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ABSTRACT

Antioxidant-based chemotherapy has been inlensely debJ.ted. Herein, we show that sulfordph.me (Sf'f\
induced mitochondrial biogenesis followed by mitochondridl fusion in d kidney cell line commonly uq.d
in nephroproteclive models. At the same concentratlOll and exposure lime, SFNinduced cell de.lth III

prostate cancer cells accomp.mied by milochondridl biogenesis al1(1fragmentation. St,lbilization of lilt'
nuclear factor E2-related factor.2 (Nrf2) could be associated with these effects in Ihe tumor cell lint'. An
increase in the peroxisome prolifer.ltor.activdted receptor-y co-activalor- b: (PGCb:) level .md a decrc,hl'
in the hypoxid-indllCible factor-I '1-(1l1Fl'1.)level would suggest a possible metabolic shift. The knod:-
down in the nuclear respiralory f.1clor-1(t\RFl) drtenualed the SFN-induced effect on prostate cann'!
cells demonstrating that mitochondrial biogenesis plays an important role in cell death for this kind of
tumor cells. This evidence supports SFNas a potential .lIltineopl.1slic agent thaI could inhibit IUl1WI
development and could proteci normal tissues by moduldting common processes.

02016 Elsevier Ltd.All righls reserVt"d.

1. Introduction

In order 10 establish the best therapeutic strategy for each kind
of £umor, a metabolic ch,uacterization should be done first in
model cell lines. In some cxperim€'ntal cancer models it h<l.sbeen
shown that mitochondrial-b,lsed metabolism is very important in
the maintenance of cancer cell survival and malignancy(Zong et aL.
2016). However. it is widely accepted that mitochondrial dysfunc-
tion conlributes to cell growlh and tumorigenesis. Many Iypes of
tumors rely on glycolytic metabolism to proliferate ,md invade
(BolilllCjel ,11.,2013), Like disturbing the redox status of cancer cells,
shifting metabolism and promoting a mitochondria-dependent one
could be an appropriate strategy for many types of cancer.

It is well known that preservation of mitochondrial function
plays a major role in cytoprotection of non-cancer tissues
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(Gul.nl'w-Be1tr.llll't .11..2010; Sun l'[ .II., 2013). Recently, we found
that curcumin. a bifunctional antioxidant. protected renal tubul,lr
cells against gentamicin toxicity through a mechanism th.ll
involved the nuclear factor E2-related factor-2 (Nrf2) and till'
regulator of mitochondrial biogenesis. the peroxisome proJifer aror-
activ,)ted receptor-y co-acrivator-l'J.: (PGel 'X) (Ne~r{'tt(>-Cll?l'
et aI., 2015). Likewise. it h<l.sbeen demonstrated that mitochon-
drial biogenesis is a crucial mechanism for proliferation. invasiw-
ness. and metastasis control of several kinds of tumors (1.111d
2014: Onishi et .11.,2014: Wang ,1Ild Mor.les, 2011). though othl'l ....
cancer types showed a noticeable adaptation when mitochondn.ll
mass and function were increased (Alam et .11.. 201G; Z()n~ "-
2016). Mitochondrial dynamics have also been highlighted as .1
regula lor of cell fate. In general. mitochondrial fusion has Dl"t'll
associated with apoptosis resistance in cancer cells wherc'.l';
mitochondrial fragmentation is a signal for apoprosis initiation. Till"
GTPases mitofusin 1 (Mfnl). mitofusin 2 (Mfn2), ,md optic-nerVI'
atrophy 1 (Op<l.l) Jre the main regulators of mitochondrial fusioll

http://www.elsevier.com/l
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.1IHI have been demonstrated to protect cells from mitochondrial
ollter membrane permeabilization and apoptosis (JourdJJIl Jnd

tlllllll. 2009: Corrado el <11.,2012; ThollldS and Jacobson.
'). The main protein in mitochondrial fission machinery, the

dvnamin-rel.lted protein-1 (Drp 1). stimul<ltes the oligomeriz<ltion
of BcI-2-Jssociated X protein (Bax) on the mitochondrial outer
m('mbr.lne. making it permeable, allowing the cytochrome c
release Jnd triggering intrinsic apoptosis (r••.lontessuit el .11..2010).
r...1itochondrial hyperfusion has also been identified as a response to
mild stress and could represent a pro-survival mechanism (Tondera

.1., ~009).
Previously. mitochondrial modulation induced by the indirect

,mtioxidant sulforaphane (SFN) on cancerous and non-cancerous
c{'lls was reviewed. SFN is an isothiocyanate derived from crucif-
erous vegelables imd its best-known molecular target is Nrf2
( gn'lle-GultnJn et .11..20Ub). Nevertheless. the cytotoxicity and
allti-proliferative effects of SFN on cancer cells have been linked to
other mechanisms and targets. e.g., the activation of mitogen-
aClivated protein kinases or the activation of the tumor suppres-
sor protein p53. which can ultimately initiate an intrinsic apoptosis
progr<1m (Rudolf and Celvmk<1. 2011: Rudolf et ,11.. 2014). It has not
bl'en investigated if these pathways and proteins are associated to
Nlf2. We proposed that both SFN-induced death in cancer cells and
evtoprotection in non-cancer cells may be mediated by a differen-
tl,lI regulation of mitochondrial biogenesis and dynamics that de-
pt'nds on the cell type .. Mitochondrial biogenesis could be
promoted by activation of Nrf.2 (NegrC'tle-GuZll1,ll1 el JI., 2013b). In
this work. we used two characterized cell models in which SFN
effects haw been widely studied. It has been shown that SFN
protects kidney tubular cells LLCPKI against nephrotoxicants by
means of nuclear accumulation of Nrf2, induction of an antioxidant
r(''iponse. preservation in mitochondrial functions, and finally. in-
hibition of mitochondrial apoptosis (Guerrero-Beltrall et aI., 2010;

'rl'IH.'-Guzman et <11.,~013a). However. SFN induces mitochon-
(11ial apoptosis in prostate cancer cells PC3 (Singh ('I aI., 2004).
Ikrein. we did not intend to compare redox and metabolic SFN-
induced responses between tumor and non-tumor cells although
thiS must be performed: we aimed to describe two known Opposile
SFN-induced effects in both 0) a non-tr<lnsformed cell type which is
.1co-lateral t,lfget of antineoplastic agents and (ii) a tumor cell line
u'ied as it Illodel for chemotherapy investigation. Our experiments
were focused on the modulation of mitochondrial biogenesis and
dynamics. Our results would boost SFN as an excellent agent in
some cancer treatments. Further studies are still required.

2. Materials and methods

2, I. Reagents

SFN (S8044. a racemic mixture, R.S-sulforaphane) was pur-
chased from LKT Laboratories (St. Paul. MN, USA); Dulbecco's
r..ludified Eagle Medium (DMEM), Advanced Roswell Park Memorial
In<;titute (RPMI) 1640 medium, fetal bovine serum (FBS), trypsin,
and other supplements were obtained from Gibco-Thermo Fisher
S(ienrifir (Waltham. MA. USA). 3-(4.5-dimethyltiazol-2-yl}-2,S-
dlphenyltetrazolium bromide (MlT) and crystal violet were pur-
dhlsed from Sigma-Aldrich (St. Louis, MO, USA). The probes Mito-
, r.lCker Green FM and 5.5' .6.6'-tetrachloro- 1,1'3.3'-
ll'lraethylbenzimidazolyl-carbocyanine iodide UC-l). and Lip-
ull.ctamine 2000 were acquired from Invitrogen-Thermo Fisher
Scientlfic (Eugene. OR, USA). Mammalian Protein Extraction Re-
a~ent (M-PER) was purchased from Thermo Scientific-Thermo
Fisher Scientific (Eugene, OR, USA). All buffers and reagents for
\,\'estern blotting were obl.lined from Bio-Rad I.aboratories (Her-
cules, CA, USA). The following antibodies were purchast'Ci from

Santa Cruz Biotechnology (Dallas, TX, USA): anti-nuclear respira-
tory factor-l (NRF1, 5c-33771), anti-Bax (5c-493), anti-
mitochondrial fission-l (Fis1. sc-98900). <lnti-Drpl (sc-32898),
.md anti-Nrf2 (sc-722). Anti-mitochondrial transcription factor-A
(TFAM, 7495) and allli-~-actin (12262) were purchased from Cell
Signaling Technology (Danvers, MA. USA). Anti-mitochondrially-
encoded NADH dehydrogenase-I (MT-NDl. ab74257) and anti-
PGCl'1 (ab54481) were provided by Abeam (Cambridge, MA, USA).
Novus Biologicals (Littleton, CO, USA) provided the anti-hypoxia-
inducible factor-lrt (HIF1'1. :'\IB100-479) dntibody. Anti-voltage-
dependent anion channel (VDAC, V2139) alllibody was purchased
by Sigma-Aldrich (St. Louis, MO. USA). In Situ Cell Death Detection
Kit. POD (Cat. No. 11684817 910). was acquired from Roche Applied
Science (Mannheim. Germany). Dicer-substrate small interfering
RNA (OsiRNA) for silencing NRFl and control DsiRNAwere obtained
from lOT Technologies (Coralville. lA, USA). Universal biotinylated
link, streptavidin conjugated to horseradish peroxidase (HRP), and
3.3'-diaminobcnzidine (DAB) were purchased from Dako (Carpin-
teria, CA. USA), All other chemical and compounds used were re-
agent grade and commercially available.

2.2. Cell culture, treatments and cell assays

Porcine renal epithelial cells LLCPK1 (CL-lOl. American Type
Culture Collection. Rockville. MD, USA) were grown in DMEM
supplemented with 10% FBS and 1% antibiotic under permissive
conditions: 37 O( and 5% C02 (Guerrero-Beltran et <11..2010).
Androgen-independent human prostate cancer cells PC3 (CRL-
1435, American Type Culture Collection, Rockville, MD, USA) were
cultured in Advanced RPMI 1640 supplemented with 3% FBS, 1%
antibiotic. 1% non-essential amino acids, 1% pyruvate and 1%
glulamine. Both cell lines were seeded onto 96-well plates at a
densityof5 x 103cells/well Jnd used for experiments the nexl day.
Cells were incubated in medium containing 1-20 ~M SFN for
24-96 h in order to evaluate the effect of SFN on MTf reduction.
Every 24 h, culture medium was replaced by fresh medium with
SFN.MTf reduction was assessed as was done previously (Ncgrette-
Guzman C'l al.. 2015). Brieny. cells were incubated in medium
containing MTf (0.125 mg/mL) at 37 C for 1 h in humidified air
supplemented with 5% C02. Medium was then discarded and the
formazan crystals deposited in each well bottom were dissolved in
100 ilL of 0.1 N HCI in isoprop<1no1.Absorbance was determined at
570 nm using a Synergy HT multimode microplate reader (Biotek
Instruments Inc.. Winooski, Vf. USA). Based on the results from
MTf assays and other previous studies (C,uerrero-Beltran et <11..
2010; Negrerre-GuzmJ.n et al.. 2013.1). following experiments
were carried out with 5 JlM SFN, 5-bromo-2-deoxy-uridine (BrdU)
incorporation as a measurement of cell proliferation was assessed
in LLCPKI cells using the Cell Proliferation ELISA, BrdU kit (Roche,
Mannheim, Germany) and following the manufacturer instructions.
For crystal violet assay. the medium was discarded at the end of
treatment. cells were washed with phosphate-buffered saline (PBS)
pH 7.4, then fixed with 4% paraformaldehyde pH 7.4 for 30 min and
stained with 0.2% crystal violet in 6% methanol for 30 min at room
temperature. Finally, each well in the plate was carefully washed
with distilled waleI' until wastewater was not colored by crystal
violet. The plate was left to dry and the crystal violet staining nuclei
was dissolved using 100 Ill/well of 0.5% sodium dodecyl sulfate
(SDS) in a solution containing 0.1 M sodium citrate in 50% ethanol.
The plate was read at 570 nm in a microplate reader.

2.3. ApOPlosis detection

DNA fragment.1tion. itS ,1 late apoptosis marker, was evaluated by
termi naI-deoxynuclcotid yltr ansfcr ase mediated dlITP-o igoxigenin
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nick end labeling (TUNEl) and immunocytochemistry in PC3 cells
~"lfter72 h of SFN trealment. The immunocytochemic<ll part was
conducted <ISpreviously described (N{:grelle-Guzmiln et al.. 2015).
Following the treatment, PC3 cell" were detached, washed ,md
fixed with 4% formaldehyde pH 7.4 on slides. Antigenic retrieval
was performed by boiling in 0.01% sodium citrate solution pH 6.0
and reduction of background was done by blocking with 3% H202
solution in methanol and then with 2%normal swine serum in PBS.
After, cells were incubated for SOwin at 37 C in the dark with Ihe
enzyme terminal Iransferase (Tdl), added in a 1:200 mixture in
buffer solution including fluorescein-conjugated oligonucleotidcs.
Then, cells were washed in 1 '>( PBS and incubated for 30 min with
Ihe anli-fluorescein antibody £II 37 C. Finally, brown color on
immunopositive regions was developed through incubation in DAB
and counterslaining with hematoxylin. Images were acquired using
an Olympus BX40 microscope (Olympus, Center Valley, PA, USA)
and TIJNEL-positive cells were counted manually.

2.4. Mirochondrial relative maS$ and mitochondrial membrane
potential

Cells were seeded at a density of 1.5 x 105 cells/well in 6-well
plates and treated with 5 ~M SFN for 24, 48 and 72 h. At the end
of trearment, cells were detached, centrifuged and re-suspended in
ba"al medium containing 50 nM MltoTracker Green FM or 2)JM jC-
1 Dye and incubated in darkness for 15 min at 37 "c. Theil. cell"
were centrifuged, re-suspended in I y PBS and analyzed in cl BD
FACSCalibur nux cytometer (BD Biosciences, San jose, CA, USA) at
the proper channels.

2.5. Western blotting and subcellulur fractionation

Levels of protein markers for mitochondrial biogenesis and
dynamics and other proteins were obtained by Western blot as hc1S
been described (Vega et at.. 2015) before with few modifications.
Protein extracts were obtained from total or mitochondrial frac-
tions al Ihe end of trealments using M-PER containing prolease
inhibitor cocklail. A Bradford-based commercial kit assessed pro-
tein in samples. Then, samples were boiled with Laemmli buffer
containing 5%~-mercapto(>[hanol for 7 min, separated on 12%SDS-
polyacrylamide mini-gels, and transferred to nitrocellulose mem-
branes using the Trans-Blot Turbo Blotting System (Bio-Rad, Her-
cules, CA.USA).Afterwards, membranes were incubated for 18 h at
4 C in Ihe following primary antihody solulions: anti-TFAM, ani i-
:'v1T-NDI.antl-NRFl, or anti-8<1x in total Iysates: anti-Fisl or anli-
Drp 1 in mitochondrial fractions. Anli-~-actin or anli-VDAC anli-
bodies were used as loading controls in whole cell lysate or mito-
chondrial fraction, respectively. After incubation in proper
secondary antibodies, membranes were revealed using the Odissey
CLx Infrared Imaging System (L1-COR,Lincoln, NE, USA).Changes in
protein levels were evaluated by densitometry in the immunore-
.lCtive bc1nds and corrected against the respective loading control,
then eclch obtained value was normalized to the respective Ull-
trealed control value at each time point. This analysis was per-
formed with the Image Studio Lile Ver 5.2 software (L1-COR,
Lincoln, NE, USA).
For obtaining mitochondrial fractions, cells were seeded in

150 mm dishes at a density of 1.5 x 104 cells/cm2 and incubated in
medium with 5)JM SFN during 48 h, At the end of this period, cells
were detclched with a cell lifter and Ihe Mitochondria Isolation Kit
for Cultured Cells (Abcam, Cambridge, MA, USA) was used ac-
cording to manufacturer instructions. Mitochondrial protein was
quantified and sclmples were tre.lted the same way as total cell
Iyscltes.

2.6. Knockdown

A DsiRNA was used to silence NRFI expression and thus 10

evaluclte its role in PC3 cell viability decrease induced by SFN.
Transfections were performcd using Lipofectamine 2000 Jnd SIN
treatments were started 48 h Mter transfection. Cells were 11,11.
vesled for Western blot analysis at 48 h of incubation with SFN 01
analyzed by crystal violet assay after 72 h of treatment.

2.7. Transmission electronic microscopy and mitochondrial
morpllOlogy

In order to study changes in mitochondrial morphology induced
by SFN, LLCPK1and PC3 cells were detached at the end of tre.H-
ments and fixed with 2.5% glutaraldehyde in 0.15 M raroclyl,l!l'
buffer, pH 7.2. After, cells were post-fixed with 1%osmium letrox-
ide, then dehydrated with ethyl alcohol in ascending concentl,l-
tions and with propylene oxide. Following this, infiltr.ltion W,l<;
performed with resin (Embed-BI2) diluted in propylene oxide (2: l.
1:1 and I :2) and pure resin for 8 h. Sections were observed un<!C"l"
elecrron microscopy 80 nm rontrasted with uranyl acetate ,1Ildle,HI
citrate. Images were obt.lined with the electron microscope Tecn,lI
Spirit BioTwin (FEI, Hillsboro. OR, USA)at 80 kV and qUclntification
of mitochondrial area and circularilY was carried oul by usin~
Imagej 1.50g software (NIH, USA), Circularity is defined as 4;: x
(areJ/perimete~) and is.l value ranging from 0, meaning all infi.
nitely elongated polygon. 10 I. which indicates a perfect circle; 1111';
parameter intends to provide an idea of the shape of mitochondri.l.

2.8. Immunocytochemical detection of PGC/a, HIFla and Nrf2

Immunocytochemistry was performed as previously described
in the apoptosis detection procedure (Section 23.) but the <;lick"
were incubated overnight .II room temperature with anti-peCl"1,
clnti-HIFl 'J. or <lnti-Nrf2 primary antibodies instead ofTdt. The nl,.'xt
day, slides were washed five times with 1 )( PBSand incubated wlll1
universal biotinylated link clnd later with streptavidin-HRP. P1<.-,l<;I,.'
see Section 2.3. for color development and image Jcquin'mellt
procedures.

2.9. Statistical analysis

Most parameters wcre assessed as three independcnt cxpell-
menls (n = 3, namely Ihree different cell passages cullured 111

different dates). Experimenlal groups were analyzed by triplicaled
into independent experiments of some parameters (e. g. MI"l
reduction, BrdU incorporalion, crystal violet. MitoTracker Green
FM, and JC-l). Results were expressed as mean :t SEM. DJt,) Wl,.'rl'
<lnalyzed by paired Hesl or one-way ANOVAfollowed by mulripk
comparisons ilccording to Dunnett or Bonferroni, as appropriate.
The software Prism 5.0, GraphPad (San Diego, CA,USA)was u<;edfor
this purpose. A p-value less than 0.05 was considered statisricall\,
significant.

3. Results

3. f. SFN induces mitodlOlldrial acrivatiol1 in LLCPK1 cells

In a previous work, we observed that cl 96 h treatment Wit11
5 pM SFN on llCPK 1 cells induced an increase in MIT reducriull
without an increase in cell number (Negrcl te-GuzlTlJn l't

2013.1). Evaluating this effect in a broader range of tin1es ancl COI1-
centrations was required, as well as discarding a possible effect on
the cell proliferation rate. Fib. 1A shows profiles of MIT redU(IIOIl
from lLCPKt cells treated with 1-20 ~lMSFNat 24. 48. 72 and 96 h.
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Fig. 1. Eflt'f1 "f slIlforilph<lne (SN) on mitochondridl dflivily, ('!I'llprolifN,ltion and cell viability in llfPKI and PO cells. A. MIT redlKtion profilt"s in LlrPKI cells tredtt"d wirh 1,3.
s. 10 ,mel 20 liM SFf'I:dl 24, 48. 72 and 96 h, 8, Comparison bet ••••.t't'n MlT rt'duetion anel 8rdU inwrpnrdlinn in u.cPKI n']]s incub.1ll."d 72 h wllh 5 pM SFN, C. Micrographs showing
til<' rnrm.rz,lfl prn<!u(",d by MlT rt"duction in I.l.CPKI crl1s dflN 72 h without rreatml'1\f (Il'ft) and ul'att"d with 5 IlM SFN (righl). Chn<;en fil'ld, in edch group hdve similar crll
d,'ll\iti('s. 40.,0, M1T reduction profiles in PC) cells treated with 1,3, S, 10 dnd 20 IlM SFN .It 24, 48. 72, and 96 h. E, Comparison belween f"ffT rt'e1uClion dnd crystal violel sldining
III !'l3 ll'lIs ill(ub.1led 72 h wilh SIlM SFN, F, "1icrographs showing the formalan prooured by M1T reduction in PC) cells df(er 72 h without treJtm!l'nt (l!I'ft) and tredted with 51lM
SI" rI~ht), 4O~, Percentdges were caiculJll.d wilh rt'~pt'ct to controls, Ddtd are mean:!: SEM, n 3.'1' < 0,05 vs. Control, '1'<0.05 vs ~mcontrol (0). bp < 0,05 VS,MIT SFN tl"('.lted
(". 'I' < O.OS vs, Crystdl violrt control (0).

Po<;jtive slopes can be noticed Jt SFN concentrations of 3 pM (blue
IlIle) and 5 JlM (green line) with significance at 72 h comp.ued to
untreated cells (bl<tck line). The treatment with 20 pM SFN (brown
1111l') induced a decrease in cell viability also visible when cells were
t'x.lmined under the microscope after 24 h. The level of formazan
produced by MIT reduction is directly proportion.ll to the number
01 rells. However. this reduction happens in metabolically active

cells and the changes in metabolic activity will result in changes in
MIT reduction though the number of cells does not change. The
major catalysts th,u convert MIT in forma/an are mitochondrial
dehydrogenases, so this metabolic activation (ould be considered a
mitochondrial activation (Sllll1J.ntr.m. 2011; Veg.l-Avila and Pugs-
le). LOll). FIg. 1B demonstrates that while MIT reduction was
increased at 72 h of treatment with 5 ~lMSFN, BrdU incorporation
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was not. These data suggest an SFN-induced mitochondrial acti-
vation rather than a promotion in cell proliferation of llCPKl cells.
fig. 1C shows greJ.ter formation offormazan crystals in LLCPKlcells
treated with SFN for 72 h compared to untreated cells.

3.2. SFN induces a fall in PC3 cell viability accompanied by
mirocJlDndrial activation and apoptosis

As for LlCPKl cells. a similar MTf reduction profile was obtained
for PC3 cells and the behavior was entirely different (Flg.l D). 10 and
20 11MSFN(yellow and brown lines, respectively) induced a drop in
cell viabllity after the first 24 h. 5 IlM SFN (green line). the con-
centration that gave the best MTI reduction increase in llCPKl
cells. induced a decline in cell viability after 48 h. As SFN-induced
cell death in PC3 is well-known (Choi et al., 2007; ShJllkar cl .11.
2008; Xiao et al., 20(9). it can be assumed that the decrease i~
MTT reduction corresponds to a decrease in cell viability. Never-
theless. a similar comparison as th.lt for llCPKl cells was made. [n
Fig. 1E. it can be observed that viability measured as crystal violet
staining was lower than that measured as MIT reduction for SFN-
treated groups. It is worth mentioning that crystal violet assay re-
lies on the nuclei staining of cells available in a microplate well and
the color intensity is proportional to the number of viable cells.
Together with the MTTassay. a mitochondrial activation effect can
be distinguished (Vega-Avil<l <lnd Pugsley. 20 II); SFN induced a
decrease in cell viability while inducing a mitochondrial activation
in PC3 cells. Fig. 1Fshows the forma zan crystals formed after 72 h of
treatment with SFN in PC3 cells and in untreated cells.

The mechanism by which SFN decreases cell viability in PC3
cells seems to be associated with mitochondrial apoptosis as shown
in Fig. 2. Parallel to mitochondrial activation. disruption of mito-
chondrial membrane potential was observed after 48 h of treat-
ment with 5 11MSFN(Fig. 2A). Accordingly, an increase in Bax levels
was observed at 48 h (Fig. 2B) and late apoptosis was detected by
ruNEl assay at 72 h of SFN treatment (Fig. 2C and D).

3.3. SFN induces mitochondrial biogenesis in LLCPKJ and PC3 (el1.~

In order to explore the mechanisms that could be mediating the
effects in llCPKl and PC3 cells observed above. some mitochon-
drial biogenesis markers were measured. Cells were treated with
5 ~IMSFN. a concentration which showed noticeably opposite cell-
specific MIT patterns between llCPKl and PC3 cello;;
(Supplemenr.HY tlg. S1); and which falls into a concentration rangp
with pharmacokinetic pertinence (Negrene-Gu/man PIal .. 201
Relative mitochondrial mass was augmented by the first 24 h ofSFN
treatment in llCPK 1 cells but that effect was not observed bv
48 h-72 h (Fig. 3A). This outcome was striking considering the f'ofr-r
profile and BrdU incorporation obtained for llCPKl cells treated
with SFN (Fig. 1B). Levels of proteins that have typically been used
as mitochondrial biogenesis markers TFAM. MT-NDl, and NRFl
were evaluated (Fig. 38). The behavior over time was very similar 10

that observed in relative mitochondrial mass with increases 111

protein levels at 24 h and a subsequent normalization compared to
controls (Hg .. ~C).

The effect of SFN in PC3 cells seemed to be temporarily different
from that observed in LLCPKl cells although the mitochondn.ll
biogenesis markers also increased. A positive slope was observed in
relative mitochondrial mass reaching significance at 48 h of tre<lI-
ment (P < 0.05. Fig. 4A). At 72 h there was a lot of dispersion, which
would explain the loss in significance; however. none of the valuC""
measured in SFN-treated cells were lower than those for control
cells. Protein levels did not clarify this much. In Fig. 48 and C. it can
be observed that while TFAM reached a maximum at 48 h with
normalization at 72 h. MT-NDl seems to increase over rime to
become significant at 72 h after SFN treatment. A similar trend wao;;
observed for NRFl level. Interestingly. hallmarks of apoptosis Vi,l-

mitochondria were accompanied by mitochondrial biogenesis in
this tumor ceJlline under SFN-treatment.

