences were ucp2-s:

AGGCCATAGACCTACAGAAGACAAG; ucp2-as: CCCCGGTTCA-

GAGCATGT; ucp3-s: GCTGGAGTCTCACCTGTTTACTGA; ucp3-

as: ACAGAAGCCAGCTCCAAAGG; 36b4-s: TCCAGGCTTTGGG-

CATCA; 36b4-as: CTTTATCAGCTGCACATCACTCAGA; hprt-s:

GCTGGTGAAAAGGACCTCT; hprt-as: CACAGGACTAGAA-

CACCTGC; gapdh-s: GGCATTGTGGAAGGGCTCATGACGA;

gapdh-as: TAGCCGTATTCATTGTCATACCAGG; b-actin-s: AGAT-

CATGTTTGAGACCTTC; andb-actin-as: GTAGTTTCATGGATGCCACA.

In Vivo Ischemia-Reperfusion Protocol in Rat
All animal procedures were carried out in accordance with the French

legislation for animal care and experimentation (C06–101). Adult

female Wistar rats (190–240 g; 7–8 weeks old) received daily intra-

peritoneal injections for 3 days with 0.9% control saline or GC7 (3

mg/kg in saline solution). On day 4, rats were anesthetized with iso-

flurane. Using a left flank incision, the left renal artery was prepared

and held with a vascular clamp for 40 minutes. The kidney was then

observed for 1 minute after removal of the clamp to assess reperfu-

sion, and the incision was sutured. Sham-operated animals were sub-

jected to left flank incisions only. The contralateral right kidney was

left untouched and served as an internal control. Twenty-four hours

postsurgery, independent renal clearances of the left ischemic and right

nonischemic kidneys were performed.39 Urine was collected separately

from each kidney, and the FEs of glucose, Na+, and phosphate ions were

determined using the hexokinase method (Colorimetric Kit; Randox

Laboratories), flame atomic absorption spectrometry, and anion ex-

change chromatography (Dionex AS50; AS11 column), respectively.

NGAL measurements were performed using a commercial NGAL kit

(Bioporto) and are expressed as urinary NGAL-to-creatinine ratios to

compensate for urinary dilution/concentration.

Porcine Kidney Autotransplantation
Surgical protocols were performed in accordance with the Animal

Research: Reporting of In Vivo Experiments guidelines, the guidelines of

the French Ministries of Agriculture and Research, and those of the

Poitou-Charentes ethical committee for the use and care of laboratory

animals (protocolnumberCE2012–4).Weused3-month-old largewhite

pigsweighting 4064 kg (MOPICT IBiSAPlateforme; INRAMagneraud,

Surgeres, France). We intravenously infused GC7 (3 mg/kg) 24 and 3

hours before warm ischemia realized by renal pedicle clamping, and

then, we removed the kidney and preserved it for 24 hours in University

of Wisconsin solution at 4°C; then, we transplanted the kidney graft in

the same animal after a contralateral nephrectomy, and the pig was fol-

lowed up for 3 months. This warm ischemia associated with a cold

storagemimicked the lesions observed in the deceased after cardiac death

donor.We used n=3 per group determined by statistical covariance anal-

ysis, with creatininemia at day 3 post-transplantation as principal eval-

uation criteria, bilateral hypothesis, 5% a-risk, and 80%power. This

choice is also adherent with the experimental animal use legislation

and the need to reduce animal number. Plasma and urine were collected,

and creatininemia, plasma aspartate aminoransferase, plasma alanine

aminopeptidase, sodium FE, and osmolarity plasma/urine were mea-

sured with a Cobas Bioanalyser (Roche Diagnostics). Renal cortex tissue

biopsies sampling was performed 30 minutes postreperfusion for eval-

uation of morphologic, apoptosis, and oxidative stress injuries. Renal

biopsies were processed for transmission electron microscopy as previ-

ously described.40 Biopsies were fixed in 3%glutaraldehyde, washed, and

postfixed in 1% osmium tetroxide. Then, they were dehydrated in ace-

tone and embedded in araldite. Ultrathin sections were cut and stained

with uranyl acetate and lead citrate and examined under an electron

microscope (JEOL 1010; JEOL, Tokyo, Japan). Histochemical and im-

munohistochemical studies to quantify the apoptotic cells were per-

formed with a TUNEL kit (DeadEnd Fluorometric TUNEL System;

Promega), and those to determine the oxidative stress were performed

with the CellROX staining (CellROX Green Reagent; Thermo Fisher

Scientific, Vernon Hills, IL) and the antibody against 4-HNE (ab5605;

EMD Millipore, Billerica, MA). Renal tissue sampling was performed 3

months postreperfusion for histologic fibrosis evaluation (red Sirius

staining) and Western blot analysis to measured expressions of tPA,

PAI-1, and CTGF proteins. Red Sirius staining quantification was per-

formed by quantifying the percentage of staining by field (Visilog 6.9

software). Western blotting was carried out using specific antibodies

against PAI-1 (612024; BD Transduction, Le Pont de Claix, France),

tPA (SC-15346; Santa Cruz Biotechnology, Santa Cruz, CA), and

CTGF (5553R-100; BioVision Cliniscience, Nanterre, France).
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