In addition. we wanted to take advantage of the information
offered by JCt JC-1 is a probe that diffuses to mitochondria and
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Fig.. 2. Mitochondria-associated apoptosis in:1uced by SFN in PO cells. A. UTect of 24. 48. and 72 h of incubation WIth 5 j.1M SFN on mitochondrial membrne potential of PCJ cl'lh.
measuredas the ratIo 590 nml525 nm of nuorescence of J(.1 probe. Data shown dre from normalizing rdW vallK"s with respect 10 the control raw value in each experiment and
time. B. RdXcell levels measured by Western blot In whole rYSdteof PO cells untreilled (Conrrol) ilnd treated with SlIM SFN for 48 h. Dilla shown are from normdhzing rilw \' •.•Iu\"~
wllh_respect 10 the conlrol raw value in each expenment. C. Chromatin fragmentalion assessed by terminal-droxynud('(){idyllrdnsferase mediated dUlT'-digoxigenin nick ("Ill!
labe-hng (TUNEL) in PC3 cells unlre.ated (Cor.trol) and at 72 h of SP.'-l treatment. 40,.. D. llJNEL.positive cells counting. DJt.a .are mean :t SE\1. n 3.• r < 0.05 \IS.ComroL CClI':
carbonyl cy.amde m.chlorophenylhydrazone.
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oligomerizes when the membrane potential is over -140 mV,
giving a !luaresee-nee signal at 590 nm (red). When mitochondrial
membrime is depolarized. J(-1 remains monomeric and emits it

Iluorescence signal at 529 om (green). The ratio 590 nm{S29 nm is
used as a mCdsurement of how polarized micochondria are (Cottel-
I~ousselh.' et al.. '011). Therefore. signals at 590 and 529 om are
originated by polarized and depolarized mitochondria, respec-
tively, namely ,111mitochondrial mass. In this study, it was noted
that whereas the ratio 590 001/529 om affiuaTesee-nee emission for
J(-l was gelling lower in treated PC3 cells. the sum of these signdls
(590 nm I 529 nm) into a same assay was increasing
(Suppll;,ment.uv I-Jg. 52). Because this pattern was repeated in all
lests, it W.1Sdecided to show these results without trying 10

introduce a new method. If this sum was taken as a relative mito-
chondrial mdSS marker. it would be found that the outcome is
"imilar to that obtained by MitoTracker Green FM. This JC-I
approach had not been reported before and could become a good
complementary lOol for mitochondria research after an appropriate
standardization. Supplementary Fig. 53 strengthens the observ.1-
tions above: mitochondrial and total protein were measured at 48 h
ofSFN trealment in LLCPKland PC] cells for gelling mitochondrial
extracts. Outcomes were similar to those obtainc..'d by MitoTrilCker
Green FM at 48 h (Figs. 3A .llld 4A).

3.4. SFN-induced NRFJ upregularion is required for a deaease ill

cell viability of PC3 cells

To establish the role ofSFN-induced mitochondrial biogenesis in
PC3 cell death. NRFl was targeted for knockdown. In Fig. 5. it can be
noted how NRFI knock-down attenuated the effect of SFN on PC3
cell viability al 72 h. SFN induced a drop in cell viability of
approximately 33% related to control cells when treated with Ihe
scrambled oligonucleotide. When NRFl was silenced, the drop in
cell viability induced by SFN was just 3-4%.

3.5. SFN induces mitochondrial fusion in LLCPKJ cells and
mitochondrial fission in PO cells

After the findings about mitochondrial biogenesis induced by
SFN in different rell types with different cell fates. we wanted to
know how SFN affects mitochondrial morphology. The changes in
LLCPK1 cell mitochondria after 48 h-treatmenr were very clear
(rig. (;A .lIld B). Interestingly, when mitochondrial biogenesis
markers were normalized in 5FN-treated lLCPKl cells (48 hand

72 h, Fig. ~B and C).• 1n increase in the mitochondrial area W,l";

observed. compared to untreated cells (FIg. GA and B). Togetl1l'1
with the diminishmenl in milochondrial circul.uity at 72 h of Sr'N
treatment (Suppk'lT1l'llt.ll")' Fig. 54), it can be "aid that U.CPKI
mitochondria become larger and longer along SFN treatlTIent. Bitt
mitochondrial fusion could be a result of an inhibition in mito-
chondri.11 fission. Fig. hC shows how protein levels from the mito-
chondrial fission machinery are decreased by the SFN tre.Hmenl.
Fis1 was significantly decreased after 48 h of im.'ubation wilh 5 ~11\1
SFN.The 60 kOa isoform ofDrp I showed a lendency to decre.lse but
there was no statistical significance (Fig. 60). The protein belollgill~
to the mitochondrial fusion machinery MfnI did not show signifI-
cant changes in llCPKI cells treated with SFN compared to UI1-

treated cells (Supplenwnt.uy Fig. 55).
On the other hand, SFN induced a reduction in the si/e of

mitochondria in PC3 cells ,1fter 24 hand 48 h of incubation ('.1" A
and B). Micrographs in Fig. 7A show more individual mi(ochondn,l
but with smaller areas at 24 and 48 h of SFN treatment MII()-

chondri a in control cells were significantly smaller .11 4R h
compared to 24 h. At 72 h. the size of mitochondrial area of 5FN-
treated cells was similar to that of control ce!ls. Mitochondn.ll
fractions of SFN-treated and control PC3 cells were obtained aftl'l
48 h: examination of mitochondrial fission protein levels hv
Western blot showed an elevation in the 60 kDa isoform of Drp I
and in Fisl (Fig. 7C and 0). This increase in mitochondri.ll fr.lg-
mentation mediated by Drpl and Fisl was associated with the 111-

crease in 8ax levels measured at 48 h (Fig. 28) as well as the l,lIt'
.apoptosis at 72 h ofSFN treatment (Fig. 2C and D). Sax incre.1s(' i...•1
marker of intrinsic .apoptosis Ihat has been reported to be elev.lted
in PC3 cells treated with SFN.

3.6. A seemingly SFN~iflduced metabolic s/rife was observed ill PO
cells with a11 early activation of Nrj?

Cell death in PC3 cells treated with SF:\' accompanied by mito-
chondrial biogenesis suggests a metabolic shift that would mal..:('
tumor cells more competent to lead apoptosis via mitochondn.l.
Fig. 8 shows micrographs of immunocytorhemistry against rec I"J.
and HIFI~ at 72 h oftreatmc..'nt with 5 ~M SFN. Immunostaining is
increased for PGel ~ and diminished for HIFh. in SFN group
compared to control group. Even though multiple molecular 1"('-
sponses associated with PGC1'l: and HIFI'l: exist, they arC' well
known as promoters of mitochondrial and glycolytic melaboli..;m.
respectively. Interestingly. those effects in PGC1'1 and HIFI.l
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fig. S. Role of the nUcil'Jr respiratory fJctor-l :NRF1) in sulforJphJne (SFN}-induced viJbi1ity decre.ase in PO cells. A. Knock-down of NRFl confirmed by Western blot 72 h "II I
transfeeting 1'0 cdls with either control (SCT)or Dicer.substrafl' 5mJII interfering RNA (DsiRNA) t.argeted to knock-down NRFI (DsiRNA-NRF1). B. Cell vl<lhilily was ml'a~un'd hV
cryslal viole! .lSS.l~.,liter 72 h of incub<llion with 5 jJM SFN (24 h dfler Ir,lnsfection). Doll,]are me •.•n :!: SI:\I. n J.'p < 0.05 vs. Control.
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expression and stabilization were preceded by a strong nuclear
localization of Nrf2.

4. Discussion

An interesting debate could be had from the first results of this
\Iudy. Concentration-dependent hormelic effects were seen in J
S,IIllC cell type: whilc conccntrations of SFN under 10 ~tMshowed

apparent benefits in mitochondrial activity and no effect in cell
viability of llCPK 1 cells, 20 ~M SFN started killing them since 48 h
of incubation (Fi~. IA). This raises the questions: is it valid to test
antiproliferative effects of SFNon cancer cells at concentrations as
high as 20 j1M or higher? Why not use the lower concentration with
pro-apoptotic activity? This is even more important in the case of
molecules which reportedly induce cytoprotective responses in
other non-cancer tisslles. Reductionist models of antitumor
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Fig. 7. Effects of sulforaphJnt' (SFNI on mitochondrial dyndmies in PC3 cells. A..Represent,Hive electronic micrographs shOWingmitochondri.:ll morphology of PO cells treJted \\1\11
5 ~l"l SFN over 24. 48. ,md 72 h .md controls. MolRnific,ltion 9300~. 8, Me.Jonmitochondrial.lrea for PO cells (fe,ned wIth 5 JIM SN for 24. 48. and 72 h. 48-]]0 ITIllochondfid P' I
group .• p < 0.05 'OsControl 24 h. C.Western blot for mitochondridl fission 1 (Fisl) ,md dyndmin-relared protein-I (Drpl, 60 kDa i~oform) in milochondndl frdclions of 1'0 (t"II~
treated with 5IJM SFN for 48 h. D. DenSitometry showinJl: mitochondrial protrin Irvrls of Fis1 and Drpl (60 kDa isoform). Valu("s W("rt"normalizrd with r("spt"c1 fO controls. Ddt" ,111'

medn.1 SEM. n l'p < 0.05 •••S. (ontrol.

therapies should be rt'.thought including side effects of the agents
used. interactions with other molecules in other organs, and ap-
propriates doses Jnd concentrations. In the case of SFN, models
have been found where concentrations into the range of
20-100 pM wefe uspd (Negrette-CUlllldn et .11.. 2013b). In this
study. a concentration applicable from the viewpoint of bioavail-
ability Jnd pharmacokinetics of SFN was chosen to lead the

experiments. In clinical trials. peak concentrations of SFN betweell
2.9 and 7.8 J1M after 1.5-3 h of consumption of broccoli sprouts Of
broccoli preparations enriched with isothiocyanates have been
found (Negrl'ttt.'-Cuzrn,llll.t '.11..20131».It is important to emphasi7C'
that 5 J1M SFN allowed for observation of a cell-specific respOI1"e
that could become very helpful fOf establishing proper use of
similar molecules in chemotherapy. Effects of concentrdtion of
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FtK- 8. ImlnLlnoc.-ytocl1elllislry for Ihe peroxisome proliferdWhKtivatN receptor r co-
,1<llY,llor-l'l (PeCI'l;. Ihe hypoxia-inducible fdctor-l '1 (UfF!'.!) ,md the nuclear f•.Ktor
f .' reldled r.KIOr-2 (Nrf2) in PO cells treated with SliM SfN at the indicaTed limes.
~t.ll!n1fic,l\iol1 40'.11 -J.

01her bioactive small molecules on cell fates have also been
reviewed considering both cancer and non-cancer cells (de Oliveira
I 2016a.h).
Mitochondrial biogenesis is a cellular event linked to other

global processes or stimuli, such as the cell cycle. exercise. heat
shock. hypoxia. or oxidative stress (DIJZ Jnd Morat's. 2008). It has
bcen also identified as a cytoprotective mechanism in several
Illude Is that include the use of antioxidants (Kuo et .11..2012;

n 1\('-(;U:l.I11,ln('I al.. 2015: Yeh el .11.,2(14). In fact. SFN has
been even found as an inducer of PGClo:t.(Brose et ,11.,2012:
I n,lIHi{>, et al.. 2014; 'Whitman el <II.. 20B). Interestingly,
I 1l.1nrli'S('t al. (:lOI41. found that MIT reduction was elevated in
c,lrdi.Ic myoblasts after a 24 h-incubation with 5 ~lMSFN and this
c(luld be linked to mitochondrial biogenesis. Based upon these and
our results, SFN-induced mitochondrial biogenesis would be an
important cyroprotective mechanism only in short treatments. It
was found that SFN increased MlT reduction along a treatment of
several days in UCPKl cells (Fig. IA), but the absence of cell pro-
lift'ration at 72 h (FIg. IB)would indicate that such effect is a resuh
olmitochondridl dctivation (See section 3.1). However. mitochon-
dri,ll biogenesis signals were only detected at 24 h of treatment
( 3A. Band 3C). Therefore. understanding how SFN prote([s
1l1liOChondrial function and promotes mitochondrial activity in
longer treatments was ,1n intriguing question. Addressing this
question ,)found a mitochondrial dynamics modulation was a
rl'.lsonable choice. It was found that SFN induced larger mito-
chondria at 48 and 72 h of treatment in LLCPK1cells (Fig. 6A and B).
Rl'cently, mitochondrial fusion has been proposed as a mechanism
of cell survival against mitochondrial stress. This response would
involve a fine tuning in the levels of Mfnl. a protein belonging to
Illitochondrialfusion machinery (P.Irk C'tJI.. 2014). It has also been
shown thai cells incredse their oxidative metabolism dnd ATP
pruduction when mitochondria have a hyperfust'd morphology
( tl.} d ,11.,2009: ~ossignol et .II., ~O(4).Mitochondrial fusion
would explain why SFN-treated LLCPKI cells increase their mito-
chondrial activity without increasing their mitochondrial

I-

;;;; •...
E

1\ ;;;: ;;;:

;;;; ;;;;

PGela 72 h

HlF1a 72 h

Nr12 24 h

Control SFN biogenesis markers at 48 and 72 h (FIg. IA ,1Ild B,and 3). However,
Mfn 1was nOI found to have increased in this sludy(Supplemellury
rig. S5). Mitochondrial fusion can be induced by downregulation of
proteins involved in mitochondri.al fission. Lee and co-workers
found (Lct" t't .11..2004) that silencing fis I in Held cells promoted
mitochondri.al fusion and apoptosis resistance without a role of
Opal, another GTPase that controls mitochondrial fusion in
mammal cells. In this study, SFN induced mitochondrial fusion by
downregulation of Fis1 in lLCPK1 cells (Fig. 6C and D), which could
become a novel mechanism of cytoproteetion attributed to this
antioxidant. 60 kOa isoform of Orp I also showed a bi.as toward
downregulation in SFN-treated LLCPK1 cells. Alternative splicing
gives rise to several isoform'i of Drp I. of which Ihe long form
(-80 kOa) is the least functional (M,lCdonald l'r ,11..2016). We
observed several bands corresponding to Orpl in the immunoblots
but only a band close to 60 kDil was visible in the mitochondrial
fraction and only this showed differences due the treatment (data
not shown). How SFN down-regulates Fisl and Drpl inducing
mitochondrial fusion in LLCPKl cells is not clarified by this study
but what gives rise to such a response can be hypothesized. Sup-
ported in previous reports from other groups, we had suggested
that SFNwould induce a mild oxidative stress in the cell when it is
conjugated to glutathione and decreases its level within the first
hours inside the cell (Negretle-Guzman et aI., 2013b). This transient
oxidative stress could be responsible for some known effects ofSFN
as Nrf2 stabilization, and perhaps, mitochondrial fusion.

In the case of PC3 cells. it seems there WitSit time-dependent
trend of the increase of mitochondrial biogenesis markers except
forTFAM which was reduced back at 72 h (Fig. 4). Interestingly, this
promotion in mitochondrial biogenesis happens simultaneously
with a drop in cell viability (Fig. 1D and E). The mechanism for this
SFN-induced cell death could be intrinsic apoptosis preceding by
mitochondrial fragmentation. Bax oligomerization and cytochrome
c release, according to how it has been described Uourd,lln .lnd
M.lrtinou. 2009). After the first 24 h of treatment with SFN. a
fragmented morphology was observed in PC3 mitochondria
(FIg:. 7A and B .and Supplelllentary FIg. 56). This diminishing In
mitochondrial area (Fig. 7B) was accompanied by ,m increase in B,lX
cell level (Fig. 2B) as had been already reported for PC3 cell ••
incubated with SFN (XiJ.o et <11..2009). Hm,•.••ever. this marker of
intrinsic apoprosis as well as the mitochondrial membrane poten-
tial disruption (Fig. 2A) was obtained before with SFN concentra-
tions equal or higher to 20 11M.an issue discussed above. The
increase in Drp 1 60 kOa has been reported before in chol-
angiocarcinoma cells treated with a combinalion of cisplatin and
the Bcl-2 inhibitor ABT737 (Fan et al.. 20J5b). In this study. Orpl
60 kDa. but not Drp 1 80 kD" isoform, was associitted with pro-
fission activity. As in LLCPKI cells, Fisl was also modulated by
SFN in PC3 cells (Fig. 7C and D). Fisl is a mitochondria-anchored
protein that recruits Orpl dming mitochondrial fission and has
shown to be crucial for apoptosis in a Drp I-independenl way (F,m
et .,1.. 201SJ: lee ct a!., 2004). The mechanisms by which SFN
modulates mitochondrial fission machinery need to be investigated
as well as if these depend on the mitochondrial biogenesis.

Another interesting finding was done in PC3 cells at 72 h of 5FN
treatment; while SFN treatment abated cell viability (Fig. 10 and E),
there was no difference in mitochondrial area between groups
(Fig. 78). This was seen as a possible clone selection in cells treated
with SFN; it is feasible that at 72 h of treatment with SFN a popu-
lation major formed by more resistant cells remain in [he plate. this
is. cells with a phenotype of fused mitochondria. and more resistant
to the lreatment. Alternatively, anolher cell death mechanism
could be morc important in this point of time. e.g. reactive oxygen
species generation. More experiment •• would be required for
driving this issuC'.
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t'xpfMsion ,md in turn it ovrr-re-gulate-<; proteins involvf"d in mitochom1ri,)1 bIOgenesis like Ihe mitochondriallranscriptlon f.Ktor-A (TFAM). Ho.•••.SFN induces bolh milochonc1II.11
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moderate stress could induce mitochondrial fusion as a mechanism or cytoproteetion: il is posqblt' IhJt such mild <;tre~sm,ly be indurt"d by SFN gIVen its fealllre of rNIlr110n tf
glutJthlOne levels at Ihe first hours inside the cell. On the other hand. II is also kno .•••.n that the hypoxiJ.lnducible fac[Or-l7. (HI!'1 7.)promoll"S survival by apoptosis reSISlallre In l't J

({'lIs. nm effect could be associated with othel reported biological Jctlvities of HlFl7. as the inhlbillOn in mitochondrial biogent'sl5. Ille descnbed PO responses to $!'N could JlsH he
hnkt'd to its reported effeets on Hlfh alld Ihe peroxisome prolifera[Qr.activaled receptor r CO-aetlvoltur- 17.(I'G(h~. SfN inhihits Hlfh olnd thus mIght be seoslllllng 1'C3 (('lIs I ,
apoplom. Even Ihough 11hJS nol been elu(id~t{"d how. $f'N Increases 1'(;(17. levels which would also result in mllochondrial biogenesis. Kolh PCCh aod mitochondnoll blogt'n~', >;

have been demonstrJted tholt mh.bll Hlfh. (7) indlC,U{"sISSU{"Stholl have 10 be further mvesligJIt"d.

When NRFI was silenced in PC3 cells, the SrN-indl1ced viability
decrease was attenuated. Corresponding with the observed eleva-
lion in mitochondrial mass and protein markers of milochondrial
biogenesis, this resull indicates that mitochondrial biogenesis plays
~lnecessary role in the death of prostate cancer cells (Fig. 5). It has
been reported that PC3 cell viability and invasion are highly
dependent on HIFl '1. (Jeong (>1<11..2013) and PC3 cell line has been
used as a model for studying aspects of the "Warburg EffectM in
cancer{L~rlKh et al.. 2012). In a simplified way. the "Warburg Effect"
can be defined as the occurrence of glycolysis even in presence of
oxygen Uohnson and Perkins. 2012). The transcriptional factor
HIF1'J.is known as a potent inducer of enzymes involved in the use
of glucose in numerous types of cancer. HIF1'J. can .also inhibit
mitochondrial metabolism: a possible interaction between the HIFI
system and PGCh could explain this metabolic divergence
(Smolkova ct al.. 2011). SFNseems to shift this condition in PC3 cells
as can be observed in Fig. 8. This redirection in the metabolism
would explain the outcomes shown above in regards to SFN-
induced death in prostate cancer cells. HIFl'1. sub-regulation and
PGCl'1. over-regulation by SFN have been already reported sepa-
rately in a number of works although the last hold not been seen in
cancer cells before (Fl'llltlildes et al., 2014; Jeun l"t ill.. 2011
l'.l<;toH'1.;t:"t,II., 2015; VelDet <11.. 2008: Zhilllg et aL. 2014). The pre-
sent study has not rigorously compared two metabolic conditions
of cells with a same origin or evaluated enough metabolic param-
elers nor included proper control cell lines to form a conclusion
about this metabolic shift, but the results are a good starting point.
This study was intended for describing rwo different effects of the
••ame tredtment in two different cell types.

Interestingly, all of these effects in PC3 cells may be triggered by
the Nrf2 activation induced by SFN(Fig. 8). The axis Nrf2-NRFl that

launches the mitochondrial biogenesis program was demonstrell('(l
some time ago (Pi~lllt.ldoSId .ll.. 200R). Therefore, Nrf2 induction
can be recognized as an important target for some kinds of tumor..;.
rIg. 9 serves for explaining and summarizing the main observation..;
from this study together with facts known previously <md utllci s
that required further investigation.

In conclusion. SFN .at controlled doses-can activate both ,1

cytoprotL'ctive response in normal cells and a pro-apoptollC
response in some cancer cells by promoting mitochondrial meta-
bolism and modulating differentially mitochondrial morphologv.
These points favor the use of SFN in chemotherapy since targt't
organs such as kidneys would be prolected at the same time th.lt
the tumor is sensitized. There is a lot to learn in order to reach that
goal and prostate cancer is a convenient model to conlinue lhl'
research.
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Abstract
Objective In thl.' prl.'SI,'nt study was l'valuakJ if curcumin is abh: 10 ,1ltl'nU;l1c
paracc-Iamtll (P(:~t)-indllct'd mitochondrial alterations inlivl'r ofmi(l'.
l\1e1huos \Ikc (11 = S-O/group) rc(civni wrollnin (~5, 511or 100 m~k~ tw.--)

qo min before PCM inic(tion (350 mglkg bw), Plasma at"livity of Jlaninl' amino-
Iransfn<lsl.' (ALT) and aspartate arninotriln~fl'rase (AST) W<lSml.'ilSurl'J: histlllo~i-
cal analysl's wcre donl'; .lIlt! meaSUTeffil'nl of mitochondri;)l oxygen consumption,
mitochondrial lllemhr;\Ile potenlial, ,.\TP syntht'sis, aconitase ,Ictivity and activity
of respiralory complexes was carried oul.
Ke)' findin~s Curcumin prevented in .1 oml'-Jcpcnoenl manner PC\1-inducco
liver damage. Cun:umin /100 mg/kg) .lttenualt:d PCM-indllct"d liver hislological
damagt' (damageJ hepatocytes from 2H..\ .1 7,7 lo fU J:. O.7IYo) and increml'nt
in plasma AIT (fwlll 2300 :f: ISO to tl40 .:t:: 2R UII) and AST (from IM)3 :f: -13
to 379 ::t: 22 lIlil activity. ~lOTeoYCT,curcllll1in Jltenuatl'J the decrease in oxygen
consumption using. either succinate or m.lbte/glutamate as suhstrates (evaluateo
hy stall' .), respiratory control rdlio, lIIKoupled rt:spiration and adl'llo\ine
dirhosphatdox~'gen ratio), in ml'mhralH' pt11l'ntial, in ATP synthesis, in aconitdse
a(tivity and in thl' activity of respir<ltol): wmplexes 1, III and IV.

Conclusions These results indicate that the protective dfcct of curcumin in
PC\14induccd hepatotoxicity is assl,cialed with attenualion of mitochtmdri;ll
dysfunction.

Introduction
I'.nacl'tamol (PCt\l), also known as N-acctyl p-aminophe-
nol. has heen !llll' of the \'lidespread most frequently used
drug." for ,malgesic and antipyretic purposes for the last
311years.ll PC\1 is a safe and cffectivc drug at recom-
mended d(ISes: for <ltlults 325--650 mg orally eVt:ry -1--t>h
with a m,lXimum of 4 g per d;l}" and for children
10 IS mg/kg. every .1 5 h with a maximum of 50 -7:-'
m~/k~ pl'T day.121 PCt\1 overdos/..' is able to induce hepato-
toxicity anJ acute liwr failure. As a maltt:r of f,h.-t, in 20(Jf,

alont', th,' l\ml'riclil A"socialion of POj,"OIlControl Cl'ntl'rS
irnplic1fl'd PC .•..I in nearly 140000 poisoning CJSC:S. in
whirh morl' than 100 patk-nls dk-,I.I\] It is responsible for

more emergency room visits than any other drug (In the::
market. 2]

In Ihi" contcxl, s•...wral compounds h,l\'e hccn used to
attelluate PCl\I.indllced hepatotoxicity. including N4acet-
ykysleille,451 :'lllfnr,lpiune, hi S-.ldcnosylmdhioninl"
grl'cn tea poIYl'hcll(lls, (RS)-n-propyllhia70lidinr--1(R)-
c.lr!l()xylic aciJ.,7] "14Iipoi("acid.I!'-1lym(JtJuinone,I~1 diphl'nyl
di"dcllidc,jlU] ml'lhylcllt, hluc 111.IllJ curcumin I~ I; arntl\1g
othlTs.

Curcumin pre\"cnts PC~I-indll(,'d inncasl' in plasma
a1aninl' al1lin(ltransl~'r~lse (AIT). 1'.14 liver nl'cro .•is 12 ];
and apoplosis,II',14i nl.llonJialdehyol.' (MDA) wntcnl.II~,I\,I<;'
inl1al1lmJlory (yt()kinl'sll~1 and Iivcr deoxyribonucleic add
(D:-':AJ frag.nll'lltalioll ],11 among olhers.
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The re.lctive toxic metaholite of pcr--t is :\-acetyl-r-hen-
/Oquinoneimine (NAPQI),llll The PCM lo'\icity was found
to wn,si.st of tWIl phases: the initial ~llltathionl' lGSH)
depktion .lIld ((lv.llent hinding of~APOI to t.uget proteins
~lnd the sllhsequl'nt increase in the mito..:h('Ifldrial perme-
ahility transilion and nitration of proteins, 11.1The impair-
1l1l.'nt of (;SI t antioxidant syslt'm has heen noticed to
(nhanct' till' susceptihility to mil(lchondrial dysfunction
ffllm oxidative stres.s, n:s.ulting in thl' collapse ofmi\()choll-
drial memhr;lne rotential ;lnd .Hlenosine triphosrhate
( \TP) depll'tion. I"

Tlw miItH,.-hondri.11 alteralions associated to PC.\1-
inducnl liva toxicity include dt'CTl'as(' in mitochondrial
oxygl'n comumption:rs,lf> 1~1ATP synthesis,'If>.17,l'll mito-
.:hondrial membrane potcntial,I161 ,1IlJ a(tivilY (If mito-
chondrial complexes I (l\ADll dehydrogenase), 11
(,.,u(linate ~lehydrogenase) and 1\' (t.:}10(hrome c ()xi-
d,lSc),I~u' PC\l inhibits compk.x 11.1111It has been shown
that N_acetykysteine,lsl diphenyl dise!cnide11t>1.md methy-
lene bluellil protect against mitodllllldrial dysfun(tion in
Pt:\l.indllct:d liver h'xicity, Interestin~lr, it has not heen
est,lhli~hed whether curcumin may attenuate the following
PC\l-induced liver mitochondrial alterations: oxygen (on-
sumptiull, membrane potenti,ll, ATP '>ynthesis, anti activity
of .It"onilaSt' ,1Ild respiratory complexes I. II, III and IV. In
thi:-. context, it h.ls been found th.lt curcumin i,~ able to
attenuate mitochondrial alter~Hi(ms in the following exreri-
nlt'ntal modds: pOlassium dichromak-induced herat<ltoxi.
t"ity121,221and nephrotoxilily,2\ cardiac dJm<lge-inducl'd
by chronic renJ.1 failure 2_1'and maleate-induced nephru-
tl'xi(ily,ll;,l By tht' abO\l' mentioned reasons it \',as h)'puth~
l'~i/ed that curclIlllin may amt'1illratl' PCf>.l-induced
mitlKhondrial altaations, Thl' present study aimed to l'val-
uate if the protective effect of cure-umin in PC\t-induct'd
hepalotox.icity is associated with atklluatiun of mitochon-
drial dysfullctilln, This is the firq work that aimt'd 10
addre'>s thesl' points,

Materials and Methods

Reagents

rhe following reagents were from Sigma-t\ldrich (51. louis,
\lissouri, USA): Curcllmin (c~1tJloglie numher C7727, pur-
ity >t\(JOI,,), D-m.l1lnitol, sodium SUCl'inak dibasic, 4-(2-
hydn,xyelhyl)-I-piper.lzinel'thanesulli.lflic acid (H EPES),
safranin-O, glu(osl" glucose-6-phosph<lte dchydrogt:nase
(C6PDH), bovine serum albumin fat frl'c (BSA),
I~-nictltinamide adenine dinullt'tltidc phosph.llc hydratl',
(,lThoxyml"lhykellulo.'>l .. sodium sail (eMC), ht"Xokinasl',
,\lknosinc S'-diphosphatl' sodium salt ("DPl, carbonyl
(y.lIlid(' .1~llriJluoroml'lhox}')phcnylhydra/tlne (FCCP),
ethylellediaminctclraaceti( ,Kid (EDTA), pelu)lI, rotellone,

lUIS ~Pr'litndo Granados-Castro e! al

.<'UCTose,2,o-dichlorophenoli:1dophl'nol sodium salt hydrate
{DCPIP}, antimycin A, [\-nicotinamidc adenine dinucleotide
hydrogen (NADH), deqlubiquinone (!JuB), l11aloni, add,
C}1ochrume c and sodium horohydride. Sodium phos-
phate dihasic, sodium phosphate mOllntJ.l.;;ie, potas..."ium
cyanide tKU,), Tween :!O lictergelll, m,lgnesiul11 chloride
(i\.lgCI-,-) and sodium dithionite wcre from \krd: (HFS,
Darmstadt, GlTmany), Potassium phosphate dihJsi(
tK2IIP01) and pntas,ium chloritk (Kel) Wt'TC from
~LlllinckroJt (Paris, Kentucky, USA). AI.SI-f).l30 and
,\SSI.-04.\O kits to mcasurt. tht' plasma ;lCli\'ity of AU
<lod aspartate aminotransferast: (AST) were ohtained
hom ElIT l'chGroup (Princeton, Nt'\\' krs,:}', GSA), BIO-
RAD Protein Assay tRIO-RAD Laburatories, Ikrculcs .
Caliti.lrni,l, GSA) was used for protein quantincalion. As
sedative, Sedalphorte .\IR Reg. Sr\(;ARPA Q-7S03-00J
(Sodium pentoharbital, r-.tcxico city) was used, Other
compounds and reagl'nts used Wl're of hig:h purity and
were obtained Clllnmerci.llly.

Animals

'\-lale CDI mice with ,1Ilinitial hody weight of 35-40 g were
used. Allim.lls \\'ere houst'll on ~ 12-h light/dark c~\.:k \\'ith
tid lil,;tlllll access to purified waler and Ii.lod (Teklad Global
201RS; Il,ulan I,ahoratories, Indianapolis. Indiana, l;SA),
The local Committee for the Cue ~lnd use of I.ahoratory
Animals (CICUAL) approved the I~ro.iect (fO/UCUAI./
04,1112) and lht' t'xperin1l'nts werc i.."ondlKted in ;lccordaIKi..'
with the Guide for the Care and Use of Laburatory
:\nimals.

Model of PCMhepatotoxicity

All animals were withdrawn from food ,I h bl'furl' aoy
manipulation. Six groups of anima!.s were studied
(II - 5---(6): Control group (en: Animal •• re(cived O.OS(~o
Cr--1C (wn::umin's vehicle) YO min before an ip saline
solution (peM's vehicle) injeclion, Paracetamol group
(PC.\l): animals received 0.05% Cr-.1C 90 min before an
ip PC.\1 injection (350 mg./kg b\\') , Cllf\::umin ~ paraccla.
mol (PC:Vl + CUR): mice received 35, 50 IlT 100 mg/k~
hw of curcllmin 90 min hefore .m ip PCM injection. The
doses of curcumin were chosen ba..•ed in previous pilot
experiments. Curcumin (CUR): mi..:-C'n'l'cived curcumin
(100 mg/kg bw) 90 min hefore an ip saline solution
ini<:criol1. ~.1icl' wac sacrificl'd 14 h <lfter the last admin-
istration, Animals were anaesthetized wilh sodium pento-
barbital (SO m~k~), Bloo~1 \\'as obl.lined from thl.
axillary vein in hl'pariniZi..'d EprendllTf tuh ••.s <llld plasma
W<lS separated by centrifugation, liver \',:as imml'diatdy
removed .Hlll prepared for bistolop.i(.d and ultrastructural
,tudy,
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Markers of liver injury

lkp,ltic injury was Jdt:rminni by measuring in plasma the
.Ktivity of r\I.T and AST with commercial kits.

Histological analysis

rr,lllwerSl' ••lin's of appnlximately ! min were (lhtained
from freshly extrJctcd liver. The slice<; were immersed
in !W'i! formJldehyde diluted in pho<;phate buffered sal-
inl' (PBS) for a wed to fix the ti.••sut:. Then, the fixed
tissu(' was imnwr<;nl in different concentration.;; {If

l'lhylic alcohol ,lIld ,suh••equcnt1y in xylol for later inclu-
"inn in p.Haftin wax; .••cction .•• ()f 4 pm thickness wcre
made illhl Ill(lunkd on gla..•s slide. After dewaxing, sc("-
tions Wl'fL' stained with haemJtoxylin-eosin staining.
The hi<;tologic<ll .1Il.1Iy..;i,.was circllI1l',crihed to the hepa-
tl)(~'ll'S located ,lround thl porlal <ll"t'<1S(] 50-200 pm
width) beclllst' hcpatocyks in this wne are the first to
mL'faholile jl(:\'I.

Ultrastructural studies

To ."'lIdy tht' mitochondri,ll ultraqructural morphology,
immediatdy .lfter animal ,anitice, small liver tis<;ue frag-
ments were ohtained ,1Ild fixed hy immersion into lO11uglu-
taraldehyde dis.o;,nlvedin cacodylates buffer pH 7.2 during
24 h at 4:>C. Then, tissue fr,lgments wae post-fixed with
o..;mium IdrJoxide, dehydrated in graded dhylic alcohol
<;(llutio"" and embedded in Epon resin (London Resin
Comp,lI1Y, london, t:KL Thin sections from 70 10 1)0 11m
wnt' pl.lCl"l1on CO\IPlr grids, contrasted ",'ith lead and ura-
nium ~alh and l'x,lInined with J fEI Tt'chnei dL'l:tron
microswpe. The histological and ultrastructural studil'S
were pL'TfOrmL'd only with the cUTcumin dll:'.e of
100 mg/kg.

Isolation of liver mitochondria

Li\L'" mitochondria Wl'TC isolatcd from the whole liver
ll"in~ differL'lltial ccntrifug,ltion with two different Percoll
~r.Hlitnts ,l(wr<iing to Rainer t>t lIf.11t>! The mitochonLiri,ll
pTOtcin content was InL',lsured ,l(cording to BrJdford, 17

.1d.1ptl'll to ,I ')6 wdl plate, to 1ssure the use of equal protein
\)lMntity aml1ng all subsequent determinations.

Determination of oxygen consumption

\ll'<Isurl'ml'llt of mitochondrial oxygen consumption W.1S

carrit'd oul lI.;;ing J Clark-Iype e1eclrode allachl'd hI a
micro-dlambn with a constant tcmpL'raturl' uf .3JOC
(Strathkdvin in,truml'llb, ~..fL, Scotland, UK) according ID

prl'\"ious .studies of our group,12\,S

CUR prevents P(f,.l-rrdured liver O(jf"'1dgf'

Mitochondrial membrane potential (MMP)

..\ method based on ,1 previous workl:'-ttl was u..;cd to deter-
mine Ihl' 1\I\lP. In hrief, 2 p\.1 safranin-O was used to mea-
Surl' fluommdrllally thL' \H,,'lP at excitation and emission
w;l\'l'kn~lhs of 3,'0 ;llld 390 nm, respectively, in a black 9h
\\"('1\platr.

ATP synthesis assay

Thirty pg of fn:shly i"o1<lkd mitochondria ',,'ert' loaded in ,I

well wnl,lining wid AlP-huffer (9 U/ml h('Xokina~l',
no m\1 glucO"L', 1.10 Ill\l sodium <;\lcl'inatt\ 1.9 Viml
(;f,PDI1 .md ~.6 mg \;r\DP"'; plf 7.2).:\ ha<;alA rp prnduc-
tion W.IS mL'.lsured indirectly for -' min .It .QU nm, the ATP
producti\ln 'vas initiilll'li \,,:ilh the additi(ln of 1.2 111MADI'
.md it \\',1"; nwnitort'd l,,}(h'O ~ for 5 min Jt .'40 nm.

Activity of mitochondrial complexes

The el1lYl1l<llic,Klivitit'.' of all complexes were determined
~peClTllphotomctrirally ,1t _'7"C with S pg of isolated lin:r
mihlchondria. For the ,Ktivity assays of complexe<; I and 11.
mitochondria wnc broken \\-'jlh four frl'Cling and thawin~
cycle.;;. hlr complexL" III ,lIld 1\', T•••..een 20 wa~ added to
tht' "oilltion .1Sthe frcel.ing process has shmvn a decrea<;e in
these wmplexes t.'nzym.lIic activities.INI The activity (If

mitochondrial cllmpk\l's W,lS carried out independently in
,190 wdl rI.lll' in pn'Sl'IKe of the respective complex inhihi-
tor. The .specific ,1Ctivity of ,111complexe<; was determined
hy the SIlhtraClion uf the .lClivity in the presence of the
<;pecitic inhihitor from Ihe total acti,'ity. The final \'olullw
\If l',lch wdl was yon pI.

Complex I activity

In t'.Kh well, 5 ~t~of hrokL'n milochondriJ wen: added to ,1

mix soiution containing ,11 Ill'" potassium phosphate buf-
fa, 3.3 mWml RS:\, 67 P\l DCPIP, I p~l antimycin :\,
0.2 Ill\l KADII and 0.2 m~l KC!\', pH 7.4. To inhibil com-
plex I and hi dL'lL'rmine thl' non-elll)"matic activity, 1.3 ~l\'
mtl'none ,•.we added ill all identic parallel well. The mi\.
W;JS incubated for S min ,11.HOC and the haseline 'V,lS mOIl-

itored hy a kinetic reading li)r 2 min at 600 nm. The reac-
tion was <;tartl'd I~)' the ,lddition llf 3.12 111\1DuB and the
<;Uhsl'lJuentdecre.1."e ill :lb..•nrb,lIlce was followed for 3 min.

Complex II activity

In l'.ICh well, S pg of broks'n mitochondria ,,,'ere added to .1

solution wnt.linin~ .,0 Ill\! potassium phosphalL' buffl'r,
OA m/Uml RSA, f,i p~r nCPIP, 1 ~l~!antimycin A, sodium
15 Ill\! sUI.:cinate and (1.'::m\1 KeN, pH 7.4. To inhibit
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Results
Curcumin was able to attenuatl" in a dml'-dependl'nt \\';lY,
thl' PC:~l.induced incrc<l"l' in the pl.lsma a..:liv]!y of •.\IT
and AST (rigure 1). The increase in At"!' ,Ktivity was pre-
vented with 50 Jnd ]00 mglkg of cllTcumin and the
incrcase in AST activity W<l5 l~rcvelllt'd with Ihe thrl'c do,c"
of curcumin. Curcumin .d(lne was unahlt. to induCt.
ch,mgt'''' in the activity (lfthl'se enzyme, .•.(hgure I).

~lorCOVCf, CurCUTnIll (100 mg/k~) JllenU,llc.'d thl"
peM-induced liver histol0gical dalllage (hgurc ~). l'our

dllllplcx II ;md to determine the non-enIYlll.lti( activity,
I() 1ll\1 m,llpnic .Kid was added in ,Ill itkntic paralld well.
rlH: pl,ill' W<1"inwoated insidc the "P~~(trophtltoml't1,"Tat
~jC(' for 1fl min and the oa"e1ine JLtivity ",'as read at
000 nm for.2 min. The reaction h.as starkd by the addition
(If .~.12 Ill\\ DuR .md the subsequent decrease in absorbance
W.ISfollowed for 3 min.

Complex III activity

III l:.lI.:hwelL S ~Igof hepatic miltlchonJri.l \';I:n: .Hlded to a
ll1ix '1llutilll1 containing 30 m!l.lpOIJssiull1 phmphatc huf-
hor. 0.4 mgiml HSA, 220 )IM Twecn 20, I p!l.l rotenone,
OA 1l1\1KeN, O.t. m~l :\lgCI.'. 0.1 n1:\1EDTA Jnd 17 j.I\t
oxidizl'd c~,tochrome c. pH 7.4. To inhibit complex III and
to dl.'krlllinc the nun-enzymatic a(ti\'ity, 1.8 m\1 antimycin
:\ \V,lS ,H.lded in an identic parallel ",•.ell. The mix \••..as incu-
ball..:d for 10 min Jt .noc and th~. baseline WJS monitored
by ,I kinetic rcading at 550 nm for 2 min. The reaction was
"t,Hted by the addilion of 3.12 111\.1decylubiquinol and the
illcre,lSC in ah,orhancc;)t 550 nm '••..as followed for 3 min.

Complex IV activity

In cach ",.'e11.a Crl'shly prep,HcJ ~lIluti\ln (llntaining 37 m\l
pnt,ls:-.iuTn phmphale buffer, 0.4 mglml BS:\, no J.I'l
Tween ~o and 17 ~l\1 reduccd cy1ochrome c. pH 7.0, was
I~laced. To inhihit the complex IV and to dt'lermine the
non-enzymatic ,l(tivily, 0.25 m\l "ex W;J, added 10 a simi4

l.lr pafallel well. The platt" W<lS incubated inside the spcc-
Il"opholollH.'lc:r ,it 37°C for 10 min Jnd the..:b,lSt.'linc Jctivity
wa .. Tl'ad at 300 11mfor 2 min. The reaction "as starll"d by
thl' addition of 5 ~l~ of hl'P,lti( milochondria ;lIld Ihe
dl'lTe.l~c in the..:•.lbsorbann:, al 550 nm ••.....JS folloWl'd for
J min.
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Figure 1 Curcumw (CUR) prevents. In a dose-'€'Sponse way, t'le
pdracelamol (PC\~)-induced ncrease In the actiVity of alar ne amino-

transferaS€' {ALn and aspartate aminOlransferase (.ll,ST). Da~a are VI"-
sented as m£'i:W -t SEM, n 5-6 <'p O.O~ vs Control. bp •. 0.05 vs

PCM, P 0.05 vs PCM ~ CUR 3~>.np a 05 'IS PCM ~ CUR 50

Aconitase activity

.\litochondria "lere broken hy sf'lJlication for 2 min in
aconitase buffer (20 m\1 is{Kilfate. 0.(1 01\1 MnCI~, 50 m\.l
Tri-.;-IIC1; rH 7.4). Fifteen ~lg of mitochondri<-tl protein
','cre used for each ,,"eli. the mixture W;J'" incuhJted fOf
2 min at 2S:C and then the produClinll cis-aconilate was
lilllo\\cd for.~ min at 2..W nm.P~1

Statistical analysis

lh.~ults were l.xprcssed as means :f:: standard e..:rrorof the
mean (SE}'I). Data "'"efe analyscd by Onl"-way analysis of
variance followed by multiple-comparisons a(cording to
Turhy test using Prism 6.0 software IGraphPad. San
I)iq~o. California. USA). The colllp.lri:-.ons with a P < 0.0.)
"'cr\.' ul1lsidcred si~nitic,illt.
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CT • PCM
Normal * Regenerating

hepatocytes •
"

hepatocytes+

EJ j + D/
•

" : .'. I, *, -~

0 PCM+CUR CUR D.'.
'\. •

I
/

Inflammation * - Damaged
area • hepatocytes

CT PCM PCM+CUR CUR

Inflammation
area (%) 0.2", 0.1 23.5 '" 6.3 ' 8.1", 2.7" 0.0", 0"

Normal
hepatocytes (%) 95.0", 0.6 39.9", 2.4 61.8", 8.7 ,." 87.4", 2.0 b.e

Damaged
hepatocytes (%) 0.0", 0.0 28.3", 7.7' 8.3",0.7 0.0", 0 h

Regenerating
5.0", 0.6hepatocytes (%) 30.4", 7.4' 25.8", 5.2' 12.5", 2.0

figure 2 Cvc .•min (CUR, 100 rrglkg) prevents the paraeetamal (PCM)-induced hlstaloqicatl"t:'r inJury. Sample" were "tdlned ','\11thhematot.,1 '1

a.,d eo"in (H&E). The analysi" Wi!" carried out only with the 100 mgllg (Urcumn CO'>e,as It was the most effectve one "Shovvs l'lflammallon

a'ea, shows damaqed repa:ocytes "md arrows show regenerating hepatocytes. Quantification of all Dar<lmeters measured, inflammation a'ea
was obtain~ from a total of 150 000 11m2 and all cellular (o,mts ••vere made from a total of 50 000 ~Im) Da:a are presented as -nean SEr,,~

" 5-6. p •. 0.05 \IS Control (CT) bp <.: 0.05 'IS PCM, ~p ~_0.05 vs?eM CUR 100.

paramekrs were determined as tissue damage markers: (I)
Ihe percentJ.gc of the area (Kcupicd by int1ammalory cdb
into and around rort;)1 zones hased in a total area oi
130 000 pm~; en perccntage of periportal normal hr:pa-
to(yte~ in an area of 50000 I1m1; (3) pt:rn:ntap:e of
necflltic or apoptotic hepatocytes in the same area.;; and
(4) percentage of regenerative liver cells (binlldeated
hepatocytes or with very large nucleus, mitotic figures).
hgure 2 shows that PC~1-indllced increase in the per-
centage of damaged hepatocytes and int1ammatilln area
was prevented h}' curcllmin pretreatment. AniJ1lJls trea-
ted with cllrcumin alone showed normal liver histology,
rhese changes .showed good (()fre1.ltion ,vith the u1tr.l-
structural analysis. liver (ell" from PC\1-treated animals

showed nUll1aous cytoplasmic vacuoles and swollen
mitochondria with fragmented or effacement cristal' and
numC«lUS electrondense amorphous dcpl)sits in the
matrix, while these changcs wcrc scen occasionally in
min' trt..'akd with rC~land curcumin (Figurt..' .n There
"...'Cre not ultrastructurJ.1 abnormalities in animals treated
only with curcumin.
P.uJcetamol induced decrease in oxygen ((lnsumption

(Figures 4 and S). Curcumin was ahle to aHenuate
the decrease in st;lle .\ respiratory control ratio (Sute
3iState 4), LlIKoUpled respiration, ADP/O (mol of Al >PI
mol of oxygen consumed during State 3) and incre.lse
in state of using either succinate (Figure 4) or malate!
glutamate (Figure 5) a' suhstrates of the electmn chain

20' 5 Royal P'1a macE'ul cal 500f'y. )(.C1rn.J1 ~f na'rT'il(~. iJ->d Ph"rma~cfogy 68 ZO' 51, p;;, 24')-250 249
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Figure 3 Representative elecromicroscopy mluographs of m tochondria from the diffe'ent experimental gro",ps. (a) Normal m 10cnondn"

structure In hepatocyte f'om control mOJSf' that re(erved only the vel')icle solution. (b) Swollen m tochond'id with rupture of external membranE'

(,lr"OINS). effacement of uSlae and elecrondense deposits In the matrix indLced by para(e~ar101 (PCtv1) admintstratlon. (C! CL.rC..•min (lOO mg/kg)
preve ltS the mitochondrial damage t!'duced by PCM, only some mitochondria show electronoense material depOSited In the mdtm. :di Admlflls-

Ir,llon 01 (ur(umln alone did not Irdu(p mitochondrial damage

lr.lll"porl. Protective effect wa.~ ohserved with SO and
100 lllWkg ()f (urcumin.

(:urcumin (100 mg/kgl pre\'cnud the VC1\I-induced
decrease in memhrane putenlial (Figure hj, ATV synthesis
(figure 7) and aconitJ.;;e activity (Figure 7).

Paracetamol induced decrease in the activity of tht: respi-
rat()f) complexes I, II, III and 1\', Curcumin ,,:as able (0
prevent the decrl'dse in the activity of respiratof)' complexes
I, III and IV (Figure 7),

Cun:umin alone increased thl' ,l(lhity oi rt'Spiralory
(\lmple" III (Figure 7) and memhrillw potentia!. ATP syn-
thesis, JwtlitJ.st, activity and activity of c{llllph:x I, II and
IV remailll'd ullchangni ill thl' curcumin trl',ltnl group,

Discussion

PJracdamoi-induccd hepatotoxicity has bcen a significant
i"sue for se\'l'ral years be-call"l' PC1\1 is a widl'sprcad used
drug for analgesic and antipyretic purposes! 1 and it is
responsihie t()f more emergency roo III visits than any other
drug, on Ihe markel.r~ During ovcrdO\l'. PCi\1 is m.linly
llletaholized hy cytochrome !)"'~(J into :\'APl)l, which re;lcts

dirt'ctly with (;SH causing its depletion Ih (Figurc S). t:on-
se(jut'ntiy, NAP()J n:acls with mi(llchondri.ll ml'mhrane
proteins whi(h causes reactive oxygen specit's (ROS) pro-
duction,l'fl) mitochondrial D1\'A da111,lge,lJ) mitochondrial
tr;)nsition porc (,\1TP) opening and decrease of ATP
production' 11,.1;,19) (Figure S).

'\loreover, it has been found tramlocation nf the mem-
brane protein B-cdllymphorna-2 (Bd-21-associatl'd-X pro-
tein (BAX), which combine~ with Bd-l anLlgonisl kilkr I
(Rak) in the outer mitochondrial membrane to form p(lrl'~
and ;)Ilow the rdrJst: of intnml'mhrane prokim such as
(yhll"hroml' (1J11(Figure 8), Consistently, previous studies
han: shown that PC1\.t and NAPQI inhibit mitochondriJI
rc~piration.!5,1'I..'_UII Furthermorl', in an earlier stutiy, the
inter;Ktion hl't, •...C'cn NAPQI and the respiratory ch,lin was
investigated using suhmito(hondrial particles. Succinate
dehydrogenase (associated with respiratory complex II) was
found to hc very sensitive to l'\APQI. while J'>:ADHdehy-
drogenase (re.spiratory complex I) was inhihited 10 a ics."a
extent. 19 The ,',:ell-documented PCJ\-I-induced alterations
in mitochondrial function may .11,,0 he related to the
lact that PC\! affects the exprcs«ion of mitochondrial

250 2016 ROYdl I'hcHITklU2U'Icdi SO(lety. JOlJfn<J! at FtldrfT'!dC. "no' P''l.wl"ldm!oqy 68 12016), PD. 245--2~ t>
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Figure 4 CJr(um n (CUR) prevents paraeetamol ~PCMHnduepd i.llteratlons In m toehonOflal resplr,)" on usmg suce na:e as substrate 01 thf' ele(-

t'OI"I transport ('lain. (al sta~e 3, 1itlat(>d with adenosine diphosphate (ADP addItIon In tt-e cnamb€'r of respiratIon, fbI state 4, reached when the-
AOP ISdeple:ed, 1(1 RespIratory control ratIo mCR), (0) AOP/oxyqen (0) retlo, e) uncoopled resoJrd:lOr, Inflated wIth Carbonyl (yande 4-(trfluoro-

'T1etroxy}pt-(,'lylhydfdzone Kep) addltlor. Data are presented as rrean J: Si:M, n 5--6. 'P O.O~ 'IS CO'1tfol, ~P 0,05 'IS PCM '"P D.OS vs

PCM CUR 35, dp <. 0.05 vs peM CUR 50, ~p < O.OOS v,> PO:l CUR 100

proh:in-l'lll'oding ~l.ncs rdateu to the subunits of l'kctmn
tran,"port chain ~E.I'C.) complexl's.l.'ll 'J'he.;e abnormalities
IlUY affcct Ihe <l:-:...;cmhlv,stahilitv .1Ild,tructllrt' of ETC

< ''I) , .
complexes. 1-

hom the ahove descrihed alterations it is clear that
mill)chontirial dam.lgc plays a critical role in the PCM-
indlll:cJ hcpatotoxidly. Therefore, ((lI11pounJs with the
potential l'roteclivc effects on mitochondrial dysfunction
nuy he useful (0 prevent PC.\l-induced hep:ltnloxicity,
The ;lntioxid,lnt curcllmin has heen found to protect

.Igainst mitochondrial dy:-:.function in sl'vcral cxpl..rimcnt,11
m()dd .••.I~I-25 Ic.\I' .••••nl III .1;;.1 In potassium dichromatl'-

illlillccd nephrotoxil'ity model, clIflllmin was ,lhk to ~lfl.'-
vent the following mill'chondrial alterationsl' 'J: decre.m~
in oxygen consumption. in oxidative stress, ill XIV cnn-
tl'nt. in calcium rl'li.'lltioll, and in mitochondriJI mem-
hrane potl'ntial ,IS wdl as in thc acti\'it~, of complexes 1,
II, 11.111and \'. In pOl,lssiutn dichrom.lle-inuuced hq~;lto-
toxicity moud. (llrClImin was ahk to prevent the uc..:re,lse
in the aconitase aClivity, in AT!> content. in O\Y~l'n WIl-

e 1016 Royol PharfT'ilCel.llcol Soc ely Journal of Pharm(J(, and Phijfrr.,Kclogl 68 :10'1) DP 24')-250 251
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Figure 5 CU'cumm prevents paracelamol (POII)- nduced altNatlons In ml;ochondrlal reSpiration w th glJtamate/malate- as SlJb~trate- of the- e-Iec.

"on 'ransport chain. (a) state 3. Initiated with adenOSine diphosphate (AD PI adcitlon n the chamber of resp ration. (b) state 4. 'eacred when thE'
ADf' s deplewd. Ic) Respiratory wn:rol ratio (HeR), (cl ADP/oxygE'n (O) rallo. I.e) uncouple-d res:)irator. Initiated with ca'bony CY<ln,de4-{Irrfluoro-

m("")Q~y)pnerv'~ydrillOne (FCCP) addition. Data are presented as mean:!: SErA fl ').. 6."P 0.05 'IS Control, t,p <' 0.05 'IS peM. 'p. O.OC; 'IS

I (M CUR 35, "p. 0.05 'IS PCM - CUR SO.

~umption, ,Illd in the activity of respiratory complex I as
well a" Ihe illcrea:,e in oxidative qre"s ,.lIld in permeability
tramition P\lft~ openin~.I~I,nJ In maleate-induced nephnl-
toxicity modd, it was abh.' to prevent reduced (lxy~en
comumption and activities of complex I and awnitJ<;cY':.]
In ;Hhlition, clIrcumin \\,;"1<;also ahll' to prewnt the
lklrt:.hl' in aconitase activity and ill oxygen cOIl'lImption
in tH:art" of rats with chronic renal failure. IN) In i'lddition.
~lIhudhi ct lJ/.I.lol found effects of curcumin on oxnen
comumptioll. They reponed th.lI clircumin administra.

tion ameliorates hyperthyroidism.indw ..:ed incrl"JSl' in statl'
5 ,llld state 4 as well as in respiration in complex I in
milochondri;l from rat liver.

In the present study was found that curcumin indeed
exerts a hcpatoprotccti\'e effect Jgaimt PC\1-induced dam-
:1ge.Curcumin allenuated PeM-induced increment in ALT
and AST plasma ;1C1ivit}'.which ;Ire scnsiti,"C indicator" ((II'

thl' hl'p.ltic function; their exces"ivc 1t:akap,einto thl' hlood
shows lhe disruption of integrity of hepatic cell mem-
hrane:,. The her;"ltorrotectiw effect of curcumin \\':1" also

252 @ 2016 flOYdl Pharr'1.xeJ~I(<.J1SO( d~ lCU'."d! of Pr'>arTn<l(Vrl""/ Phaw,a(cbqy. 68 (2016 . pp. 245-256
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MMP

Figure 6 Curum n (CUR, 100 mglkg) prevents paracetamol (PCM:*

nduced dec'ease In mitochondrial nwmbrane potential (MMP) that

WdS obtained with the fLore~cence of safranir-Q . .\FU Ch,mge In

fluorescen: units. Data are presented as mean""'!'" SEM, n 5 6.

P 0.05 vs Control. t-p 0.05 vs PCM
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cnntirmed by histologiol ob~l'rvalions. The protective
•.-fred ()bseryed \'.JS (omi'''l'nl with the findings of5011l,11l;l-
\'I-\l( t't al. II l.i c( ill,. II Bulkll el 1I/"ll1J ,lnd YOll"t.(
1'1,11, I" Remarkahly, the ht'patoprotection observed in Pur
\llilly wa" ,lssocialed with prevention of p( :l\.1-indllll'd
mitochondrial aiteration". In fact, curcllmin prevented
the PC.\1-induced deere,hi.' in oxygen consumption (St,lIl'
.\ ReR, llncouphl rl'''pirJlion <lnd ADP/O), in mem-
hrJnl' ll(ltl'ntiai. ill ATP "ynthl'si", in Ihl..'aconita"l' acli\.
ity ~lI1d in resriralOry (()mpl~\es I. " and 1\
(Figlln:s 4-S). Thest' mitochondri,ll functional d.Il.\
obt<linl'l! in isolJln! mitllchonJriJ wefe supported Iw
ultrastructural ohslTvations ."i..'l'nin the liver of Ihl'Sl' ani-
mals. Fi~url' 3 illustrati..'~ swolli..'n mitochondria and di..;-
ruption of external In<?l1lbralll...• cffJccmenl of cri~tat' and
<?1cctrondcllSc deposits in the matrix induccd by PCi\1
tre;llment (figure 3b), ('lITcumin prevents thest' PC".'-
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IV, el ATP syntheSIS"nd (f) aconi-ase activity AlP syntheSIS by thp mltochondna \'ltas measured usinq qlutdfl'alt>/'Tliliale as substrate o' thE' pl(>(-

t'on transport chaIn . .Aconl'asf' artlVlty was de:ermlned as It IS a I"'"II:ochondr al marker of Oludd'lv!, slrt'Ss. The PCM CUR 35 qroup wa<; nlJ

longer delermliled as It <;howed 110 SignifICant dlHerence '1$ thE' Control group in vanous ore~lous dl'termillat ons. Data are pre<;f'nted <I',
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Figure 8 Graphllill representation of the pdracetamol :PCM), N-acetyl-p-ben70ql. noneimine (NAPQl) clnd curcumin Interaction in mice

t'epatocyt{'~. IUrCUJTlIn IS able to ndulE' dversp cel ular responses to decredse the PCM overdose illteraton. ADP AdenOSine diphos-

phate, PCM Of ~-d(etyl-p-amlnophenoL ARE, AntOJlIdant respO'lse elements; ATP, Adenosine trlphos~hdte, Cal., Caleum caton; CAT

Catdld~e; Cl. NADH ubiquinone oxidoredultase; (II, Sl.conate dehydrogenil~e; ClIl, Coenzyme Q: cytochrome c-oxldoreductase; (IV, cyta-

cr-'oml-' ( OXidase; CUR, Curcvnin {Dlferulovlmethar'le}; CYP2Fl, Cytochrome P450 2El, Cyt C, Cytoc"lrome C. GI~maL Glutamate and

rnaldte, GPx, Glutathione peroxidase; GSH, GI..Jlathione; GST, Glutalhlone-S-tran~lerase, HO-l, Heme oxvgena~e 1, IMS, lr'llerme-rbrane

'>pale, Keap 1, Kelch-like ECH.assocated prOleln 1; Mal. Small -ral proteins; MTP, Mitochondnal tranSItIOn pore; NADH, Nicotinamide

"dpnne dirucleotlde hydrogen; NAPQI, N.acetyl.p-benzoqulnore mine; NQ01, NAD(P)H dehydrogenase lqunone I, Nrf2, nuclear factor

INYlhrold-denved 2}--hke "), RNS, Redltlve nitrogen spe( es, ROS, ReactIve oxyger'l spec'e:'>;SOD, SL.pero)(lde dlsmutase, Avm, MItochondria

'l"Ie'T1brane po.er'lllal.

induced mitochondrial alteration<; since only some mito-
dlOndri.l show dectrondcnsL' matt'Tial .lCculllulatcd ill
tht, matrix (Hgure 3c).
To OUTknowledge. this i.s thc first demonstration th.1t

(UTcumin prcvents mitochondrial a!leration in the Pc'\l-

induccd hepatotoxicity. These data are consistent with the
findings in other experimental lllodels.121 ,', Interl.ostingly,
in all cases, the improvement of mitochondrial function
",las associakd with the prevention ()f the decrea<;L'in the
acti"ily of aconitase. a marker ()f o'iid,lti\'C stress,I.l7) This
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"uggc~ts that the antioxidant effcct of cureumin is key in
th\.' protcctin' effcct of mitochondrial function. In f,Kt, it
has bcen wdl-I.'st,lblishcd that cun:umin i" a direct antim:i-
d,lIltPS] th;ll may he respomihle of the protection a~ainst
mitochondriJI dysfunction 1Il this experimental model
(hgure S). In addition, curcumin may also exert its antiox-
idant effect through an indirect Il1l'ch,lIlism via tht' tran-
scription factor nuclear factor (erythroiJ.JerivcJ 2)-like 2
(~rf2) (Figure R), We h.1Vl'no enough data in Ihis \.vork 10

support Ihe indirect anlioxid,lIlt effecl of curcumin in this
experimental model. It is unknown if (uTCumin may he
,lhle to inll'lfen' with tht' direct inhihition of mitochondrial
rf(ltcin .•hy NAPQI. This deserns to he further analys\.'d.

Our data SUggl.st that wrcumin may bl.' uSt{ul to atll'nu-
,111.'the PC~'d-induct'd liver damage in humans, Studies
,hould be conducted in thl' futurt' to \.'valuCltt'this potential
effect of curcumin in human heings.

C IJR prevent" PC ~••.1- nduced liver damagp

Together, Ihest' ml'Ch,lnisms might nplilin, ill leOl."lin
~Mrl, ~(lml' of the ..:ytllprotcclivc l'ffedS of (urcumin on tht'
1)(:t\14indu(l'd ht:patic Janl<l~t'.

Conclusion

Tht:~t' rl'suit" inJi..:atl' th~t the prott'cliw dfe(t (If (urcumin
ill PC!\I-indllccd h\..p.lIOlo\icity is J~soci,llt'J \,,'ith .lttt'llllJ-
lion 1)1'mill)c11lmJrial dy .•fun •...lioo.
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ABSTRACT

Reperfusion dam,lge involves opening of the mitochondrial pNme.lbilitv transition pore lIlWTP) .llld II
of ATP synthesis. Sever,ll c.ltdlOprott'ctive pclthways ,lrt' ilctivilted by Ischemic or pharm.lCological po~ -
conditioning (PC). Thi.' Illechilnisms thilr ilre ilclivilted by PC in no co-morbidity murint' modd~ IIlcilid
ilrtiviltion of resru(' kill.l"es. oxidatiw stress f('durtion. glycolytic nux re!tulation and prt'serv,lIinn of A I'
synthesis. However. rel.ltively scarce elTorts have been made to define wherher rhe ("t'fic.ll"Yof Pt' "I
naling is blunted by ri,k facrors or systemic dise,lses associiltf'd wirh ischemic heart pJthology. Expf'
melll ••1evidence has shown that the nitric oxide (NO)/cyclic guanosine mOllophosphilte fr(;MI') "ign.111()~:
is d rndin m('chclniSIll activat('d by PC in h(',lrts without pdthological history. In this work we ('V,lltl,Hl :1
Ihe pJrticiparion of the f\0 pathwilY. through downstream kinds(, actlvdtion and inhibition 01 mM"!' )
ht'.uls wirh previous infMcL

Myocardiill infilrClion was induced wilh d single dos(' of isoprolerenol (85 mgjkg i.p.) to male WI"!,
rilts. After 24 h. the hearts were mounted mto the lAngendorff system and subjecred to 30 mill .f

ischemia and 60 min of rl'perfusion. PC consisted of 5 cycles of 30 s of reperfusion/30 s of ischellli.l. ,ill' 1
Ihe hearts were reperfused with or wirhout inhibitors of rhe NOlcCMP pdthway.

PC activilles the NO/cGMP pathway. as in(fe.1sed cG\1P ,1OdNO levels were detected in isoprou'rellnl
treated hearts. The c.udioprotecrive effed of PC was abolished with both l-NAME (inhibitor of con
stilulive NO synlhdse) and ODQ (inhibitor of soluble guanylate cyclase). whereas the NO donor IDE:."1.'
NO) restored c.udioprotcClion ("'len in thc presence of (-NAME or ODQ. We also found Ihill Illitorhondn,ll
structure and function was preserved in PC heMts.

We concludl' th.lt PC exerts cardioproleclion in hearts with previous infarct hy maintdining m
rochondridl structure .md function through NO-dependenr PillhwdY.

t 2015 Published by Elsc-vier tl \

1. Introduction

Cardiovascul,ll" ischemic diseases dfTect a high proportion of
world population, being Ihe leading cause of mortality and di,,-
ability in adults. Timely reperfusion promotes cardiomyocyte

• Corn'$ponding Jurhor. ~'.lx:+525555710'-)26.
E-mail aefdre5S'! I< pill/ell' ;:l1I<1i.rom (F. Corrl'i1).

hflr: 0" ck,iorg 1U HJlG I "Iph.u 2015.U9J IS
0014-2999le- 2015 Pllblishe-d by Elsel/if'r B.V.

survival. decreasing morbidity ,md mortality. Paradoxlc.llly, t

perfusion of ischemic rissue by thrombolysis, percut.lIleOliS ((II

onaT)' intervention. coronary arlery bYPdss grafling ur cdrdicl\
transplantation. may result in additional cardiomyocyte dysfullr
tion, a phenomenon termed "reperfusion injury". In tIm "en ....(..
post-conditioning {PC} has emerged .1S a powerful str,ltegy ! 1

contend dgainst reperfu"ion injury in animals models, .1Swell .1' I 1
some clinical studies (Zhao t'( .11.. 2003). It consists of the appli-
cation of brief cycles of ischemia-reperfusion, dfter ischemia .111,1

http://www.elsevier.com/locate/ejphar
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bdore prolonged reperfusion. PC has re-atlr,1Cted scientific and
('Imical interest on reperfmion injury, particul,uly due to the ac-
l] llIwl knowledge of the ce\lular Jnd molecular events activated
d 11ing the ('Mly phJse of reperfusion (COS[,l L'[ .11.,2008: Zh.1O

11..20(H). However, most of PC studies had been performed in
Iwalth and young animals, The application of experimental
\.:'lOwledge on the c1inic.al pr<1ctice requires demonstration of PC
l'!Il'({iveness in he,lrt dise.lses resulling from co-morbidities.

In this sense, it has been described that patients with non ST-
ell'vatlon ,Kute coronary syndrome are at high risk for recurrent
hdwmic events due to complex coronary artery disease (CAD).
,mc1 h,'ld lesser possibilities to be completely revasclilarized, Also. d
\l,'ITentdge of patients ?: 70 years of age with unstable angind
dl~rharged dfter myocardial inf.uetion (PREVESE Study) and fol-
l(twl'd during three months. presented a second ischemic ewnt

2%); \\'hereas 11.2%devel0pl'd angina (Klllllbluni et al .. 2013: de
\ 1.1"CO('I ,11-. 1997).

Isoproterenol (ISO) hydrochloride, a synthetic catecholdmine
,1tld Il-adrenergic agonisl ('auses severe strt>ss in the myocardium
n' .•ullmg in infarct-like Ilt>crosis damage in animal's modt>ls (Diaz-
\ nU7 l'f aI., 2006). The pathophysiologic<11 changes produced by
1•..•0 in rat hearts are compardble to those observed in human
n1Vorardial infarction. Particularly cdrdiac apoptosis and/or ne-
nO'iis. increase the incidence of cardi,lc arrhythmias (Tdppia et <11..

11; Stelzner et ,11.. 1987). ISO generates free radicals leading to
lipid peroxidation and membrane penneabillty .llterations (511s-

I l,lkuJn,ui cI .11..1989; Tood et a1.. 1980). Augmented oxid.1tive
•.•[rl'SS depresses sarcolemmal Ca2 +- transport, promoting in-
tl,Kel1ular Ca;! overload and ventricular dysfunction (Pr.1bhu

.11.200G). It has also been reported that ISO decreases the an-
11)xidanl defense mechanisms (Chien ('I aJ.. 197H) and that fl-
<ldrenergic receptors stimulates apoptosis in myocytes through
red(tive oxygen species (ROS) dependent activation of the mi-
[Il(hondriai pathway (Remondino er .11..2003).

t\S it is known that the nitrk oxide/cyclic ~l1anosine 1110no-
phosph"te (ON/cGMP) pathway is involved in PC protection in
1"( llated rat hearts (without co-morbidity) (Penna l't .11.,2006) and.
th,lt ROS .1ttl'lludtion depends on the antioxidant action of NO

lid et .11..1980). the Jim of the present investigation was to
demonstrate the effectiveness of PC in a heart model with pre-
VIUUS infarct induced by ISO, to evaluate the robustness of the NO/
r( ;MP pathway to confer cardioprotection and its impact on mi-
(()(hondri,1l structure and function.

2. Mdterials and methods

This Ilwestigauon was performed in accordance with the Guide
fOI the Cue and Use of Laboratory Animals, published by the
LIlllted Stares Natiorldllnstitutes of Health (US-NIH).

2 I. Curdi(jc function in post-ronditiolled flearts from isoprotert'llOl-
/I('(l(ed ruts

Malt' Wistar rats, weighing 250-300 g and provided with food
dnd water ad libitum. were injected subcutaneously with a single
dll';l~of ISO (85 mg/kg/day) between 08:00 dnd 09:00 .l.m .. Control
allllll.lls received a subcutaneous injection of saline solution.

After 24 h the ,1nilTIdlswere anestht"sized with sodium pento-
h,lI bl!.ll (60 mg/kg) and sodium heparine (100 U/kg), Five min
,1!l(,f heparin injectIon. a mid sternal thoracotomy was performed
.Ill!! the heart W.lS rdpidly excised and pl,Ked in ice-cold Krebs-
iit'll<;eleit buffer solution of pH 7.4. consisting 01"118mM NaCI.
-475 mM KCI. 1.18mM KH2P04, 1.18mM MgS04 7H10. 5 mM
l.lCl~. 25 mM NaHCO). 5 mM glucose. and 100 ~M sodium oc-
fdlloate. Wit/un 45 s. the heart was mounted onto a Lmgendorff

heart perfusion system. The hearts were perfused retrogr.ldely via
the aorta dt a constdnt flux of 12 ml/mm with Krebs-Henseleir
solution. which was continuously bubbled with 95%O2 and 5%CO2

at 37 C.
Cardiac performance was mea"ured at left venLricular end-

diastolic pressure (lVEDP) of 10mm Hg using a latex balloon In-
sert('d into the left ventricle and connected to .1 pressure trans-
ducer (Corre,l el ,11.. 2008). Throughout the exppriment, left ven-
tricular developed pressure (lVDP) was continuously recordt:d
using a computer cKquisition ddta system designed by thl' In-
strumentation and Technical Development Department of [he
National Institute of Cardiology (Mexico. D.E, Mexico). He,1ft rate
(HR) expresses beat number/min. Cardiac contrdetile fun('fion was
calculated by subtracting I.VEDPfrom left ventricular pe<1ksystolic
pressure. yielding lVDP, The double product (DP) was calculated
by multiplying HR by LVDP.All variables were n.•corded using a
computer acquisition data system designed by the Instrumenta-
tion and Technical Development DepJrtment of the National In-
stilute of Cardiology (Mexico. D.F..Mexico).

The heart was perfused till stabiliz,1tion with Krebs buffer for
20 min. The ISO hearts were subjected to global ischemia for
30 min by turning off the pumping system and then to 60 min of
reperfusion (ISO+I/R). The post-conditioning maneuver consisted
of five cycles of ischemia-reperfusion 00 s reperfusion ,lnd 30 s
ischemid per cycle). followed by 60 mill of reperfusion (ISO+ II
R+ PC), Hearts from the control group were .1150 evaluated to
compare functional ,lnd biochemic.11 changes induced by iso-
prorerenoL but were nor subjected neither to IIR or Pc.

2.2. Measurement of infarct size

At the end of the experiments the hearts to be u<;ed for inf,lrct
size calculations were froun at - 20 C. Heart slices of 3 mm
were obtainl.'d and immersed in 1%triphenyltetralolium chloride
solution in phosphate buffer (8.8 mM Na)HPO.1, 1.8 mM Nall)P04•
pH 7.4) for 10 min at 37 'C: the slices were incubdted in.l solution
of formalin for 5 min, and digitalized on a Hewlett-Packard Scanjet
3800 scanner (Hewlett-Packclrd, Palo Alto. CA.USA). In each image
the risk and the infarct zones were traced <111(1the respective areas
were c,11clllated in terms of pixels using [he soft\vare Im,lge J",
Other group of hearts was assignl'd for histological analysis with
the haematoxylin/eosin tl.'chnique and electron microsmpy, To
study the mitochondrial ultrastructural morphology. small cardiac
tissue fragments were obtained and immersed into 10% glutar-
aldehyde dissolved in cacodylate buffer pH 7.2. Then. the frag-
ments were deposited into glass tubes and fixed by immersion in
the same solution during 24 h at 4 C. After extensive washing
with cacodylate buffer, tissue fragments were post-fixed with os-
mium tetraoxide. dehydrated in graded ethyl akohol solutions and
embedded in Epon resin (London Resin Compdny. London. UK),
Thin sections from 70 to 90 nm were pl,Ked on COOPN grids.
contrasted with lead and uranium salts and examined With d FEI
Te('hnei electron microscope,

2.3. Echocardiograp/lY analysis

Echocardiographic images were obtained using d Sonos 5500
echocardiographer (Koninlijke Philips Electronks. Eindhoven. NL)
with a 12 MHz transducer. Parasternal long and short axis views
were analyzed in the anesthel ized rats, Two-dimensional-guided
(20) M-mode echocardiography was performed and determina-
tions were made from d[ le,lst 3 beats in f'.l('h rar. Left ventricular
(LV) cavity and wall lhickness were measured to calculate the
ejection fraction (EF) as follows: %EF [(EDV-ESV/EDV)I 100)
where EOV is end-diastolic volume .1nd ESV is end-systolic
volume.
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2.4. Preparation of ryrosofic and mitocllOlldrial fractions A Control Isoproterenol
At the t'nd of the ischcl11ia/rL'perfusion protocul. a group of

hcarts was placed in cold isolation buffcr containing 250 mM su-
crose, 10 mM Tris-HCI. and 1 111MEOTA. pH 7.3. Mitochondri,ll and
cytosolic fractions were obtamed by differential centrifugation, as
previously described. by using the protease subtilisin A (Corrca
et .11.,2(013). Protein was measured by the Lowry method (lowry
t'[ Jl., 1951).

Subepicardium

24 h

.V.""~:
"''''.., ••.. ~.,
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2.6. SOD and catalase ft'vel.~ in post'(ollditiont'd ISO hearrs

2.7. Arriviry of antioxidam t'flzymes in post-conditioned JSOhearts

r••.1itochondri.l1 oxygen consumption was measured using a
CI.lrk-type oxygen electrode (Yellow Springs Instruments. OH.
USA). The expcrim~nts were carried out in 1.5ml of basic Illl'diu11l
containing 125 mM KCl, 3 111MPi. pH 7.3. State 4 respiration was
evalualed 111the presence of 10 mM succinate plus I ~lg/ml rote-
none, and I mg of mltochondri,ll protein. State 3 respiration W.1S
measurE'd dfler ,lddilion of 200 IJM Adenosine diphosphate (ADP).
Rt"spiratory control index (RC) was calculated as the ratio bPlween
stJte 3 dnd state 4 rJtes. Uncoupled respiration was measured by
adding 1 JJMcarbonyl cyanide m-chlorophenylhydrazone (CCCP).

Aconitase activity was evaluated by measuring cis-aconitate
formation ,1l 240 nm, in a mediulll containing 25 mM KHlPO~
buffer pH 7.4 and 50 pg of mitochondrial protein ,lS described by
Holu.•l<1de[l .1Ild Fridovicll (lq~4;.

Equivalent JmOllnts of heart tissue were homogenized in
phosphate buffer 50 mM pH 7.4, containing 0.1% triton X-lOO and
protease inhibitors: leupeptin (5 JJg!ml). pepst.ltin A (7 ~lgJml) and
aprotonm (5 ~lglml) for 15 s. After centrifugation at 21.000 l< g
for 20 min, superndtant samples (100 pg) were separared on 13%
.lcryldmide gel~, using TRIS-glycine running buffer at 100 V and
12 C.The proteim were transferred to rVDF membranes for 1 hat
135 mV and subjected 10 western blor analysis. Immunodetection
was performed using anti-SOD (1 :500) or anti-catalase (1: 1000)
antibodies in PBS, pH 7.4. Alkaline phosphatase (AP)-conjugJted
secondary antihodies (1 :25.000) and a chemiluminiscent reagent
were used for signal detection. Controlluading was determined by
incub<lling tht" mt"mbranes againsl anti-GAPDH polyclon<ll ,lnti-
bodies (1 :2500).

2..'1. Mitochondrial jimcrion in post-conditionf'd 'SO heares.

SOD activity III heart homogenatL's was determined by a com-
petitive inhibition assay. NBT reduction to formazan was achieved
lJ<;ingthe xanlhine-xanthine oxidase system. The mixture reaclion
contained in nn.l1 concentration: 0.122 111MEDTA, 30.6 pM NBT,
0.122 mM xanthine. 0.006% bovine serum albumin, dnd 49 mM
sodium carbonate. 500 IJI of tissue homogenatt's, were added to
1.66 Illi of the mixture described above: then 50 ~t1x<mthine oxi-
dase (final concentration of 2.8 UjL) were added and incub,lted in
a water bath <It 37 C for 30 min. The reaction was stopped with
661-11of 0.8 mM cupric chloride and the optical density was read at
560 nm. 100% of NRT reduction was obtained in d tube in which
the sJmple was replaced by distilled water. The dmount of protein
that inhibited NBT reduction to 50% of maximum was defined as
one unit of SOD activity. Results were expressed as U!m~ protein.
The amount of protein tllat inhibits NBT reduction [0 50% of
maximum was defined as I unit of SOD ,1Ctivity. Results dre ex-
pres~ed .IS units per milligram of protein (Ferll,lndl'z-Chl'c.l ,md
Kapluwit7, 1990).

Cardiac catal,lse dClivity was assayed at 25 C by a method
h.1sed on the disappe.uance of H202 from .1 solution containing

fig. 1. .A) Apif.ll inf.HrI illr1un'd by .I ~inglt' du~(' uf iq'proteft'nol (HS 11l~~
Nt"noli, zones wefe dt'trrmilll-d by It'rr.lzolium blur ~t.lining ,lltt>r loll! ,III'I' '
p.mel). rh~ bottom r.ln~1 sho ••.••.s (.lrdl.l( tissue slices sl.lllwl1 with hI;"TnJt!HII,
eosin.lll] lteprl'SentJlive im,lges of C'chocardiogrJphi( rl'glsll"rs ,lnd {'Wttton b I
lion d.lIJ obtainl'd from {j,fkrenl JllIffi.lls Jl diffefem liml's .l11l"r1~(JrrOI{'1l
.1Clmlnlstr.ltlon.

30 mM Ill02 in 10 mM potassium pho'iphatl' buffer pI! 7.0 [
240 nm. The reacrion W.lS started by the addition of 25 pI of (ilt'

sample to 725 pi of H",Ol' Under the described conditions, [Ill'

decomposition of H102 by catalase contained in the sample,> fo
lows d first order kinetic as given by the equation 1.:=2.3ltlogA \
where I.:is the first.orc1er reaction rate constant, r is [he time OVl r
which the decre<1seof H;:O" due to catalJse <lCtivity, was I1ll'Jsun.d
(15 s) and A.,/A is the opuca! density at times 0 Jnd IS s, re,pe,
(Ively. The results were expressed as nmol/mg of protein (PP{IJ.1
ChJVl'rri ('r ,11..HJ99).

2.8. Assay for row{ gluturhione co1ltenr in posr-ronditiolled ISO
!I('urrs

At the end of [he i"cl1emialreperfusion protocols. some heall\
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reducrion of nitrate to nitrite. V,llues ••.•.•we calculated with a
standard curve of nin'ites ••••.ilh the re.1Cllve of Griess (fI,.'lUllOl e[ al..
2003).

L Ill. teMP and nitric oxide cOTitenl in posf-conditioned ISO hearrs

The double product of ISO hearts subjecred only to perfusion
during 110min decreased from 26,607 mmHg be,1tSmin -I to
16,785 mmHg beats min I. Function collapsed in ISO-hean ••dur-
ing the first min of reperfusion after ischt~mia to 4642 mmHg
be.1ts min-I. in remarkable contrast lO the ISO ht'arts subjected 10
the post-conditioning cycles. which maintained double products
of 25,178 mmHg beats min I after 60 min of reperfusion. There
was no signific.1J1t difference between double product of ISO ~1/
R+ PChearts before i••r!lemi,1 and after reperfu"ion. against con[rol
heart function (fig. 2).

The ultrastructural study sho\'.•'ed in comparison with the
control group (FIg.. ~f\). edema and mitochondrial membranc
fragment,Hion. as well as fibrils disruption in the ISO-treatment

3.2. Cardiacfuncrion in posr-conditioned heartJrom 'SO-treared rats

ISO-treated animals showed infarct-like damage of circumfer-
ential type in the subendocardium, at the apex region of the left
ventricle. as measured by triphcnyltetr,lzolium chloride (TIC)
st,1inin~. Infarct areas were clearly defined ill the apex of all ex-
periment,11 animals (Fig. 1A. upper panel). Subepicardium damage
was minimal. and thNe was no transmural infarction, since the
lesion affected. on average, one third of rhe thickness of the ven-
tricular wall. None of the control animals presenled evidence of
myocardial damage. Eosin-hematoxylin staining reveled coagula-
live necrosis, fiber fragmentalion, innammation and edema, as-
sociated with isoproterenol-induced acure myocardial infarction
(Fig. lA, bottom panel). Echocardiography analysis showed di-
minution of left ventricular shonening .1fter one day of 150-
tredtment (68% vs. 80% in control hearts), th.1t decreased to 55%
after two weeks (Fig. I B).

3.3. Effeer of PC arid ON/GMPc inflibirors ON micocholldriaf structure

3. Rf'sults

3.1. Hisrological srudies

Statistical allJ.lysis was performed by analysis of variance
(ANOVA), using the data analysis and technical program Micro-
cap'! Originar from Microcal Softwarc. Inc. (1999). Results were
expressed as mean:t S.D. P values < 0,05 were considered
significant.

2.12. Data analysis

Mitochondrial Ca'" accumulatIOn and retention was ev.1Iu,Hed
spectrophotometrically in .1 double-beam spectruphotometer il[
675-685 nm by using the meul1ochromic dy£' ilrselUZO III
(SO ~M). Two mg of mitochondrial protein were incubated into J

medium containing 125 m:\l KCI, 10111MHErES, 3 mM Pi. 10 111M
succinate, 160 ,1M ADP, 50 ~IM Cel'"I .md 5 fJg rotenone pH 7.3.
Where indicated 0.1 pM cyclosporine A (specific inhibitor of mi-
tochondrial permeabiliry rr,msition pore) was ,1dded ro correlate
tile acrivity of this channel with incn",lsed Ca2 permeability.
Cytochrome c release was measured according to Correa et ,II.
:2007).

2.11. Mirochondrial permeahility rranSltioll \-vasevaluated by mea-
suring calcium dynamics in mitochowlril1
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cGMP conlent was a,sayed with commercial kilo> purchasl'd
tll!lTl Roche Diagnostics. Switzerland. Nitrate ,md nitrite were
llH'dsured as indic.1tors of nitric oxide conc£'ntr.=tlion in deprotei-
III i('d ht'Jrt ••amples by measuring NAOPH oxidJ ••e-dependent

1"0evaluate the effect of NO/cGMP pathway in the post-con-
(ltlloning protective effect. we' administrated either the selective
,1HI irrewrsible hl'me-site inhibitor of soluble guanylJ.te cyclase,
I 'I-{ 1.'2A)oxadiazolo(4,3-a)qllinoxalin-l-one (ODQ) or N5-(imino
,llltroall1lllo) l11ethylh-ornlthine, methyl esrer, mono-
hvdrochloride (I-NAME), a porent and reversible inhibitor of NOS.
OIJQ .md l-J\'AME were perfused during 20 min prior 10 the is-
t Ill"mic pt'riod at doses of 50 and 10 fJM. respectively. The hearts
IA l're then subjected to post-conditioning and to prolonged re-
Iwrfllsion with the compound. Other hearts. were perfused during
l'cperfusion with SOpM (Z}-1-(N-(2-ammoethyl}-N-(2-ammo-
Hhlethyl )amino ]diMen-I-ium-1,2-diolate (DETA-NO). a nil ric
(l~ Ide donor. This compound spontaneously dissociates in a pH-
dcpt:'nderll. first-order process at 37 C and pH 7.4. to liberate
2 11101of nitric oxide per mole of parent compound.

) I. NO/cGMP porflway conrriblllion fa t!le cardioprolf'crive effecr of
/1 !~t-co"dj(joning in ISO hearts

\\t're frozen with liquid nitrogen, powdered with a pre-chilled
pl',al£" in a frozen morl,1!' and stored until determination. Pow-
(\I'rl'd tissue was homogenized during 15 s with a polytron III
pllusph,1te butTer 50 mM (1:3 w/v) and centrifugated at 5000 x g
I"r 10 min at 4 r'c. Protein content in homo~enates wa ••measured
,1' desaibed by Lowry t't JI. (1951). The homogenates wcre in-
Cllb,ltt'd in a mix reaction solution rontaining 1 mM mCB, glu-
LlIhiolle S-tr,m ••ferJ.se (GST) 1 U/ml, and the homogenate sample
,.) ~_3~d.): the mix reaction was incubated at room temperature for
"{It min. Formation of the fluorescent GSH-mCB adduct was eval-
I ,Hed at 385 nm excitation and 478 nm emis ••ion in a Bimek Sy-
Ill'rgy HT spectrofluoro1lleter every IS min. GSH content in rhe
.•..lInples was calculated with a srandard curve of GSH in J. range
II ,Ill 0.1 fJM to 100 pM (Fernandez-Clll'col .llld K.1plowitz. 1990).
I he Iluorescent signal recorded over time was directly propor-
II Inal to C;SHconcentration.

m,"
rill. 2. fk.UI lundion III posi-condilioned heMls from ISO-tle,lIed rolts. Hl.'olrts
;, Ie Sl,lhlhh'd for 20 min. then subjected (0)0 min isrht"mia and 60 min of re-
I jusion. ~ 1control hearts: (-) ISO hearts: (-) ISO + IIR dod (.) ISO+ I/R ..•.PC, 0=5.
! 0.05 VS. olll groups ,md "P~O.05 vs. I$O+I:K-I'C
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fig. J. Fkpn'~l'nldll\'l' ul(rdSlructUldl microgr<lphs of th~ ditrerelll groups. (A) Normdl m;{()(-hondrid loc.ltl'd ill lht' cytopldsm 01 cMdiomyocyles from control .!':nuJ) I
Swollen mitochondri,l with membrdnL' rupTUre obtdlnl'd from the IS0-lrC',l!l'd group. Ie) Wc'lI pil'served myofibl1l~ ,1I1d intdct milochondn.l is observed In the post-l<
dinonf"d ISO-trt'.ltf'11 group (D;. Exlf'nsive mltocholldri<l! (tllnilge is sft'n in the pnst-eom1Itionf"ct ISO-grollps trt",lff"ll f'itlwf with Ihl' inhibllor of gUilnyloltt>,.,.c1ast' lE) or '\
,F).

group (lig. 3B). In contrast. the pmt-conditioned ISO-group
showed "•.•.ell preserved mitochondria and rnyofibrils, with OCCd-

<;ional <;wel!E'dmitochondria (Fig. 3C and 0); while extensive mi-
tochondrial edema and membrane disruption were obst"'rved in
the grOllps of post-conditioned ISO-group<; treilted with the in-
hibitor of gu.mylate cyclilse (ODQ) (Fig. 3E) or NOS (I-NAME)
[Flg.3F).

3.4. Mitochondrial infegrity in post-conditioned ISO hearts

At the end of (he protocol .•. heeHts were dismounted .md mi-
tochondria were obtained to evaluate oxygen consumption. There
was a slight increJse in basal respiratory r.lte5 (State 4) of ISO
milochondriil as compared with control mitochondria when using
succinate pill" rotenone. although no diff("rence was oh<;erved

betwt'('n ISO and ISO 1- IIR oxygen consumption, MitocholHl1l,l
from IlR+ 150+ PC hearts showed sirnil.u state 4 respiratory ralL ..•
.1<;thE"control group. ISO .•.I/R milOchondria was not stimulilled hv
ADJ>. contrasting with mitochondri.l obtained from ISO t-IIR I'~
hearts that showed increilsed state 3 respiratory rates. such VilltH"
were "imilar to oxygen consumption in control mitocl1ondn I.

Respir .ltory control (RC), dll indiciltor of the mitochondri,ll ele((n '11

transport coupling to ADP phosphorylation WilS .1150 determined.
RC values in colllrol mitochondrid was 6.1 and 3.2 in C 4- ISO mi-
tochondria. WherE'.ls in mitochondria isolated from ISO IljR heall"
this v.\lue diminished 66%. In contr a<;(,ISO+ I/R +- PC milochondn,l
reached RC values of 5,2 (~ig. 4A).

We also me,lsured mitochondrial aconitase activity, ,1 Ft'-'"
cluster enzyme that is inactivated by superoxide and peroxynilrtll',
to ev.lluate mitochondrial damage by oxidative stre"s. Activity III
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I'ig. 4. MlloHhondri.1l integrity in posl;:ondlliont"d ISO heilrK :A) Oxygen (00-
~ ,millIon III ll"l1lochondri.1 from ISO IW.Hts WilS e-V.1Iu.1Tedwith sllccin.1le plus ro-

t, Jile ,IS suh"tratC'. nallograms ,noms of oxygen ~ngAIO~) per min per mg of mi-
I 'lolldll.11 pl(I!l'io, 11=4. 'f'~O.05 VS. ISO+JlR+PC: *r O.OS V~. wotrol.

"'wllil,I~' .llli'lity 111Illllo(honl1riil from ISO heilrts. 11--1.'r~O.05 'Is. .111
I IpS.

State4 State 3
nfi:AtO/mln/rrg ngAtO!mln/mg R.C

Bl:!: 1.4 4B5:!: 7.5 6,1:!: 0.2

21.2 1 6" 67,6 : 10' 3210.5"
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We evaluated [he effect of guanylate cyclase (GC) and nitrIC
oxide synthase (NOS) inhibition on the cardioprotectivl' effcct of
post-conditioning in ISO hearts. Cardiac function diminished in
post-conditioned ISO he.lrts at the end of reperfusion in the pre-
sence of ODQ (9.375:!:: 1.953 mmHg. be.lls min-I' as compared
with 150+ I/R+ PC hearts (25,000 = 3.125 mmHg beals. min - I).
although it remain significantly higher thdn th.lt observed in
ISO+I{R hearts (4.687:t 1.640 mmHg beats min-I). I-NAME also
exerted a dramatic effect on the double product of [SO+ I/R ~ PC
hearts. as c,lrdiac function was totally ,lbolished at the end of re-
perfusion. decreasing even dt lower levels than ISO f IlR hearts
(859::!: 681 mmHg beals min-I VS. 4.687.:. 1.640 mmHg
beats min-I) (rig. 7A). Perfusion of the nitric oxide donator
(DETA-NO) mimics the effect of the PC Illaneuver when admini-
strated to 150+ IfR during reperfusion. whereas hearts with prc-
vious ODQ [reatment partially recovered hlnclion (Fig. 7B), in-
dicating that NO may exert both cGMP-dependent and in-
dependent cardioprotective elTects. We also observed that the NO/
GC dependent pathw.1Y activated is highly regul.lted during Pc. as
ODQ aclministr,llion during reperfusion did not abolished the
cardioprotective e!Tect of PC (FIg. SA). whereas eNOS inhibition
during PC abrogated cardioproteetion (FIg. RB).

It is worlh to mention thai dt the doses used here. perfusion of
ODQ and l-NAME did not modified the double product of ISO
hearts non-subjected to ischemia and r('perfusion (SuPP!<:llll'nt.ll
Fig. 1). We neither obscrved any efft-ct in aconitase activity or
oxygen consumption in mitochondria obtained from ISO hearts
treated with the inhibilors (Supplementtll rig. 2)

3.8. Eflect of ODQ and L-NAME on cGMP and nitric oxide (NO)
conrene in post-collditioned rso hearrs

I"'() IjR mitochondria W.15signific.mtly lower th.ln in mitochon-
!II 1.1 obtained from control and ISO hearts (120:!:: 42 nmol{minlmg
v 438 .•. 12 nmoljmin/mg and 366:t 12 nmol/min/mg, respec-
m {'Iy). Conversely .• 1Conitase activity in ISO+ I/R+ PC mitochon-
c11hI was similar (380:!:: 37 nmol/min/mg) to that observed in mi-
((tlhundria frum control and ISO hearts (Fig. 4B). It is worth to
llll'ntioll. that we do not obselved any effect in c:lconitase activity
(II oxygl'n consumption in mitochondria obtained from ISO hearts
lll',ned with the inhibilors (Supplemental Fig. 2).

j ). Aaiviry of carLl/use and SOD in posr~collditiolled ISO-hearts

We evalu.lted catalase content (Fig. SA) and activity (Fi~. 5B) in
( rosolic fractions of ISO hearts. Both content and activity dim in-
l"hed If compared with control hearts. Further decrease was ob-
q'lvt"d after ischemia and reperfusion. which WilS prevented by
po,>l-conditloning. The S<llllebehavior WdSobserved in both SOD
hlJforms (Fig. 5A and B). These resulrs suggest sequential in-
.1I1iv,llion of superoxide ions and hydrogen peroxide in hearts
" Ibjected to post-conditioning (ISO+ I/R+ PC).

:; o. Total s::/urachione (GSH) content in posr-conditioned ISO hearcs

Changes in GSH content of ISO hedrts .lre shown in rig. 6. GSH
It vels diminished after the reperfusion protocol (ISO+ I/R) and
\\ere recovered in post-conditioning hearts (150+I/R+PC). this
l'llhancement was comparable with GSH content in isoprOlerenol
h,',nts (ISO).

I?n/e oj the nirric oxide/rGM!, path~1!ay in post-conditioned ISO

At the end of reperfusion we evaluated cGMP and NO content
in hedrls subjected to post-conditioning ill thr presence of the
abovemen[ioned inhibitors. ISO t IIR hearts show('d lower levels of
t.:GMP than untreated 150 hearts. ISO+ I/R -+- PC recovered cGMP
content at ISO hearts levels (7.6:t 1.1pmol/g tissue vs.
6.5:t 1.04 pmolfg [issue). As expect('d. the inhibition of GC and
NOS diminished such levels to 2.9 f I pllloi/g [issue Jnd
0.79 + 1.7 pmol/g tissue. respectively (Fig. 9A). A similar response
was observed in nitrite content. although the inhibitors did not
promote total depletion of this metabolite (Fig. CJB).

3.9. EJJertof nicric oxide pathway inhibieion on mirochondrial
function ill pose-conditioned ISO hearts

We evalua[ed the mitochondrial transition permeability by
measuring calcium dynamics. Mito(hondria from 150 ..•..I/R hearts
presented d low calcium retf'ntion c.lp.lcity and fast (,l1cium re-
lease as compared with ISOand 150+ 11K + PC mitochondria, which
was only partially prevented by cyclosporine A (CSA) a specific
inhibitor of mPTP. l-NAME and ODQ adminislration to the post-
conditioned group produce the loss of the protected status .lnd
consequent opening of the permeability transition pore (Fig. IDA).

Open dlld closed states of the permeability transilion pore were
rel.lled with changes in cytochrome c content (Fig. lOB).

4. Discussion

Overstimulation of n:-adlenergic receptors by isoproterenol
(ISO) has been relatcd with oxidative stress induction. The reactive
intermediates formed during catecholamine oxidation may influ-
ence development of o;everal heart diseases (COst,l pt al., 20 II). It is



478 F.Correa rf aL I I'uropmn Journal oj l'harmucoJogy 765 (20/5 472-48/

Catalase Activity
A
0:-
~ 1,4
'0
P
~1.2
I

~ 0.8

'"~ 04
~-;;;0
;;
U Control ISO ISQ+tjR+PC 1$0.• I/R

catala~I'I== 1

GA'OH I~~~~~~~_"~~~!!,~~~I

B

c
.~ 20e
'" IS~
~1O
"0
E s
E

o Control ISO ISQ+I/R+PC 150+ I/R

CytosoliC SOD Activity0:-
'"::>
'0 2.0.p

~
I I.'
0~ 12'""~ 0.8c
N
0
U 0.4
6
0 0~

so
~ 40.~e 30

'"E 20

3" 10

o Control ISO ISO+I/R+PC 150+ I/R

Mitochondrial SODActivity0:-
'"=:l 2.0
'0
-~ 1.6

2i 1.2~
'""?:>
6o~

SOO

ANT

ISO ISQ+I/R.•PC 150+ I/R

24

c 20

"~ 16

~ 12

~ 8
::> 4

o
Control ISO ISO+I/R+PC 150+ I/R

rig. 5. Content Jnd ,lCllvity of cataldSC Jnd SOD in posl-condllion~'d lSO-hcarls, (Al Ikpr{'~entJllVe weqern blots of cal ala '>1.',SOI)-CuZn .and SOD-Mn ((Jntcnl 1!11')0 hl',11
subjected to pml-condILioning. Kars show lhe ratio between the antioxid,ln! l'rl/ynws Jnd control loadmg mdrkCfS CAPOH in cytosol and ANT In mllocl1oll(lI I

(A; AnllOxid.lnl cn/~mes activity. n oo4.'P 0.05 vs. 1$0 + IjR + PC.

known for example. that oxidation of catecholJmine's hydroxyl
groups leads to {julIlone conversion and subsequent formation of
adrenochromines. During this re~""I(tionhighly toxic oxygen derived
free radic<""Ils,detrimental to extr<l and intracellular enzymes <md
proteins are produced causing cell necrosis and contr<lctile failure
in rat heart (Di,lZ-MuilOZ l't ,II.. 2006; Rona t.~t,11.. 1959). Further-
more. free radicJls initiate the peroxidation of membrane bound
polyunsaturated fatty acids. incrf'asing functional and structural
myocardial injury.

The pathophysiological and morphological changes that t<lke
place in rat's he.ut following Ml induced by ISO has been de-
scribed to be comparable to the ch<mges that takes place in human
myocardidl infarct (Kannan ,md Quine. 2011.1). In this sense. pre-
vious studies demonstrated that myocardium injUlY induced by
isoproterenol in experimental rars is strongly associated with de-
terioration of hemodynamic ,md LV contractile function (K,mll<lll
and QUllle. 2011b. 2013; Whalen .md lewis. 19~}9).

Therefore, in this work we uSNI the infarct-like damage model
induced by ISO that is developed 24 h after rhe administration of a
single dose of the catecholamine (Cha~oy.l pI ,ll.. 1997) to

determine if postcollditioning (PC) may exert a cartiioprotC'ctl\ l-

response ag.""Iinstre-perfusion in previously damaged hearts. PCh.'
bC'rome d watershed in cardioprotC'ction since it was discoven II
th.lt the <,pplication of brief cycles of occlusion and rept.'rfusion I 1

the left anterior descending artery (LAD) after ischemi<l <1I1dberol
long reperfusion in normal dog hearts. produced reduction in II

rarct size Jnd preserved endothelial function (liMO L't <11..1Ul
PC-ronferred cardioprotection is driven at the onset of myocardl,ll
r('perfusion by the activation of cell surface receptor<; and 1"1

Cfuitment of signaling kinases that regulate mitochondrial fUlll
tion (Hau<;t'nloy .md \'ellon. 2009). The nirric oxidr- (NO)/solubl('
guanylate cyclase (GC)/cyclic gllanosinl' Illonophosplh""lte ((GM I'
protein kinase G (PKG) pathway h,lS been extensively studied III

PC. However. recent reports indicate that the nlt'chanisms hv
which PC activates this pathway are differentially r('~ulated 111

healthy hearts. depending on the species. It W,\S observed for e\
ample. that cclrllioprOlf'ction is only blunted by tile NOS inhibitm
I-NAME and <""Ibolishedby ODQ (a GC antagonist) in r.ll he~'It\
(Penna ct <11.,2006). whereas both NOS and CC inhibitioll <,bru-
g,""Itedthe pO"it-conditioning infar([~sparing effect in rabbit he.u "
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Il~. 6. (,Sf! ullltelll III poq-condirioned ISO heMls. u.•••.eh of gluT.uhione wen'
l"IIl,.1I ,II t'IH1 or rl'p<'rflJ~ion protocol. 'I 4, 'rs n.os ••.~, ISO I IIR PC.
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mm

o Fig. R. Ue.1fl funClion in posl •.mndlliollt'd ISO h,'Mrs pI',fused WITh j.NM .•1E pre-
Vif)ll~ tn rt'pt'rfrr~ion ,md with ODQ liuring rt'p"rfll'ion. (A) 50 ~M ODQ ••••.1' old-
minislr.:Jted unly during reperrusion 10 ISO~ liR Iwdns t.). (R) 10 pM L.NAMI::was
perfused dunng the ~T,lbiJil.ation perrod and post-conditioning: ). It IS ,llso shown
he.lrt fUllclion from control ISO hearls (_) and ISO-I,R~ PC heart~ ;'), 1l=4

ODQ (Fig. 7A), whereas Ireatmel1l with L-NAME. completely in-
hibited the protective effect of post-conditioning. Although a cor-
relation between low cGMP levels during reperfu~ion and total
abolition of PC-cardioprotection in rat hearts treated with ODQ has
previously reported, here we observed that ODQ did not abolish
the protective effect of Pc. using the SJme conccntralion and ad-
ministration scheme. Besides, perfusion of the NO donor (DElA-
NO) to hearts in which GC was previously inhibited. restored
partially PC-conferred cMdioprorecrion, suggesting that NO may
exert protection independently of cGMP. In this regard, and while
the present manuscript was in preparation. ir was reported th.u in
ischemic preconditioning (lpe) the prorective NO effect, rather to
be relared with GSfcGMP/pKC sign.lling pathway, was driven
through S-nitrosyl<ttion signaling (Sun et aL. 2013). As it is known
that both PC <tnd ischemic pre-conditioning (IPC) recruit similar
signJling pathways, it is tempting to spcculatl' that in ISO-he.lI"ts,
NO cardioprotectiV<' mechanisms may include protein S-ni-
trosylation (Hao5enloy and Vellon, 2009,.

In this work we also showed thJt the antioxidant machinery is
preserved providing a me.lI1 10 keep the balance between NO and
ROS generation in post-conditioned 1$0 hearts. In this sense. we
and otl1('rs have previously L1emonstrJted J close dependence
between mitochondrial inregnty and oxid.Hive stress diminution
in healthy post-conditlotlE"d hearts (Hermann et ell., 2012; Corre,l
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19 el JI.. :mU5, 2004). Our resulls show Ihar post-",'ondilioning
pllllllOted cdrdioprotectilln in rat hearts with previous infarct-like
d.lInag(' by both cGMP-dependent and c(;MP-IIlc!epenc!ent parh-
II.,WS .• 1S Ihe effect of PC was partially maintained 111presence 01

h~ 7. Hl.•ut function in post-condilioned ISO hearts perfml.d with l-~AME, OOQ
.1 PI- rA-~O. (Al 50 I-'MI-NAME (-') or 10 I-'MODQ (+ J wen.' .ldmlllistr.ued during
,II rlu- protocol. It is <11<;0~hown thill heMt furKtion of po~I.((1lldiTion ••d ISO 11l".HI~
r 0 .\Il,II.) ISO .• IlR B) SO I,M DETA-NO ( ) Wil~ .K!mini,tr'ut'd 10 ODQ-In',llt'd PC
I ll~ l1urillg rep<"lfu<"ion: II is also ~hown Iholl he,ut furxlion of posl-{olldiliollt'd
I' ) IWMts ~.) dnd the etTl"a of the DETA-NO on ISOIIIR hearts (0). Il ",,4, .1' s; 0.05
\ 1'-.0 IR_PC: .p~O_OSvs.ISO+I/R+DETA-NOalldISO.liR .•.rc.
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Fig. 10. Io:d,ltiomhip lJelwl'en tIl(' t'OO:,GMJ>pathwdY and mit{)(holldnalllltl'~1 n
in post-ronditiOlll'd ISO IIl'Jrts. ~A; (,~I(iurn uptake III mito, hondriJ ol>l,lillid !
the dilll:'rt'n1 prollJcols. Wt1ere indicated O.t ~lMcydo~porll1(, A ,(SA] .•••.,," lISt'(
block tIll"'Op<'nm~ of the p('rm('.lbllit)' transition porco (B) t -.'tochrollw ( ,011t('nl
mitoct1ondri,l obt.linN from rh,' diffl'rpnt prOlorol". I: ISO; 2: ISO+I,R; l'I'it)
R P(;4:150 I IIR . PC ODQ;5:ISO. IIR t PC H-NAME: 6:150 + IIR! PC onQ
I\A\-lE. furs show the r('lam(' inlt'llsity in pixE'ls of .',lCt1 b,lnd.

Post-conditioning exerts r.1rdioprotection in hearts with pl
ViOllSinfarct by maintainmg rnitochondricl! structure ,md funt:tl/ 11

through NO-dE"pelldant pathways,

cytochrome c relc.'Ise, d hallmark sign.'I1 protein of mitocl1ont!, II
,'Ipoptosi ••pathway (Corn',l el aL 2(07), In this sense. we ohserv('d
that cytochrome c ronleJ1l was regul.ated by both l-NAME .11'1.1
ODQ in post-conditioned ISO hearts; therefore NO mighl redu l.

necrosis and apoptosis by preventing mPTP opening.
We acknowledge thJ.I lhe nlodel used in this work has SOIllt'

Iimilations, .11;it does nOI reflect common clinical myorardial In-
farctiun (MI) in patie-nls. However the pathophysiological and
morphologiral ch,mges th.lt take placc in rat's heart following 1\11
induced by ISO are comp,uable to the ch.mg(' thal takes pldll' 11

human MI.
Our results show that posl-conditioning may be an dfe("llu~

strategy to reduce reperfmion injury in hearts with previous II

faret-Iike damage and, th.11 sllch protection is sustained by cGMI
dependent and cGMP-independent p.Hhway~, that maintail1,'d
mitochondrial struetlll"e dnd fum-lion.

5. Conclusion
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0 control 'so ISO+I/R ISO.I/R+PC ODQ l-NAME

l't oll.. 200H and SlTviddlO ct aI., 200S). In fa([. it has been n.'ported
that ROS and high inlramllOchon<lrial Cal may act together 10
trigger the mItochondrial permeability transition (mPTP) (Duehen,
2000: Doran c:mdHai<:<;trap,2000: Crompton, 1999). The mfYfP is a
non-specific mega channel Ihill induces depolarization of the
mitochondricll inncr membrane leading to ATP depletion and en-
hancing colloidal osmotic pressUl'l' in the mitochondrial matrIx,
producing m.ltrix swelling and rupturc of the mitochondri.11 outer
mcmbrane (Hern,indez-Resendiz t't Jl.. 2013). The mechanism by
which PC inhibits mPTP opening has bcen suggested lO occur
through the activation of protein kinases. such ,'ISAkt. GSK-3Ii
(Iaburek ('t .ll., 2006: JuhaszovJ cot ,11.,2004). which are down-
stream kinases of eNOS. Some reports proposed that PC prevents
mPTP opening .'II the start of reperfusion by reducing ROS levels
and oxidative stress diminution. possibly mediated by PKC.How-
ever, the mechanism by which this is achieved remains to be
elucidated.
On the olhcr hand. it has been reported that high NO con-

centration favors the opening of the mPTP, whereas physiological
NO levels favors mPTP closure (Davidson ,llld Duchen. 2006;
Brookes et .11..2000). High NO conccntrations m.w induce mPTP
opening by disulfide bonds formation and through the oxidi;,ing
effect of peroxymtrite: whereas physiological NO concentralion
may inhibit lhe mPT by S-nitrosylation-r<.'l.ucd mech,lnisms (Oh-
t.:mi ('I .1I.,2(12). The mfYfP induces mitochondriJI swelling .1Ild
membr.llle depolJrization .md provides a mechanism for

Jig. 9. I'ost-(Ondi{lonmg effect in (GMP and NO content III ISO t1eilrts. Me.In ! SO
of cGMI' (A) and NO (B) levels measuH'd al the end 01 tt1e reperfuslOn. n 5.
'1)~O.05 vs. control, I<;O.ISO I/R_I'C
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It has hem shown that LlLn::umin(CUR), a polyphenol derived frl'm CurL'uma longa. exr.:rtsa protective clTectagainst gl'ntamicin
(GYI-) induced nephflitoxicity in rats, associated with a pn::sCfvatioll of the antioxidant slat us. Although mitochondrial dysfunction
i~a hallmark in Ihe (i\-I-inducetl renal injury, the roll' IlfCCI{ in mitochondrial prolectill11has nut heen studied. In this wIlrk, I,I ~
PKI cdls were prcincubated 24 h with CUR and then win..:-uhated 48 h with CUR and S Ill.\-tG\--t.Treatment with CUR attenuatni
GM-inJuced dn1p in ((>11viahility anJlcJ Itl an increase illlluc1car factor (erythroid.2)-related factor 2 (;\Irf2) nu(lear accumulath'l
and peroxisome proli(nator-acti\'alcd n::ceplor gamma coactivatur-i alpha (PGC-Ia) cell expression attenuating li-:\-t-inJun:J los'>t'~
in these proteins. In vivo, \Vistar rats were ill.icctl'ti suhculaneously with <;:"1 (75mg/Kg!l2 h) during 7 days to develop kidlll'\
mitochondrial a1tcrati,ms. CUR (400mglKg/day) was administereJ orally 5 days heforc and Juring the GM exposure, 'Ihl' (~.\I
induced mitochondrial alll'rations in ultrastructure and hioenergetics a.•well as decrl'ase in activities of respiralnry complexc'>
and IY and induction of cakium-de-pcndent permeahility transition were mostly atlenualt'd hy CUR. Prokction of CCR again..;
(;:"1-induced Ill'phrlltnxicity could he in part mediated hy maintenance l"f mitochondrial functions and hiogenesb wilh Sllllh

participation of the nuclear factor !\rf2.

I. Introduction

Curcumin (CUR) is the most active compound in Curcuma
/Ollgll (turmeric or curcuma), an herbaceous plant popularly
used as a culinary spice and traditional remedy. Chemically,
curcumin is a bis-a. r unsaturated f-dikctonc that also
features t\V() methoxy groups, two phenolic hydroxyl groups,
and two douhle-conjugated honds that play important role.:;

in its well-known rhysiological henefits [Il. Among ih
reported biological properties. eurcumin includt.,~ anticar
cinogenk [2, 3], anti-inllammatory [41. antimicrohial [=,1
antiatherosclcrutic [bJ, and anti fibrotic [7J clTeels. j\lost \)1
the anli-inllammatory and cytoproteclive reports ha\'t.~been
linked to the antioxidant activity of curctllnin, which is
hifunctional antioxidant [RI. On one hand, cun:umin car
react directly with reactiw oxygen species (ROS) thank" In



"e phenolic groups in its structure. On the other hand,
urcumin is ahle to induce an upregulJtion (If various
ytllprotectivt' and antioxidant proteins by activation of
llIde<H factor (t'rythroid-2)-relatcd fJctor 2 (Nrf2), a master
'cgul.lIor of thl' cdl antioxidant response [I, l)].

,,~ WJS documl'ntcd by our group and othl'rs, curcumin
'rtltl.\..tiw proPl'rties against different kinds ()f damage mod-

l b in ~l'\'eral tissues might be also mediated by mechanisms
1 h.lt involve pft.'servation in mitochondrial integrity and
lunctions [10]. Indeed, fails in heart performance induced
h\' c.udiac reperfusion [11] and S/6-ncphrectomy in rats [12]
\\tTt' improved \o\,ithcurcumin treatment in correlation with
\1!l'lluatl'd oxidJlin' stress. recovcry of antioxidant enzymes
,:ti\'itil'S, and I'Tl.'scr\'alion of thl." respiratory capacity in

;,,\)la1l'd mitochondria. In addition. cardiotoxicity induced
)y cJtt:'l-hoiJmine [13] and anoxia-rcoxygenation in rat"

.] \\',lS attenuated hy curcumin-mediated inhihition of
he mitochondrial pt'rmeability transition (.\lPT) port' and
'rt:sl'T\'ing t'J1t'rgy production. respectively. In rat kidney
tllli Il\Tr, hexavalent chromium-induced injury was atten-
1,lll'd through maintenance of biol'lll'rgl'lic status, calcium
lelent ion capacit y, and act i\.ity of the rl'spiratory complexes
13,16]. Pretreatment with curcumin rendered similar resuIts
III a rat model of indolllethacin-indw:ed enteropathy [17].
'ltL'fl'stingly, Kuo et al. IISJ and Liu l't al. [19] found
Ihat the curcumin treatment normalized the mitochondrial
hl\l~l'lll'sis altl'fl'll in a liver steatosis obese mice mudd
lild ;l cerebral ischemia reperfusion rat model, respectively,
," markers like nuclear respiratory factor 1 (XRFI) and
Illllo(hondrial transcription factor A (Tram) were preserved
Ilk'r the treatment.

Renal prote(tion by cUTcumin has heen well estab-
l"heJ {II. There are numerous Jnimal trials that showed
ll.-Thruprotection by cUTcumin in some common health
~\'lllplications and in exposUTcS to drugs and chemicals.
. or its cliniL"al rdevance, the protective effect of curcumin
Ig•.linQ gentamicin- lCltvl.) induced renal injury is high-
lighted 120, 21J. Nerhrotoxicity is one of the main side
dlt'cts of this aminoglycoside antibiotic and occurs in 10%-
~n°i> of therapeutic regimes. G~:1 is one of the best known
l1l'phrl)toxic drugs anti its association ,,,'ith mitochondrial
dysfunction in proximal tubules has bl'Cn well studit'd [22J.
\Iitochontirial membrane potential disruption [n], oxygen
,( Insumption anomalies, adenosine triphosphate (ATP) yield
lit-crease, )'IPT rore formation, mitochondrial cytochrome
~ rdease. intrinsic apoptosis. and mitochondrial antioxidant
"latus impairment have been ohserved both in culture tubular
~dis and in rat kidneys exposl..'d to G)..1 [23-26]. On the other
.land, soml' reports suggl'st thal curcumin protectivc I..'fft,.'ct
Igainst Gl\l nephrotoxicity is assot:iated ,\'ith preservation
,f the renal antioxidant status and with modulation of the
nl1ammatory re"ponse mediated hy KF-".R, rather than with
'lTI\l'(tion of renal mitochondrial function [20, 21, 271.

In the present work, we investigate the unl.-'xploft'd effect
'It" clIrcumin treatment on alterations inducl'd by G1\1 in renal
llitochondria in bolh cells and rals. Hl'ClUSI.-'inducers of
ltlcll'ar translocation of Xrf2 like cur~'umin have becn pro-
j1{\scd as inducers of mitochondrial hiogenesis [28], we eva]
11.1ted :\rf2 Jnd peroxisome pro1iferator-activated receptor
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gamma coactivator-I alpha (PGC-ln:) expression. PGC 1(\ is
a central stimulator of rnito..:hondrial hiogenesis [29]. ultra-
..•tructural mitochondrial changes, bioenergl'lic .•tatus, and
respiratory complexes activities as well as cakium-dt'pendent
.\1PT pore opening were also c\"aluated. Our results evidence
that the prolt'cti\'c effect of CUR against (iM-induced rl'nJ.I
injun' and dysfunction could hI.-'mt'dia!l'd hv mJ.intt'nance uf
kidn~y mito~hondrial biogenesis. structure,' and functions.

2. Materials and Methods

2.1. Chemical.••and Reagmt.'. CUR (Cat. no. CI3~6, batch
OR IM 1611V), 3- (4 ,5-dimethyl thi .11.01- 2-YI)-2,5 -di pheny Itet ra-
whum hromide (MTT), dimethyl sulfoxide ([)~IS(), glu-
tarailkhyde, sodium cacodylate, osmium tetroxidt' (OSOI)'
para formaldehyde, bovine serum albumin. potassium
succinate, ~odium glutamatt.-, sodium malate, adt'nosinc
diphosphate (ADP). :-.i-(2-hydroxydhyl)pipcrazine-:-.i' -(2-
cthanesulfonic acid) (l JEPES), rolcnonl" carbollyl cyanide
m-chlorophcnylhydrazone (CCCPl, decylubiquinonc, nico-
tinamide adenine dinucleotIde reduced form (;-':ADH),
potassium cyanide (KeX), antimycin A, sucro~c, phenazine
methosulfate (P;\.lS), cytochrome (: from equine heart.
ascorhic acid, tetramethyl-p-phenylencdiaminc (Tl\lPDl.
mangam:sl'(II) chluridt' tetra hydrate, safranin 0, arsenazo III,
cydllspllrine A (CsA), 3-(N-morpholino) propanc-sulfonic
acid (1\10PSl, and ethylene glycol-bis(2-aminoethylcthl'f)
S,N,.V' ,S' -tetraacetic acid (EGTA) wt'rc purcha~ed from
Sigma-Aldrich (St. Louis, !v{O, L'S/\). Gt\l (Garamicina
G.u. 120 mg/I.5 mL. hatches 2DPDA006 and lDPDA002)
was obtained from Schering-Plough (~lexico City, DF,
:-"'lexico). DulbeCC'o's :"Iodiflnl Eagle Medium (DME~1),
fetal bovine serum (FBS), trypsin, antibiotic (lO,OOU U/mL
penicillin and 10.000 f4g/mL streptomycin), and other
tissue culture reagent~ were purchased from Gihco (Mexico
City). Rahbit polyclonal anti-Nrf2 antihody (r.-20, Cat. no.
sc-711) was obtained from Santa Cruz Biotechnology. Inc
(Santa Cruz. CA, USA). Rabbit polyclonal anti-PGC-la
antibody (Cat. no. ab54481) was purchast'd from Abcam,
Inc. (Cambridge, l\lA, USA). :\urmal goat ~crtll11 blocking
solution (51000) and Avidin/Biolin Blocking Kit (SP-2001)
were obtained from Vector Laboratories. Inc. (Rurlingamc.
CA, USA). Riotinylated Link Universal, Strepta,'idin-HRP,
and 3,3' -diaminobt.'nzidine (DAB) 'vere obtained from
Dako (Carpinteria, CA, USA). Potassium chloride (KC1),
sodium citrate, dextrose. and cthylcnediaminctctraacetic
acid disodium salt dihrdrate (EDTA) were acquired from
f.T. Baker (Xalostoc, Edo. ~-1cx, ),'1cxicol. All other reagents
and chemicals used were of the highest gr::tde of purity
commercially available.

2.2. Cdl Culture lind Viahility. Lily Laboratory Culture
Porcine Kidney (LI.C-PKI) porcine renal epithelial cells were
obtained from American Type Culture Collection (Rockville,
MD, lJSA). 'Ihis. cell lint' is an accepted mode] to "tutiy
toxicity of aminoglycositles [23, 30]. LLC-PKI cells were
maint,lincd in D.\lEl\1 s.upplemented with 100)) FBS and
I~'oof antihiolic and cultured unJer permissivc conditions:
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37'C: and 50.-0 CO2, In order to evaluate the ctfect of CCR
011 G.\I-induced toxicity, cells were seeded al a del1l'itv of

4 ~ ' ,
3 x 10 cell~/cm~ onto either 96-\\'ell or 6-well plates and
used for the experimcnt on the following day. Cells were
in(uoated for 24 h with CUR (1O-30,u?\'1) or medium hefore
tht' (;[\'1 addition_ At the t'nd of prl'incubatioll pniod, CL'R
or culture medium was replaced by fresh CUR or mcdium,
adding 8 m}>,1GM to some (ell groups in order to inducc
toxicity. CUR treatment and GM exposure were maintained
for 4R h hy replacing the fir!'t medium \\'ith fresh medium
at 24 h. Cell viability was assessed by 1\ITT reduction. At
thc end of 72 h of exreriml'llt, medium was reJl1o\Td and
((,'lIs Wt'f{' washed twice with phosphate-bu'Tered saline (PBS)
I'll 7.4. In 96-well plall's, cc[ls were incubated in medium
containing .\1'1'1' fO.125mg/mL) at .,7~C for I h in humidi.ied
air supplemented with 50,0 CO2, ~1edium \\'as then discardt'd
and the formazan crystals deposited in each well hottom were
dissolved in 100 /AL of 0.1 N HCI in isopropanol. AbsorbJncc
was determined at 570 nm using an EnSpire multi mode
plale rcadl'r (Pl'rkinElmcr Inc., \Valtham, MA, L'Sr\). Cells
ilH.:ubated in 6-\\'ell plates were trypsinizi,.'d and resuspcntkd
in PBS at a proportion of 20 000 cells/IO fJL. Spots of 20 000
(ells were seeded on slides, left drying at room temperature,
fixcd in 4°0 tormaldehyde at.t C. and \.\'ashed three times in
PBS for posterior immunocytochemkal analysis.

2.3. Immunocytochemistry. ImmunoC)1ochemical ~tailling
for ;\'rf2 and PGC-la \\'as performed in LLC-PKI cells fixed
v•.-ith formaldehyde pI I 7.4 on slides. Antigens wac recuper-
ated hy hoiling for 20 min in 0.01% sodium citrate solution,
pI I (,.0. Background staining was reduced by blocking with
3~'b H202 solution in methanol for 30 minutt.'s, incubation
in a 2<!osolution of normal goat suum in PBS (PBS-;\CS)
lc')r2 hours, and tn:atml"llt with avidin and binlin for IUmin
each. Slides were incuhated ovcrnight at room temperature
with anti-:\rf2 (I: 100) and anti-PGC-Ia (I: 250) primary
antihodies. 1he following day, slides were \vashed five timc"
lor 5 min in PBS lX pH 7A. After washing, slides were
incubatt'd for 30 min at room temperature with universal
biotinylatni link and for .,0 min at room templ'Taturc \'...ith
strl'ptavidin conjugatnl to I IRP. por color dl"vcloping, DAB
was used from 1 to Smin. 1he reaction was stoppL'd with
distilled water and the slides were countcrstained with hema-
toxylin. Finally, cells \••..ere dehydrated and fixed with ~1ollnt
E-2 mediulll (Shandon Laboratory, Pillshurgh, Pi\, L'SA).
Slides were analyzed undl'r a microscope Olympus BX40 and
iml11unoposilive (ells Wl're quantified by simplt- counting.

2..1. A'limal.\. Male \Vistar rats with an initial hody weight of
200-220 g were used. Animals were maintained under 12-h
light/d.uk cycles at controlled temperature, having ad libitlllll
acCl's~ to water and standard food. Local Committl'l' for the
Care and Use of Laboratory Animals approved this I,'XPU-

iml'ntal study (FQ/CIClJALlO.'8/l2), which was conducted
according to the guidrlincs of Mexican O.ficial :\nrm Guide
for the U'se and care o' lahoratory animals (NO.\.t-062-Z00-
1999) and for the disposal of biological residues (NO~-t-087-
SEMARNAT-SSAI-2002).

2.5. Expaimt'"ftll De.;;ig'l. Animals were randomly divide,'
into four groups: (i) contr0l group (CT) \''''1S injected suh
cutaneou.sly (s.(.) \\'ith isotonic saline solution (ISS, \'Chill.
for GM) every 12h for 7 days Jnd administered \dth cal
boxy methyl cellulose (vehicle of CL'R) by oral gavage onCl
a day during live days pre\'ious to any ISS injection .md
betwcen the daily ISS injections. (ii) Gentamicin group «(,f\t
was administernl s.-.:. \\"ith G!\1 at a dos(' of 7Smg/Kgfl2 h
f311 and carhox Yl11cthyl cellulose was gin'n like in CT groll~~
(iii) CljR + G\1 group \,'as injected with Gl\f as in the (;'\1
group hut r-ect'i\Td oral CL'R (400 mg/Kg) ill carboxymelh\
cellulose {lSI 5 days before GM exposure and ht,tween lhl
two daily G~,t injl'Ctions (14 doses). (iv) CUR group wa"
administt.'rl'd s,c. with ISS during 7 days and wilh Cl:g
during 12 days. On the thirteenth day of treatment, rats wen
euthanized hy anesthetization with sodium pentobarbital
(60 mg/Kg) and hled \'ia aodominal <.lorta using a syrin!!l
containing heparin and a needle =18 at [()(1m temperatur\'
Plasma was sl'paratnl and stored at ~20 C until the marker"
of renal damage, plasmJ creatinine, and blond Uft'J nilroglll
(BU:;\") wcre mcasured.

2.6. Analytical Methods. Creatinine and BUN in plasma \"CTl

detcrmincd hy spectrophotometric assays using commercial
Spinreact kit." a" prni0usly reported [23J. Creatinine dete1
minatitH1 in plasma is hased on the re<letion of this compound
with sodium picrate tc')rming a red complex whose inten"ity j •••

proportional to the ([eatinine concentratioll. Howewr, UTe,
presenl in till' phtsma reacts with o.phthalallkhydt, formin~
a colored complex which is quanti tied at 5lO nm.

2.7. Ultraslmetllral Strld,\'. To study the milochOlllirial ultra
structural morphology, immediately afh'r animal sacriliCL
thin kidney liSSlll" slices were obtained and immersed irlttl
4% glutaraldchydl' dis"olwd in I m:".:1cacodylate huffer pi [
7.2. Then, the kidney cortex WJS st'1ected and ",cctinned i1'
small ti~slle fragments that were depositl'Ll into glass tubl'"
and fixt.'d by immcr",ion in the same solution during ~4 hI
at 4°C. 1hl'n, lissul' fragments W('rl' postlixed \••.ith 2% ()sOl
butfl'!", dehydrakd in graded ethyl alcohol solutions, and
cmbedded in Fpon Rcsin (London Rcsin Comp.H1Y, London.
UK). 1hin s('clions (rom 70 to 90 nm were placed on COOPl'!
grids, contrasted with lead Jnd uranium sails, and cxamincll
with a FEI Tccllai (~2 Spirit transmission electron micros,:opt
(Hillsboro. OR. USA).

2.8. ;\JitodlO"dri(~ /:;olllti(JrT. Kidneys were qui..:kly rel1lO\'cd
and maintained in cold isolation buffer (250 m},..l SlI(f()Sl
10m:\l HEPES, 1m},.1 E(~TA, pH 7.j). the renal cortt.x \\"<1"

separJted and utilized for mitochondri,1 isolation. TisSlll
was ground and then homogenized in a Glass/Teflon Potkl
Elvehjem hOlllogeni7er in the same huffeT. iV1itochondn,\
were ohtaillt'd hy differential centrifugation and the protein
content was measured by Biuret method II5J.

2.9. ,'''litociJ(mJnai H;tlt'l/ergetjc~. Oxygen consumption \\",1"

measured using J Clark type oxygen dectrodt., (l'cllo\\
Springs Instrunll'nts. Yellow Springs, 011, L'SA) and t\\t
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3. Results and Discussion

2.12. Sratistics. Results arc expressed as mean!: SEM. Data
were analyzed hy one-way ANOVA followed hy Ronfcrroni's
multiple comparisons test using the solh\"are Prism 5.0
(Graph Pad, San Diego. CA. GSA). A P value Ie" than 0.05
was considered statistically significant.

3,1. Viahility (~ru.e PKI Cells Incuhation for 48 h with G1-.1
dccreased cdl viahility (expresSt.'d as MTT reduction) to
5R.ROo compared tn untreated cd Is (Figure i). A cytopro-
tective ctfect was ohsnH'd when LtC-PKI cells were prc-
and coincuhatl'd with 20 Jnd 30 .u~tCL"R (viabilities of

FIGL"Rf 1: CL'R attt.'nUJ.tl's (l.\f-inducl'd cdl viJhility drop in I.1.C-
PKI cell!'>. Cdls were prcincuh<lleJ. with 10-30 !/.\l CUR during
2-1h and then coincuhalcd wilh 10-301/.\1 l:UR and Hm~l (i.\l
dunng further 4H h, Viahilit)' wa~ mca:,ureJ a~ percentage of .\flT
reduction compared 10 control cells (CT). D,lta arl' mean :t SF\1 .
'1 = 3, A P < 0.001 \'Cr~us CT; 1\ P < 0,05 wrsus (;r-,..l-trcall"d cells.
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1.11. Ca~+-Dependellt AtPT. Effects on the opening of :\1PT
pore induced by Ca2+ overload were evaluated in a double-
beam spectrophotometer UV-2401 Shimadzll (Kyoto, ~apan),
a::>previously described [15]. Ca2

• retention capacity was
determined monitoring the absorbancc changes at fJ25-
675 nm of the: dye arsenazo III (60 !~M) in 2.M mL of medium
containing 125 mr...1 KCI. 10 mM HEPES, -' ml\.l pi, 10m~'1
succinate, 1.8J1gfmI. rotenone, and 200/~~1 AOP (pH 7.3).
Mitochondria (2 mg of mitochondrial protein) were added
and then challenged with 100 I,M CaC!z' In a similar way,
Ca2+ .induccd membrane potential dissipation was evaluated
spectrophotometrically at 525-575 nm using 10I,M safranin
O. Both assays wt.'rt.'also performed in prest.'nce of I !J.\1 CsA,
a known inhibitor of the MPT pore. Depolarization of the
membrane potential was induced by CCCP addition at the
end of the a.•says IISI.

_,10. ;\C1H'ity of .\titodlOtldr;al Re$l'iratory Complext'$ cmd
\((JIli((ISL', Elfects on mitochondrial enzyme activities were
\',lluated as previously described 1151. Complex I activity

\\ ,IS measured by following the decrease in absorbance due
II oxidatiun of .\"ADll to NAD+ at 340 11m. lhc reaction
\\.l~ initiated by adding 60 f~~ldecyluhiquinone in 1.7mL
,)1 ";mdard reaction medium (125 mM KCl, 10m~'l HEPES,
\ m,\l inorganic phosphate, pH 7.3) supplemented with O.l/lg
.illtimycin A. lm.\1 KeN, 100.u!-'1 .\"ADH, and 0.5 mg of
Inito...:hondrial protein. Complex II actiYity was determined
polarographically by recording oxygl'n consumption. P~'lS
\\.1'> uscd as an artifICial dt'ctron aCcl'ptor and succinate as
I donor. The reaction was initiated by adding 1mM PMS
11 1.7mL of standard reaction medium supplemented with
1111\'1 succinate, 2/A\1 rotenoJle, 0.1 fig antimycin A, I mivl
KeN. I i-J!\I CCCP, and 0.5 mg of mitochondrial protein.
( 'lImplex III activity was performed by following the increase
Il absorbance at 550 nm resulting from the reduction of
ytudlrunH~ c. 1 ht., assay includt.'J oxidized cytochrome c

1'" de...:tron acceptor and tkcylubiquinol as donor. nle reac-
Ion wa ....(arried out in 2ml. of reaction medium (25mM

" IIPO,. I 111M EDTA. pH 7.<\) <uppl<mented with I 111M
KC.\", 20,ur-.l cytochrome (, 2/~r-..l rotenone, and IOpg of
mitochondrial protein. The reaction was initiatl'd by the
.lddition of 25 f,M decylubiquinol. An extinction cuefflcient
\ ,1!ut'ofI8.7 TllM-1 crn-I was used for reduced cytochrome c.
\ '\lTllplex IV acti\'ity was followed polarographically, TMPD
\\JS used as an artificial electron mediator that acce1cratl.'s
he transfer of electrons from ascorbate to membrane- bound

\ \,tochrome c. The reaction was carried out in 1.7mL of the
...t,lIldard reaction medium supplemented with 5 IllM ascorhic
,1I:id, ~ ,liM rotenone, 1,uM CCCP, 0.5 fig antimycin A, 25 J1~1
..yto(hromc c, and 2.5 m1vl T~lPD. The reaction was initiated
'y tht' ,lddilion of 50 I~g uf mitochondrial protein. 'Ihe

,I••"ti\'ity of aconitase was assayed by dt::lt.'fIllining the ratt.' of
I,lrmation of the intermcuiatc product, 0'$- aconitate, from the
Illlcr(Onversion of I.-citrate and isocitralc at 240 nm. Briefly,
ht' reaction v,'as carried out in I mL of reaction Illt.'dillm
(Int.1ining 25mM KH~P04 + 0.05°(1 Twccn, I rnM sodium
ltratl" and 0.6 rnfl.l MnCL. The reaction was initia!('d h" thl'
I,ldition of 50/'g ur mit~(hllndrial protl'in. An l"(tin~lillJl
(lclllcit'nt for cis-aconitate of _'.6 mJ>,I-1 em ~1 was used,

(j lfcrcnt rt'~piratory suhstratt.'s. To evaluate respiration dri\'en
'\ complex I, Img of mitochondrial protein was added to
1.-:'mI. {If ba~ic medium containing 125m~1 KCI, 10m1-.1
JEPES, 3 m1-.1 inorganic pho~phate (Pi), IOmM sodium

Ill,llatc, and 10 mM sodium glutamate at pH 7.3. Oxygl'n con-
...umptioll sustaincd by cOlllpk'x II \\:as n.-aluated rcplacing
nabtc and glut,lInate with 10 mlvl succinate plus 11'g/mL
nknon\? State 1 was registered in hasic medium, while
Ute .~ rl'spiration was stimulated v.:ith ADP (final concen~
I',Hinn 200 I,M) 1.'2}. Respiratory control index (ReI) \\'as
,1!Luiatcd as the ratio state 3/state 4. Uncoupled respiration

\1, .1." obtained by adding I"M of CCCP. Phosphorylation
IlicicllCY lADP/O ratio) was calculated from thl' added
dllount of ADP and the: total amount of oxygen utilized
luring the do'eloped state 3 [161.
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71.6°'0 and 7h.l~iJ, rcsp.). Viahility of cells only incuhated with
CUR was not significantly different from control cells. ~fjnor
concentrations were <1Ssayedhut no protection was found. On
the othl,'r hand, concentrations of 40 and SO.ul\1 werl' also
tested but thl'y werl' seemingl} toxic as viability decreased in
(dis incubated only with CL:R and the proh.'ction again~t G.\l
was not obsi.'rn:d (data not shown).

3.2. ,'\'rf2 .~Vlldt'ar Accumulation lind PGC-Ia Exprc~sio1J.
CUR b a bifunctional antioxidanl that induces nuclear accu-
lTlulatiun 011111.'factor Nrf2 in LLC-PKl cells [331. In order to
confirm its role in this cell cuhure model, we evaluated the
nuclear immunopreva1cncc of Nrf2 at the end of the CUR-
(1M scheme. After 72 h of 30 ,u}"f CUR incuhation, nuclear
translocation of Nrf2 significantly inacases compared to
CT cells (Figures 2(a) and 2(d». Nuclear accumulation is
inhibited in Glvl cells as expression is mainly locatl'd in
cytoplasm but not in nucil'us (Figure 2(b». Immunopositive
nuclei fell from 21:U"i. in CT cells to 9.8% in G~1 cells
(figure 2{e»). 1I0wever, prc- and (oincubation with .30 /A~,I
C.UR in cells exposed to GM {C.CR + (J~'I cells) prcvented
this effect (P < 0.05). Hereafler, it could he considered that
;.<rf2 plays a role in the effects observed.

The coactivator PGC-Jn has been well identified as i.l

potl'nt inducl'r of mitochondrial biogenesis tnln~-activating
target genes o(nuc!ear factors lih :'<RFl and :'<RF2, involved
in the program of respiratory gene expression. Also, PGC-ja
induces transcripts or these factors, confirming its important
integrative role upstream ofhiogenic program [29J.ln r:igurc,'s
3(a) and 3(b), it can be noticed that G~ induced a strong
drop in PGC-Ill-expressing cdls (from 88.5°0 in CT to 10.9%
in G~1). 'Ihis dTect was entirely prt'ventcd with llll' CUR
treatmcnt; nevertheless, it secms that CUR does not induce
per ."e;'\n increase in cells expressing PGC~jn (figure 3(l')).

Cnnnection hetv ....een Nrf2 and mitochondrial biogencsis
has h<.'l'n established. It was reported that 5'-UTR for S'RFJ
contains binding motifs for Nrf2. antioxidant respons(' cle-
ITII.'nts(AREs). Nuckar translocation of Nrf2 was followed by
~RH induction and mitochondrial biogenesis that <"llabIcJ
rescuing mice from doxorubicin-indUlxd cardiomyopathy
and lethal Srapll)'locj)((U5 aureU5 sepsis, etfects accompanied
hy an induclion in PGC-In (34, 351. The conservation of
PGC--ll( level!' in C.UR + G'\:[ LI.C-PKJ cells could he associ-
ated with the curcumin-induced Nrf1 nuclear translocation.
This irl vitro approach could \.•..ork in involving mitochondrial
biogenesis in the following obscrvations ;/1 vi\'().

3.3. Rat Retial FWIl'rieHl. Figure ,t shows the protective eflect
of CUR against GM-induced renal dysfunction in rats. (;M
induced an 8-fold increase in plasma creatinine level (Fig-
ure 4(a)). This notable G~'I-e1icited change was attenuated in
the ClJR + Gf\1 group that ShO\H'd plasma cf('atinin<.' valut,s
37% lower than those found in the GM group (P < 0.05 versus
Gh1). A similar trend \\-'asobserved in BUN (figure 4(b)). An
incfea."c about IO-fold above CT value was obtained in the rats
injected with G.\1. which \'•.a .•attenuated hy 37% in the CUR
+ G,'vl rats (P < 0.05). Animals ddministercd only with CUR
showed no changes in thes(' parameters.

Previous works carried out by Ali et al. [20J and farombl
and Ekor [21J \,.here a ditferent GM administratioll schcll1l
\',;as used, with daily single doscs ofFO mg/Kg intramuscularh
during b days 1201 and 100 mg/Kg intrap('ritonl.'ally for -
days [21J. shm\'cd that creatinine and BL':\' levels in anim.ll,
treated wilh G,\t increase 2-4.4-fold compared to CT grour
:\everthelt:ss, ill rats cotreatrd with GM and CLTR, tho:>(
levels were similar to CT group. In our study, wc obscr\'ul
that crt'atininc and RtJ'N levels were ahout IO-fnld grl'atl'l
in (;';\-1 gTflUP than tho!'c observed in the CT animals ,thel
daily administration of 130mg/Kg. which was distributll'
in two injections, to approach a clinical multidmes SYSt('fll
In this regard, :-iOl1lemeta-analysis studies han' :-ihown th,l!
1ll0nOdOSl'S syslt'm (one daily single dose) correlaks \""ith Il-:-..'
nephrotoxicity than ll1u1tidoscs systcm 1361. \Vc (hoose thl
administration of a higher GM dose hy a Illultidosc sySlcll1
to achieve significant mitochondrial dysfunction and ther
evaluate the protcctivc effect of curcumin in this condition
Successfully, CL'R trcatment ameliorates the GM-inducl'(l
incrcase un both plasma l-f(.'atininc and BU!\ Icvels in till.' I ;:"1
+ CUR group in spite of the high toxicity inducl'd for ,hi'
antibiotic

3.01. ,\Jitochondr;al Ultrastructure. In well agreement with
these determinations, the dectron microscopy study showed
extensive damag<.' in the mitochondrial morphology pro
duced by GM, characteriz('d by clfaccment of inner IllCIll
brane (cristae) (Figure 5(h)), while G!\l + CCR grnup sh<H\Td
higher number of mitochondria with almost normal strUl
turc;just some swollen mitochondria were scen (Figure 3(c))

The mitochondrial ultrastructure of proximal tuhules (rol11
CT rats (J;igufl' 5(a)) ,md treated with CUR (Figure ::;(d) ,
was \\:ell preserved. In addition, it was oO:-ierved that Cl:R
trl'atml'nt incn:asl.'S the.: numbl"r or rounded mitochondri.l
having ekctron dense matrices and tightly paLked aist,h
(I:igurcs 5(,) and 5(d»).

In this conlll'ction, there are st'veral ;'1 vi\'(} studit'" PI

rodents that dl'monstrate the prott'ctivc rffl'ct of eeR 011

mitochondrial ultrastructure injury [37-411, in a similar \\,,1\

Loour results. lkside~. it has lwen prniously confirmed th,l!
CUR increases mitochondrial biogencsis [18,42, .n). Liu d i.l'

[19J sugRested that this Il1l'chanism could b(' rl'sponsibll
for neuroprotl'clion in a modd of ischeT11ia/rcperfu~inn on
hrain. lhus, CUR attenuates G~'I.induCt'd mitochondrial
alterations hy a mitochondrial hiogenesis mechanism.

3.5. Mito(/lOndrjal Hilll'rzCTF,CtilS. Oxygen cotlsumpti()Il pro
files of rat rcnall1litodlOndria representatives of e.tch e'pl'l
imental group are indicated for the two respiratory suhstr<lll
conditions, malate/glutamate (Figure 6(a) and SUCclnah
(Figure 6(b»). Oxygen consumption coupled to phosphll
r)'lation was r('duced in mitochondria obtained from till
GM-treatl'd group as compared with CT mitllchondri.\
CCCP stimulall'd respiratory rates in all conditions l'xcepl
in G~1 mitochondria oxidizing XADII linked substrate'
(Figure 6(3)). At hoth substrate~ conditions. it can he graph
icall)' noted thaI the healthy heha\"inr is partially prescrwd
in mitochondria from rats cotreatcd with CuR and {;\l
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I.JU,lIllific,ILioll of positive nuclei. Data arc mean 1 SE:\1, " = .'. AP < (1.05 \,('[SUSCT; RP < 0.0 I WfSUS (j;\t.

!k',idc", there were no relevant differences hd\\'Cl'll CUR and
( T mitol:hondria (data not shown).

Outcomes for the ma.ior bio{'ner~l.tics parameters
"htained by oxygen cunsumption mcasurcmt.'nts are shO\\in
III l:i~ure 7 (using malate/glutamate as suh~tratc) and in
i8ure 8 (using succinate as substrate). State 3 decreased by

30% in mitochondria from rats treated with GM (Figures
7(a) ano 8(a). P < 0,05 \'ersus CT), ADP-stimuiateo
oxygen consumption was preserved in CUR + GM by
73% in mitochondria supplied with malate/glutamate and
around 6]'\) in mitochondria supplied with succinate. Basal
respiration was maintained in mitochondria from all groups
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fed wilh malate/glutamate (figure 7(b). In contr;}~L, slate
4 was lower in mitochondria frum the G:\1 group oxidil.ing
succinatc. State 4 rates wcrc not complctely rcestablished in
CUR t GM, while Similar values of oxygen cfll1sumptinn
h •.,twcen CT Jnd CUR were ohserved under these conditions

(rigUT<: t-l(b)). Huw('\,f!", using dther subslrate, lill's(' value"
lead III signilicanl differences in the Rei belwec.'n the G~I
group and the CT group and between CUR + G:\'t grout'
and (,;\.1 group. RCI fall~ from 4.7 in CT mitnchnntiri,l
to 1.4 (:'0°0) in Gi\1 mitochondria and wa~ recovered In
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3.H (l:'iloiJ compared with CT) in CUR + G:'vl mitodlOndria
(Figure 7(c) with malate/glutamate, ,,,.hereas ReI of G:\l
group falls to 67~o of CT and rcnal mitochondria from
the CUR + eM gwup reached Hfi% of untreated rats RCI
(Figure 8(c), P < 0.05 \'crsu'" GM) when using succinate.

Cncollpled respiration was lower (24% of CT group) in
Gl\l mitochondria oxidizing malate/glutamate (hgure 7(d),
P < 0.05 verslis CT) and such diminution was pre\'enll'd
with curcumin. A similar trend was observed when succinate
was suppkmcnted, but the drop was lesser Jnd was slightly
attenuated hy CUR treatment (Figure 8(d)).

ADP/O ratiu in GJ\1 mitochondria oxidizing :-"'APII
linked substrates shownl 100'r'cr phosphorylation rales .1"
compared with CT mitochond ria. Mitochnndria from (~l:R !

G"I group recovered phosphorylation rates (Figurt' 7(e)l
On the llther hand, ADP/O \'alul's were simliar in ,111
experimental groups when succinate \•..as the ent'!"gizin~
substrate (Figure H(e)). lhe CUR group had J hchJvio'
similar to that for CT group in all of evaluated biocnergl'ttc"
paramdl:fs.

Oxidalive phosphorylation is controlled by the ,Kli\"il\
of ATP lumon!" (adenine nuclcotide translocasc, phosphat.
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r,lnsportL'r, and ATP synthase) Jnd substrate oxidation
"ubstrJtc uptake. processing enzymes. rl'levant c1ectron~
r,Hlspurt chain cumplexes. pool sizl'S uf ubiquinone and

,\'lochrome (, and 02 concentration) /441_ Simmons l't al.
I 15J ,md \\'einherg and Humes [461 determined that G:\l
nhihltS ()xidati\-e phosphorylation in renal conical mito-
hondria related \\-'ith the inhihition in maximal rates of elec-

'11m transport mainly in the input components of the chain.
l 'onsl'qucntly. our results showed that mitochondria from
{.i!\l-trl'aled rats presl'nted alterations in uXY~l'n COI1SUI11P-
'iPll by decreasing staLl' -' ralL's using malatl'/glutal1lJk and

succinate as substrates. which was notkeably recovered after
(urcumin treatment. Previously, it has been reported that
curcumin rcstort'd mitochondrial slate 3 rates in a model l)f

renal dysfunction induced by hexavalent duol11iul11 [15J_ On
the other hand, in GM mitochondria, no significant change
\"-35 registered on state 4 in glutamate/malate-dependent
oxygen consumption. In contrast, state -1 in mitochondria
from (;M-trcated rats presented lower values of oxygen
consumption using succinate JS J substrate_ .\Iorales et al.
[2.51 reported a SImilar rl'duction un state 4 rates in rats
tfealt'd wilh (j:-'l Studit's in isolall'd mitochondria from rat
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(: I";B P < 0.0'; versus (;~t.

renal cortex incuhated with Gi\l sho\'".cd increment in state 4
dependent on thl' antibiotic concentration [46,47].

ReI is the single most useful general measure of function
in isolait'd mitochondria. High ReI indicates good function
and low Rei usually indicatls uncoupling: [441. Mitociwll-
dria from Gf.•1- treated rats showed dysfunction when using
both malate/glutamate or succinate and curcumin attenuated
slrongly such dysfunction. Uncoupled respiration was .;ub-
<;tantially rcducl'd helow CT values in G~ group and recov-
ered in CUR + (;!\'I group, mainly \".h('n malatc/glutamatt'
were used. 'Ihis is a parameter controlled exclusively by
substrate oxidation and dell'cls dysfullclion in fl'''piratory

chain components, substrate t ranslocases, or dehydrogenase"
[44J. Accordingly, ADP/O ratio in mitochondria o'{idi/in~
mable/glutamate was dCCfcasl'd in GM group and rl'((wered
in milochondria from cotrcatnl rats, Curcumin prl'\"l'nh
mitochondrial dysfunction hy maintaining redox hOITWtlsl.l
sis or by protecting the mitochondrial respiratllry (ompln:l'''
[17, ,lSI; ne\'ertheless, hiogenic recuperation of complcxc"
could be another way,

3.0. Arth'it)' ofRcspirarory Camp/ext's and A[(mitas~. \Yt' .lbll

e\'aluated the acti\'ity of the respiratory complexes Jnd found
that G~l induced reduction in the Jcth'ity of complexc:-.
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II, and IV. Activity of complex J in the G~f group \'laS

he most affcctl'd retaining 25% of thi..' activit)' ohserved
II cr mitochondria (P < 0.05) (figure 9(a». Activity of

L tllnpll'xes II and IV declined dose to -!5% of that observed in
d1l' CT group (figures 9(b) and Y{d». Curcumin Ireatment
!l.' ••..ovt'rcd tIll' activities of complexes I and IV (Figures 9(a)
Inl! <J(d»), but no recover)' was observed in complex II
Figurl' 'J(h». Rdrievais reached approximately 67% of the

rl'~pt:cti\'e CT value (P < 0.05 nrsus GM). Respiratory
•..Llmplt.'Xcsfrom CUR-administered rats had similar activit ies
\0 thO~l' corn..'spnnJing to untreatl,d animals.

III f"igure 9(t') it is shown that lhl' (;t-.I l'XPOSlIfl' in rals
•...Jds to a significant loss of aconitase acti\.ity in reL1tioll to
he CT (P < 0.0:;), Even though a weak trend to\\ard activity

recuperation is 0bst'rvcd in the CUR + GM group, Ihis was
not significantly different. Aconitase activity in mitochondria
of rats treated only with CCR showed similar \'alllCS 10 CT
group.

\\'e have already discussed the components of ReI, stall.'
3 and state 4, and with the results of complexes activity
assays ' •...e ,viII identify the primary causes of mitochondrial
dysfunction. According to oxygen consumption analysis, we
observed that GM decreased the activity of complexes 1
and II which may explain the diminution in state:' rates,
ReI, and uncoupled respiration (Figun:s 7 and 8). These
clfl.'cts induced by GI'",1on complexes I and II were rel-ently
knowil 14LJ]. 'Iht.' absence of complex 1I1 activity alterations
is in agreement with the prnious ohser\'ation of absence
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of changes in ascorhatc-TMPD-supported respiration in bo-
lated mitochondria exposed to GM [46J. !\'otwithstanding,
cumpkx IV activity wa!' altered by G!'.l ('xposure counlering
th(' statement that the t('rminal components of respiratory
chain arc relatively insensitive to GM etfect [461. Indeed, it
has heen demon"trated that c)10chrome oxidase (complex
1\") C(lIKent ration and its activity decreased significantly after
Gl\! treatment in rats [49, SOJ. Curcumin attenuating action
in complex IV activity was consistent with its effects on state
3 and uncoupled respiration. Besides, sC\Tral studies hav('
shown the potential protective dfccl of curcumitl on the
respiratory chain complexes [10].

On the other hand, it is knm,,'n that anion superoxide
(01'-) generation is ;1Il important ('yent in mitochondria
exposed to G1\-1ln vitro [51]. Results in Figure 9(e) support
this idea in our model as aconitase activity was strongly
inhibited in liM group. Aconitase is an enzyme belonging
to the tricarboxylic acids pJ.thway and its activity can be
used as a Illca!,lIfC of mitm:hontirial oxidative stress r52];
specificallr. aconitao;c activity inhihition can i'le used to indi-
rectly determine 02'- production [32]. HoweYer, curcumin
treatment produced a marginal nonsignificant recovery in
aconitase activity probahly because of the high sensitivity of
this enzyme to (;J\!-induCi.'d ROS production 125].

3.1: Ca~. -[)cpoulcnt JIPT. The effects of Ca2+ overload on
the opening of the ~tPT pore evaluated as Ca2 retention

mitochondrial capacity and mitochondrial membranl' potl'n
tial arc shown in hgurcs IO(J) and lO(bl, respectivdy. Cal
cium was rapidly ,K(umulatl'd and maintaincd in mitodlOn
dria in all thl' ('xpcrimcntal groups: howc\'er, high calciulll
(onlx'ntration promoted the opening of the MPT porI' in
Gl\"f mitochondria, a, CsA totally prevents this cnndil ion
(Figure 10(a)). CUR partially mitigated Ca2t release induced
by <fl\!. Ca2; overload promotes memhranl' permeahili/<.l\iOll
and Jbolition of the mitochondrial membr.me potential. IT'
Figure lO(b). tracing GM evidences membrane potentia
dissipation next tfl CJ2• addition. L'nlikc GM, CT and Cl:l,
tracings maintained their potential 600 s after Ca1~ additioll.
until CCCP wa:- added. In CUR + GM mitochondria, dl'p\)
Iarization was del,lyt,'d J.Scompared with Gr..l mitochondri,l
The ab<;ence of thi" pattern in GM mitochondria with C\:\
cnntlrms that potential loss is mediated by the formation (}1

the MPT porl'.
CJ.2• rdcntion mitochondrial capacity and tht' n1t'mbr<1nl

potential JisrupticlI1 hy CJ2< overload could be as!'oli,ltl'd
with the pht:'nolllelllltl of I\-tPT as a triggering mechanism
of cell dealh fS3J. !'.IPT pore opening is induced undu
pseudopathological conditions of oxidati\'e .•.tress. ROS pro
ductinn scn"ilin's mitochondria toward the .\'IPT induction
that. in turn, increases Ca2+ release which may enh,ul(l
ROS production [5---1-56 J. 'Ihus. our results conf1rmcd th,lI
mitochondria from l;'\"1-trcatcd rats presl'nted MPT pt1l'l
opening. as prl'\'iously dcsaibed [57. 581. CUR treatml'lll
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wnrably ameliorates the ~,lPT pore opening from G:\Il-
Il".1tcd rats protecting them from the noxious effects gen-
r.ltt'J from this antibiotic by presen'ing mitochondrial
Iltcgrity.

.1.Conclusions

he main finding ofthi, work was that the attenuation of(~M-
nduccJ nqJhrotoxjl:ity by curcumin was a~so(iatcd with an
mpnm.'ll1cnt of mitochondrial dysfunction. This improve-
lll'llt ctluld bl' probably Iinkt'J to a maintenance in the
{lgram of gene exprl'ssion for mitochondrial components
i)\oln'd in respiratory chain that could result minimized
w G1\.1. Curcumin treatment attenuated the GM-induccd
dterJlions in mitochondrial energy-linked functions of renal
orlex of rats, which aTe associated with protection of milo-
hondriJI (hain complexes and preserYing mitochondrial
'llll'gril)'. Dl'spik thc.' wl'lI-kn()\ ••..n anlioxidant propntit:s of
urcul1lin that can prote..'ct mitochondrial prott'ins against
"xidati\'l' slrl'SS, ~l1lother presumptive protl'ctivl' mechanism
ould he the preservation of mitochondrial biogenesis which
\,"ould guarantee an opportune replacement of impaired
~Iructures. !\litochondrial hiogenesis could he diminished hy
(,1\.1 and curcumin would prevent this effect with participa-
lon ofNrf2 in some extension, another proposed mechanism
,\f protection against GM-induced nl'phruloxicity.
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SUMMARY

Tubt-rculosis (TB) is J major health problem requirinK dn appropriate cell immune response 10 hI"

controlled. MJcrophages pl,lYa central role in the response Jgainst Mycobacterium tuberculosis (Mtb
Given our prior studies in which adrenal steroids were found to modify the cellular immune respon••n

from T8 piltients. it WdS sensible 10analyze the immunomodul<ltory capability of cortisol and OHEAIIIl
macrophages infected with Mtb. The human macrophage-like THP-I cells were infected with the H371{v
strain of Mtb and treated with Cortisol and DHEAat different doses. We monitored phagocytosIs.
inrracellular-bacterial growth. autophagosoma formation. as well as cytokine gene expressIOn ,mel
production.
Cultures exposed to cortisol showed a decreased productlOll of IL-Il\. TNF-ry:. with DHEAbeinKun,lhlt.

to modify the pattern of cytokine production or to reverse the conisol inhibitory effects. Interestingly lilt'
intra-macrophagic bacterial burden was found reduced by OIiEAtreatment. While this elTectwas Illit

related to a different cYlOkinepattern, in terms their production or mRNAexpression. DHEAtre.ltml"llt
did promote autophaKYin Mtb-infeetcd macrophages. irrespective of Cortisol presence.

In essence. the better control of Mtb load by DHEA-trealt"dmacrophages seems to be dependent all ,Ill
autophagic mechanism. The present results arc relevant for two reasons as autoph<1gy is not only
important for clearance of mycob,lCteria but also for Ihe pre-wolion of tissue d<1mage.

to 2015 Elsevier Ltd. All rights r('served

1. Introduction

Tuberculosis (TB) constitutes ,m important health problem
lod.lY. In 2014. an estimated 8.6 million people developed TB .lnd
1.3million died from the disease (including 320 000 deaths among
HIV-positive people). The number of TB deaths is unacceptably
large given that most are preventable 11]. This disease is caused by
Mycobacterium tuberculosis (Mtb), a facultative intracellular bac-
terium thai is capable of surviving and persisting within host
mononuclear cells [21.

In most cases. the immune response against Mtb is adequate
and avoids the development of actiVe disease. However. complete

(orrt'\ponding author.
E-mail uddrf.Ss:bdtn<l.ix)l1!:"iov.1n111 ~mdil.lol1l (8. Bongiovanni).

http. li), dOl,urgl11).1016,1j.tulx' .•WJ:,.OS.OII
1472-9792/02015 Elsevier ltd. All rights rest'lVed.

clearance of the pathogen is frequently not achieved. Macrophilge,
comprise a niche cell for mycob.1Cterial infection. yet they may ,ll<;()
contribute to elimination of bacilli via numerous mech.lIlisl1l\.
including the successful clcidification and maturation of ph.lg-
osomes 13~-5].However. Mtb ensures its survival within ho ••[
macrophages by arresting the maturation pathway that leads [0

phagosome-lysosome fusion, thus avoiding the phagolysosom('
that is rich in acid hydrolases capable of microbicidal degradatioll.
.lnd creating a suitable environment for bacillary surviv.lI ,mel
replication [6-8J. As yet. while Mtb c.an block phagosome malu-
ration, the induction of autophagy facilitates phagosome-lysosoll1l'
fusion and the bacilli clearance 19.101.

Among modulators of the immune response, hormones like the
steroid hormones of the adrenal and gonadal glands. and neuro-
transmitters are known to play an influential role in this r('g,ml
[11.12].ln analyzing the immune-endocrine profile ofTS patients. v.•..(.
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euried out.l series of studies in newly didgnosed, untreated pdtients
wllh different degrees of lung compromise. Pldsmd levels
01 interferon g,lmmd (IFN-y), interleukin (Il) 10. dnd Il6 were
increased, whereas testosterone and dehydroepidndrosterone
([>IlEA) levels wen: profoundly decreased in these pdtients, more
L'vident in those with an advanced disease. In parallel there were
modest incre.lses in the concentrations of cortisol and estradiol [131.
These endocrine changes may partly account for the deficient can-
t 101of the inndmmatory response and the gradual loss of protective
rt".;ponses that TB patients present with disease progression [141.

More recent studies in patients undergoing specific therapy
rt'waled a more balanced cortisolfDHEA and cortisolfDHEAS ratio.
implying thal etiologic treatment encompasses favorable immune
and endocrine changes. which may account for its beneficial ef-
ferrsll')l.

Macrophages playa central role in the defense against T8
thl'Ough phago(:ytosis, intracellular killing of mycobacteria. and
,llltigen presentation to lymphocytes (16.17/. Since adrenal steroids
alt' much likely to modify such responses. it was sensible to analyze
till' immunoregulatory capability of cortisol and DHEAon macro-
ph,lges infected with Mtb.

In addressing this issue we have employed d model able to mimic
the macrophage-Mtb interaction. Hence. we infected the human
m,lCrophage-like THP-l cells with Mtb strain H37Rv and treated with
Cortisol and DHEA at different doses. We monitored phagocytosis.
intrilCellular-b.lcterial growth. autophagosoma form.ltion, cytokines
gene expression .lnd production. This .lpproach provided new insight
011 the steroid homlOnes effects on the intf.lcellulJr f.lte of Mtb.

2. Materials and methods

2./. Bacterial cultures

M. ruberculosis strain H37Rv (ATCC25618) W.lSused in all ex-
periments. For in vitro cell infection. frozen H37Rv M. tuberculosis
was prep.lred in Middlebrook 7H9 (Difco Laboratories) culture
medium supplemented with ADC(Oifm Laboratories) during 48 h.
B,lCilliwere Ihen pl.lced in bottles containing 60 ml of the S.lme
culture medium and incubated at 70 rpm 35 C during 7-10 days
until reaching a 600 nm OD. To prepare a suspension with single
b,lCteria and disrupt mycobacterial clump formation. b.lcterial
pellets were then resuspended in RPMI with 6%glycerol and vor-
tewd for 5 min in the presence of five sterile 3-ml glass be.lds. The
Tt".;ulting suspension of mycob.lcteri.l was centrifuged at 900 g for
III min to remove any remaining large clumps. Supernatants with
c1''>,lggregated mycobacterial stock cultures were then divided into
,11lquotS and stored at -70 C until use. Me.ln concentrations of
A..J.tuberculosis strain H37Rv stock suspensions were determined by
(otlnting wlony-forming units (CF1J) on 7HlO ag.lr plates in trip-
lIe,lIe serial dilutions of declumped stock suspensions between
D,lYS21 .lnd 28. This declumping procedure was performed in each
experiment to ensure use of single-bacteria I-cell suspensions and
to est<1blish [he input amounts ofb.lcteria for the infections at 5: 1 of
multiplicities of infection (MOl), [18).

2.:1. Cell preparations

rhe (haracteristics ofTHP-1. a human monocytic leukemia cell
Illll'. have m:en described previously in detaill19j. This cell line was
grown in suspension cultures in Tissue Culture Medium RPMI-1640
~llpplemented with 10%of heat-in.lclivdted felal bovine serum .lnd
k,lll.1myclll (fiO ~lg/ml. Gibeo) at 37 C in 5% C02. THP-1 cellsfml
were cultured in complete RPMI-1640 containing 30 ng!ml phor-
bol-12-myrist,lte-13-acetate (PMA. Sigm,l Chemical Co.. SL louis.
MO. USA) .lnd plated for differentiation to macrophages. Twenty

four hours later supernatants were removed and complete RPMf- •
1640 W.lSadded for 48 h before Ihe infection.

2.3. hlJection witt! M. tuberculosis and stimufarion of macropfJQges
with cortisol and DHfA

Macroph.lges were infected with Mtb at Multiplicity of Infection
(MOl) of 5:1 (5 bacteria{1 cell) for 3 h, in presence or absence of
steroid hormones. In line with our earlier work [201. hormones
were employed within the range of physiological concentrations,
Cortisol (10-6 M, Sigm.l Chemical Co.) and/or DHEA(10 60r 107M.
Sigm.l Chemical Co.) in RPMI with 10% of heat-inactivated felal
bovine serum and kan.lmycin (60 ~lg!ml) and cultured at37' C in 5%
C02. Cells were then washed 4 times with complete RPMI-1640 to
remove extracellular bacilli. According to the study purposes.
experimental .lppro.lches were as follows:

a) To assess Mtb phagocytosis. the macrophages (1 x 106 cells!
wells in chamber slide) were stained by Ziehl Neelsen .lfter
3 h of infection in presence or absence of hormones and 1 h
more with RPMI-I640 alone. The rate of infertion was
rne.lsured by quantifying the number of bacteria phagocy-
tosed per cell. 100 cells!field were counted in triplicate.

b) To evaluate the control of mycob.lcterial intracellular growth.
infected m.lcroph.lges (3 x lOs cellsfwelJ in round boltom
96-well polystyrene plates) were incubated for 1 h (Day 0),
24 h (Day 1) and 96 h (Day 4) in presence or absence of
hormones. Cells were lysed with 1%SOS followed by 20%
BSA.serially diluted in Middlebrook 7H9 medium .lnd plated
in triplic.lte over 7H 10 medium to quantify colony forming
units (CFU).To take into account the phagocytosis ofb.lcteria.
the intracellular growth fold change was c,llcul,lted as CFUat
D.lY1 or Day 4 post-infection. and also at Day O.after 21 days
of culture.

c) For cylokine gene expression and production. 5 " 106 cells
plated in 24-well dishes under the above described condi-
tions were incubated during 24 h more with hormones. Su-
pernatants were collected to assess cywkine production .lnd
cells were preserved for mRNA extraction.

d) For transmission electron microscopy examination. 4 x 106
macrophages cultured in polypropylene tubes under the
same conditions were treated during 24 h more with Cortisol
andfor DHEAand then fixed .lnd prepared for electron mi-
croscopy. In .lddition, infected cells were treated with mur-
.lmyldipeptide (MOP, Sigm.l Chemical Co.) for 24 h post-
infection for positive control of auroph.lgy.

2.4. RNA isolation, cDNA synthesis and real-rime PeR for cyrokines
gene expression

Total RNA was isolated by using RNeasy Minill Kit (Quiagen.
Carlsb.ad. CA. USA) according to the malluf<lClUre's recommenda-
tions. RNA pellets were dissolved in DEPCsterile Wolter and stored
at 80 C until analysis. RNA quantity w.as calculating by OD 260
spectrophotometry (NanoVuePlus Spectrophotometer. GE He.llth-
care. Linle Chalfont, UK). The integrity of the purified RNA was
determined by 2% agarose gel electrophoresis. cDNA was synthe-
sized from 5 ~g of total RNA using 200 U M-MLV reverse tran-
scriptase (USB Corporation. Cleveland. USA) and specific reverse
primers (TJble 1). Brieny, 5X M-MLVReaction Buffer, 0.4 mMdNTP
(Amersham Biosciences, Piscat.lway, NJ, USA); 21.5 U RNAasa in-
hibitor (RNAguard, Amersham Biosciences), 0.4 ~lMof each reverse
primer; 2 mM MgCI2 (Invitrogen, Camarillo. CA. USA) and DEPC
sterile water for 50 ~II of final volume. Retrotranscription
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Table 1
Rl"al Timt" nucleotide primer sequ(>ncf'.

Transcripts

TGI'-betal
IL-23a

Primer fOlWard

TACCfCAACCCGTGlTCCTC
CCCAACGACTCAGGGACAAC

Primer reverse

GCGAMGCCcrCAATITCCC
TGGCACTCACGCTTGGAATC

Size (pb)

224
222

NCBI reference sequence

NM_OOO66O.5
NM_016584.2

programmes consisted of 5 min at 65 C, 1 hat 40C followed by
enzyme inactivation at 95 C for 3 min eDNAwas stored at - BOC
until use it. qPCRwas performed with the ASI PRISM~ 7500 Real
Time peR System (Applied Biosystems. Foster City, CA.USA) using
10 !JI dilution 1/200 of eDNA. 0.4 JJM of each primer .lOd 25 JJI of
SYBRGreen peR Master Mix 2X at a final volume of 50 JJI.Thermal
cycling conditions were: 2 min at 50 DC, 10min at 95 -C followed by
45 peR cycles of denaturing at 95 C for lS S, annealing and elon-
gation at 60 C for 1 min. Fluorescence readings were performed on
annealing/elongation steps. Data were expressed as arbitrary units
-AU-. where 1 AU equals to 1 Jlg of standard mRNA 121l.

2.5. Cytokine detection

Cytokines 1L1-~. IL6, ILlO, TNF-'l: and soluble TNFR type I
(sTNFRI) were measured in culture supernatants employing
commercially available ELISAkits according to the instructions of
the manufacturer (BioLegend Company. CA. USA for 1L1-~. IL6.
IL10.TNF-'l: and R&DSystems. Inc. MN, USA for sTNFRI). Detection
limits were: 2.0 pglml for ILI-p; 4.0 pg/ml for 11.6;2.0 pg/ml for
ILlO, 2,0 pglml forTNF-. and 15,0 pg/ml for 5TNFRI.

2.6. Electron microscopy

Cells were prepared for transmission electron microscopy
(TEM) by pelleting the various cell preparations by centrifugation
for I min/6000 rpm. Cells were fixed in 1%glutaraldehyde dis-
solved in 0.1 M cacodylate buffer (pH 7); postfixed in 2%osmium
tetroxide; dehydrated with increasing concentrations of ethanol
and gradually infiltrated with Epon resin (Peko). Thin sections
were contrasted with uranyl acetate and lead citrate. In order to
confirm autophagosomes. the subcellular localization of its specific
marker LC3 protein was investigated by immunoelectronmicro-
scopy l:n I. Briefly, cells were fixed in 4% paraformaldehyde in
0.2 M Sorensen buffer; dehydrated with different concentrations of
ethylic alcohol and infiltrated with lR-White hydrosoluble resin
(London Resin Co., Hampshire, United Kingdom). Sections of 60 to
80 nm thick were placed on nickel grids. The grids were incubated
overnight at 4 °C with specific polyclonal rabbit anti-LC3 anti-
bodies. After rinsing with PBS. the grids were incubated for 2 h at
room temperature with goat anti-rabbit IgG (Sigma Chemical Co)
conjugated to 5-n01 gold panicles (Sigma Chemical Co) diluted
1:20 in PBS. The grids were contrasted with uranyl acetate (Elec-
tron Microscopy Sciences. Fort Washington. PAl and examined
with an M-lO Zeiss electron microscope (Karl Zeiss,jena Germany).
For morphometry. 30 cells from each condition were random
selected at day one of incubation with steroids and photographed
at 40.000x magnification. then the total number of phagosomes.
autophagosomes and Iysosomes were counted in each experi-
mental group. From the total number of these vacuolar structures,
the number and mean of autophagosomes was quantified and
compared among the groups.

2.7. Statistical analysis

There were 5 independent rounds of experiments. Data are
shown as means::l:: SEM. Statistical comparisons were performed by

the Kruskall-Wallis and Mann-Whitney U tests. Ap value <0.05 W,l<;

considered statistically significant except the morphometric study.
where the Student t test was used. A p < 0.05 was considen'd
statistically significant.

3. Results

3.1. Effects of steroid honnones on phagocytosis in cells infeered
\-\7th At tuberculosis

Adherent cells were infected with Mtb H37Rv at an infection
ratio of 5 bacteria/1 macrophage for 3 h and treated with Cortisol
(Gc) and/or DHEA. As depicted in Figure I. Cortisol decreased the
phagocytosis of Mtb while the phagocytic capacity of macrophagl.'<;
was increased by DHEAbut it was not significant. The combination
of Cortisol 10 6 M and DHEA at 10 6 M significantly reverted til("
Cortisol inhibitory effect.

32. Effects of steroid homlOnes on the intracellular-bacterial
growth of cells infeClf~d with M. C1Jbereulosis

After infection. cultures treated with Cortisol or DHEA showed
significant differences at Day O. where treatment with DHEA ,11

10 7 M resulted in increased CFUnumbers respect cultures exposl'd
to Mtb alone (Figure 2. panel A). The same was true whl'll
comparing cultures treated with Gc + DHEAvs. those only infected
with Mtb (Figure 2. panel A).

Considering culture timing. macrophages exposed to Mtb alollt'
showed an increase in the CFU numbers from day 1 to day 4 By
opposite. in cultures exposed to DHEA at 10 7 a trend to ,1

decreased bacterial low as time elapsed was found. but difference.,;
remained statistically insignificant (Figure 3 panel A). Assessmellt
at day 4 revealed that cultures treated with Gc -+ DHEA had
significantly reduced CFU numbers with reference to their UIl-

treated counterparts (Figure 2 panel C). Moreover. at day 4 there
was a significant CFU decrease (p < 0.01) respect to day 1 in the
cultures infected and treated with Gc + DHEA(Figurl' 3 panel B)

3.3. Effects of steroids homlOnes on cytokines and sTNFR release ill

cells jnfected ""rith M. C1Jberculosis H37Rv

Cells were incubated for 24 h in the presence or absence of
Cortisol (10 6 M) and/or DHEA (10-6 M or 10 7 M) befofl'
M. cuberculosis infection (MOl 5:1). In cultures left uninfeeted and
treated with hormones (Gc and/or DHEA). cytokines and sTNH~
were undetectable (data not shown). As shown in Figure S. Mtb-
infected cultures had increased amounts of TNF-'l:. sTNFR. Ill-I;
and IllO. Except for sTNFR levels. which were significantly higher
in Cortisol-treated cultures, this hormone decreased TNF-'l. Ill-I'
and IL-IO levels respect to infected cultures left without hormonL's
(Figure 4). In general terms. values in DHEA-treated culturl'S
remained within the range seen in cells exposed to Mtb (Figull' ).
Cultures treated with Gc - DHEA continued to show les",('r
amounts ofTNF-'1., ILl-~ and Ill0 together with higher quanti tics
ofsTNFR (Figure 4). Il6 levels were undetectable at this infection
time point.
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3.4. Effects of steroids honnones on cytokine gene expression in
(dis infected with M. tuberculosis

We next proceeded to analyze gene expression levels for a
couple of cywkines also relevant in the macroplldge response
,l~,linst pathogens. Dala from Figure (j revealed th,)( Mtb induced
thl' expression of TGF-j3 and IL23. with cortisol inhibiting the

expression of the latter cytokine. DHEA failed to reverse such
inhibitory effect. The pattern of IL23 expression in DHEA-treated
cullures was similar lO the one seen in M. tuberculosis-infected
cultures (Hgure 5 panel A). Infection with Mtb also led to a sig-
nifkant expression ofTGF-j\. although in this case treatment with
Cortisol and/or DHEA resuhed in no gross changes when compared
with infected cultures left without hormones (Figure 5 panel B).
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Fi,l:ure 6. Repfe'ienr.ltive electronmicroscopy .md immun(M'l«tronrn~CJpy microgrdphs from infe-cted mdcroph.JIges Incubated during 24h with ""drenal steroids. A) The
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••••,lh Gc 10 (, M + DHEA 107M (25,OOOX).

3.5. AutopflUgosome formation

Infected macrophages showed numerous cytoplasmic vacuoles.
like primary lysosomes. phagosomes and autophagosomes. These
I.llter orgimelles corresponded to mulrivesciculM structures in
WlliCh it was possible to recognize ph.lgosomes associated with

mitochondria. primary Iysosomes or endoplasmic reticulum vacu-
oles. Autophagosomes were confirmed by the detection of the
protein LC3 by immunoelectron microscopy an specific marker of
these structures (Figure 6).

The total number of Iysosomes. phagosomes and autophago-
SOllleswere assessed in 30 cells by experimental condition and the
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number of autophagosomes was compared with the total number
of cytoplasmic vacuoles. Control infected macrophages showed .1

mean of 13I 2 Jutophagosomes. A similar number was found
when dnalyzing infected macrophages incubated with cortisol.
whereas DHEA-tre,](ed macro phages displayed increased c1uto-

phagosome numbers, in 10 6 M and 107M concentrations.
respectively, p < 0.01 (Figure 7). Some of these cells show bi~er
phagosomes forming large conglomerates (Figure 6).

Respect to cells infected and treated with both hormones
(Gc + DHEA). the Cr 10 6 M + DHEA 10 6 M combination displayed
values similar to infeCled cultures without hormones. Unlike this.
Gc 10 6 M I DHEA 107M had a higher amount of autophago-
somes. some of them larger than those exhibited by infected
m.lcroph.lges without steroid hormones in the culture medium
(rlgur~ G). UninfeCled cells revealed no .lutophagosomes (d.l(<1not
shown).

4. Discusion

M.lcrophages engulf invading b.lcteria and kill them by rhe
inlr.lcellular degr.ld.ltion system. However. some species of mi-
croorganisms. including M. ruberculosis. have strategies for evading
intracellular degradation. These microorganisms can thrive in host
phagocytes. favoring the development of infectious disease 123,24).

As with all complex organisms. single biological systems r.lrely
work in isolation. There is extensive cross-t.llk between the immune
.lnd endocrine axis. together with the neural system, to form the
major communication net\vork in the body [25J. Cortisol is J

glucocorticoid hormone secreted by the adrenal gland and plays J

role in the stress response being also immunosuppressive ILIl].
DHEAand its sulphated precursor (DHEAS)have opposing actions to
cortisol .lnd may protect individuals from negative effects of <lging
and innammation. They are secreted from the adrenal cortex and, in
smaller amounts from testes and ovaries 1271. Confirming and
extending former obselVations we here obsclVed that cortisol has
an immunosuppressive/anti-innammatOlY effect given the
decreased production of IL-1p, TNF-'l: in cultures exposed to this
steroid. While, DHEAwas unable to modify the pattern of cytokine
production or to reverse the cortisol inhibitory effects: interestingly
the intra-macrophagic bacterial burden was found reduced by
DHEA treatment. This result adds further support to the beneficial
effen of DHEA seen in previous studies from our group and other
laboratories 113,14.28,29]. Studies during experimental lUberculosis

also proved a protective effect of androstenediol and DHEAwht'n
administrated for 3 weeks, which is coincident with the phase of
adrenal hyperplasia. Collectively, it follows that adrendl steroids <He
implicdted in the pathogenesis of tuberculosis 1101.

As reg.uels the hormonal effects on phagocytosis. while cortisol
decre.lsed such function DHEA seemed to increase it in cl dosl'-
dependent manner. It is known that Mtb surface proteins interarl
with different receptors from host cell surface to medi.lte invasion
beyond phagocyrosis: i.e..TolI-like receptors. mannose receprors.
scavenger receptors. surfdctdnt protein A and D receptors <1I1d
complement receptors I, 3 and 4131-33]. Whether DHEA is likelv
to modify receptor expressions and hence favoring Mtb entr\,
without phagocytosis, remains to be established.

In relation to the reduced intra-macrophagic bacterial burdell
seen in single DHEA-treated cultures such findings could not be
ascribed tOoldifferent cytokine pdltern. in terms of their production
or mRNA expression. suggesting that other mechanisms are .1l-

counting for the diminished bacterial load.
As regards to the mechanisms dealing with mycob.leten.ll

clearance. the induction of both apoptQ(ic and necrotic cell death
has been reported during the onset of tuberculosis in rVltb-infeclpd
macrophages. Necrotic cell death rncly cause dissemination (If
intracellular pathogens, from the site of infection. In contrast.
apoptotic cell death is accompanied by complete pack.lging of Illr
pathogens within apoptotic bodies, which are immediately engul-
fed by neighboring phagocytes [34 381. Added to it, autophdgy 11.1"
also been implicated in several physiological processes, with per-
turbations in the autophagy phenomenon being .lssociated to
different discases including the infectious ones (39 411. Vcsiclc
expansion and formation of autophagosomes is controlled by two
ubiQUltin-1ike conjugation processes: the Atg 12-Atg5~Atg 16L1
complex formation. and [he conjugation of Atg8/LC3 to phosph.1-
tidylethanol.lmine. Finally, the newly formed autophagosomes fu"("
with Iysosomes ill a process that requires recruitment of the sm,lll
GTPase Rab71.n 44]. Studies have demonstrated that stimulation
of autophagy suppressed the intracellular survival of Mtb in virrn.
Upon infection of macrophages. Mtb block phagosome maturation
in order to sUlVive but induction of autoph.lgy facilit,lIes
phagosome-lysosome fusion and degradation of pathogen [ . In
our hands, a lower dose of DHEA promoted autophagy in M[h-
infected macrophages, regardless of cortisol. suggesting that the
CFU decrease from 1-4 days may be achieved through thtS
mechanism.
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Figurt> 7. Effrrt~ of ~trroid honnon~ on autoph.agosomr formation in cell~ inf«ted with ,'f. rulwrrulosis H37Rv, Cells were incubJted for 24 h in Ihl' presence or Jb\t"Il(l 1'[

Cortisol (10 6 \1) ,mdjor DHEA (106M or 10 7 M) before Mtb infection (MOl 5: I]. QUJntificJtion of autophJll:o~ome numbers IS reprro;enred In Ihe graph. Valm's correspontl I )
meJns ~ SEM (n 30 cells). Mtb: M tuberculOSIS: Gc: Cortisol 10 61<.1:DHEA: DHF.A 10 6 M or 10 7 M.
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In conclusion, DHEA in physiological conditions (that is in
pH,'sence of cortisol) leads to autophagy induction and hence a
better rv1tbcontrol. These results sound interesting since autophagy
i••not only import,lIlt for bacterial clearance but also for the pre-
wlltian of tissue damage 145], Wst but not least, present results add
support to the use of DHEA as an adjuvant therapy for TB.
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The sodium coupled neurral amino acid transporter 2 (SNAT2,:SAT2,'ATA2)is expresst'd in rhe mamm.l1"V mel
(MG) and plays an important role in the uptake of .1lanine and glutamine which are the most abund.ml ,I mil
acids rransporte-d into this tissue during lactdtioll. Thus. the dim of this study was to asst'ss rhe dffiOl1llt.mel '1\..11-
il.ltion ofSNAT2 bl'fore delivl'ry and durin~ Idetation in rat MG.•.md to eVdlu.l\e whether prol,lCtin .md ttl(' (11IM\
protein cdrbohydrate ratio mighl influl'ncr SNAT2exprl'<;<;ionin the MG, liver dnd adipose ti<;Sll£'c.lurin~ t,1

tion, Our results showed th.ll SNAT2protein .1bundancc in thc MG in(]"e.m"d during 1,1ctatiOIl.1nd rhis In, <1<;(
was mainrdined along this prriod, while 24 h <lfterweaning it tended to decrea<;{'.To stud~' the effect nl pl'(,ll\ [Ill
on SNAT2expression, we incubated MG explants or 147D I-ells transfE"Ctedwith the Sl\iAT2promott'r wuh pro-
lactin. and we observed in both studies an incf(>J.St"in the SNAT2expression or promott'T .Ktivity. Comlllll )1111n

of d high-protein, low carbohydrate-diet incre,l'i€'d proldc1in concentration, with a concomiLlnt iJl(reaS(' III""",4, 12
expression nm only in ttl("M(, during ldrlarion, but dlso in fhe liver dnd .l(lipOSl'rissUt'. TheT{'WilS il CtJITe' lIflll
between SNAT2expression and serum prol.11.tinlevels delwnding on thl' amount afdier.lTY prolein:{'drhoh\( .'It'
ratio consumed. These findings suggest Ihat prolacrin actively supportS 1.1ct.ationprovidlllg .amino .Kids I, IhI'
gland through SNAT2 for the synthesis of milk proteins.

It> 2015 Elsevirr RV All righl~ l'~l l'ci

1. Inrroduction

l.J.ctation is a physiological process necessary to provide all nutrients
to the newborns, This process is fundamental for all mammals, and it re-
quires large amounts of building block substrates for the synrhesis of
protems. triglycerides and lactose among others for the milk synthesis.
Thus. circulating .lmino acids from the mother are .lctively t.1ken up

Ahhrt'\'lations: RSA.b"vine Sf'curn .llbul'lln; cAMP, ryrlic ,l(If'llO'>inf'monopl1osphdlr:
CRF,l"AMr rf'Spunsr f'1(>l1wnl:DAB,l1i.lmlnohf"nzlClinr: Eel rnh.mced c:l1rmilumint"s •...enl"t.:
IlrRTl, hypoXdnthine phusphuribusyl trdl1>fl'raSf" I: 11PR.horseradish pc:'wxidd,f": j.IK2.
j.lIlll~ kmase 2: MAI'K, rnirogen-arli\l.ltPd protein kinase": MeAlB, me(h)'lalHlI1()iwburyrlc
.Ifill: MG. m.amffiilry gland: MMLV, Molol1f"Ymurllll" 1f'llkl"mid viru~: PAS, phosph,ITe-
buffered s.alinr: PI3K,phosphdtidyhoosllOl-4.5-bisphosphJle J-kmaS("; I'KA.protein kll\"l'£"
A: I'KH,protCln kinaS(" II: PVDF.polyvinyhd0nedlfluorlCle; RIA,radioimmuno.lSSdY: RII'A,
radlo-immunopredpllation asSdY; RT-I'CR, real timc polymerasl'chain rC,l(uon: SNAT2,
sodlum-coupled Jleulrdl amino Jcid Ir.1nspol1er 2: STArS, signdl trdns.ducer and dcllVJtor
ofrrdnSl.Tiprion 5: TBS,Tns-buffered s..lhne
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for protein synthesis. It h,lS been evidenced that durin~ the l.let,U1oll pc-
riod the most abund.lnt ,lmino acids transported into the 1ll.101m.lry
gland are al,mine- and glut.amine III Jnd are partirularly import.wI III
regul.lting the amino acid intracellular pool. 5pt'cificcllly, glutJllllne i••
an efflux substrclte for other amino acid transporters like the ,1ll1lno
,lCid hereroexchanger system L (LAn). facilit<1ting the upt.lkl of
br.lnched-chain amino .lcids. p,1rticul.lr1y leucine that .lctiv.1t('\ tIll'
TOR pathw.1y involVC'd in protein synthesis 12.31.

These amino acids, .llanine and glutamine. as well as other \lll.l11
neutral amino acids are Ill.linly transported across membranes thl f 'llgh
Sysrem A which is comprised by three subtypes known as SNAT~ \I1dl-
urn-coupled neutr,ll amino acid transporters) I. 2 and 4141. HOWL '('I.
SNAT2, which represents rhe classical characteristics of Syslelll \. I'>
widely expressed in mammalian cells and is N<l -depend en 1 [
Additionally, SNAT2 is regulated by environmental conditions, prl'lrtl'l'-
ative stimuli. developmental changes. ,md hormonal signals 181.

Several studies showed that the m<lmmary gl.lnds possess rh.ll.I, It'l'-
istics of System A .lctivity 19,101, determined by using the 1'lIn~
metabolizable analog MeAlS. In addition, SNAT2 in the m,Hllll1.1ry
gl.lnd shows a unique characteristic of this tran\port system obsl'lved
in other cell types 'called adaptive reguldtion 1111.

http://www.elsevier.comllocatefbbamem
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.•.•ever.'l hormone's plilYan important role in the reguldtion ofSNAT2
grn,' expression ill the mammary gland. There is evidencE' during gesta-
tion ()fall increase ill the SNAT2 mRNA abundance in this [issue that is
"S~('l i<lted with concomitant changes in serum estradiol levels [12).
Kt'l ('111 IV. It has been demonstrated that upregulJtion ofSNAT2 gene ex-
prc'''lon durin,!?;ge<;tation i" mediated by the estrogen receptor ('t bound
(0 IIll' roactiv.1tor glycE'f,lIdehyde 3-phosphate dehydrogenase that spe-
l ifil .llly binds to an estrogen resJX)nse element found in the SNAT2 gene
IHolllurer 1131. Interestingly. we have evidence that after gestation,
IIll"" is ,1st"fOnd incre.lse ofSNAT2 mRNA that reaches its maximal in
lilt' IJt'ak of 1,1ctJtion in the mammary gland 112].There is prelimin,uy
ev;dt'l1c{>tl1,llsuggests that prolactin could be responsible for the main-
1C'lldIlct".md regulation of tl1is J.mino acid transporter during IM.talion,
hU\'d.'vcf this has not been established.

['Iolaltin is a single polypeptide with d molecular weight of23 kDa
lh,ll 1\ produced 1I11hepituitary glJ.nd 114).This hormone is secreted
Will ,1 pulSJtile p.mern during this physiologic<ll st<lge(15). Prol.lctin
1M'>\.voreceptor isofonns, a long- and a short-isofonn (16). Interesting-
IV. ( It' mammary gland during lactation mainly expresses the long-
1\01,'I IIIwhich activau's several signaling pathways. particularly those
invl,lvingJAK2..STAT5.PI3K;PKBand MAPK114).lt is known that prolac-
tm h ll1volved in the at1ivation of the expression of several genes that
Include the I\-casein gl'ne to synthesize one of the most abundant pro-
1C'llh in milk via the SlATS transcription f<lctor (17J. Therefort>. in
ordf' 10suslain an elevated rate of milk protein synthesis. the supply
of 1.1Igc..HnOUmsof amino acids is necessary. There is evidence that
rhe expression of several amino acid transporters is up-regulated during
1.1('I"llon.including SNAT2[lH-201.

Itl!l:'rrslingly, It has been demonstrated that inrub..1tionof m<1Jnmary
~1.lIld ex plants with prolactin increases the uptake of amino acids
1l'.11l'ported via System A (21]. However, therl' are no studies that
h.1V,'est<lblished whether prolactin in fact increases the expression of
<';NAI'Lin the mdffiffiary gland.

f\loreover. it has been demonstrated that the circulating levels of
pru1-l[[in ,1redependent on the amount of dietary protein consumed.
TIl(' lower the amount of protem, the lower the concentration of
\l'['I11l1prolactin 122J.As a result there is a decrease in milk production
[hal is reflected in the growth pattern of [he pups. It is important to
<;lull',! whether the ch<mges in the dietary protein/carbohydrate ratio
ma\ <lITl'({the expression ofSNAT2 not only ill the mammary gland
blJl ,llso in other tissues such as the adipose tissue and livrr. It has
bl'en demonstrated that the prolactin receptor is present in these tis-
'>Llt"',,lnlOng others (23-27]. However. there is 110knowledge whether
(Illl ng lactation the SNAT2 gene is regulatt>d in a similar fashion ill
tlw',' tissues compared with the milmmary gland.

Ihrrefore. the aim of the present work was to demonstrate if there
,He( llanges in SNAT2protem abundance befort>delivery and during lac-
1.1IH.n.to srudy if prolactin was able to incre<lsethe expression and pro-
Ino(el' activity of SNAT2in mammary gland explants and T47D cells and
tin.llly. to est,lblish whether the dietary protein,'cJrbohydrate ratio mdY
Il1nlH'nCeSL'rum prol<lCtin levels and SNAT2 gene expression in the
Illalllln.ll)' gland. liver and adipose tissue.

2. Materials and methods

r Ilt' experimental design and procedures of this study were
revlt'wed and approved by the Ammal Care Committee of the Instituto
\J.lt 1(lnalde Ciencias Medicas y Nutrici6n. Mexico. in accordance with
[ht' Intl'rnational guidelines for the lise of animals in research.

1./. \mmals

11m study was divided into two independent studies in order 10
,Khll'W the objectives described.

2.1.1. Snldy I
This study was designed to determine the change in SNAT2gene ex-

pression during late gestation .md lactation. Female Wistar rats
weighing 200-250 g were obtained from the animal research facility
at the Instituto Nacional de Ciencias Medicas y Nutriei6n. The animals
were housed in individual st<linle<;ssteel C.lgesat 21 "Cwith a 12: 12 h
light-dark cycle. The anim<lls were dllowed free access to water ,lIld
chow diet. Gestational age was determined by vaginal smear to detect
spennatozoa. MammaI)l gland explants were obtained as previously re-
ported Ill] from pregnant rats at <Lay20, lactating fats at days 5. 12,and
18. or weaning (rats 21 days postpartum separated from their pups for
24 h). After normal pregnancy and delivery. tile litter size was adjusted
to 8 pups/dam. Five rats per group were used.

2.12. Sllldy 2
This study was designed lo determine if dietary protein modifies

SNAT2prorein abundance during late gestation and l<lctation. The rat
strain, the nldinten<lnce thereof. and the gestational age determination
were thl' SJme as study 1. The animals were allowed free access to
water ,lIld to a low-prole'in:high-carbohydrate (10/73%), normal-
protein,lnormal-carbohydrare (20/63%) or high-proteinilow-carbohy-
drate (30;53%) diets. according to the American Institute of Nutrition
(AIN93) lab rodent diet recommendations 1281.The adipose tissue.
liver and mammary gland were obtained from pregnant rats on ddY
20. or rats that hdd been lactating for 5 alld 12 d.lYS.After delivery, til('
litter size was adjusted to 8 pups1dam. Five rdrs per group were used.
The food intake of the dams was recorded daily. and the dams and
pups were weighed every other day.

22. Qualltilalive real-rime PCR

Total RNA was extracted from the rnamm,lfy gland by rhe
guanidinium thiocyanate-cesium chloride method as previously de-
scribed 1121.The RNAconcentration was measured using a NanoDrop
spectrophotometer 1000 (NO-WOO: Thermo Scientific. Wilmington.
De, USA). RNAintegrity w.as corroborated by visualizing the 28S and
18S ribosom<ll subunits in a 1%(w/V) agdrose gel and quality was
assessed with the 260/280 nm ratio a!>sorb..lnc('of 2.0. RNA(3 jJg) was
reverse-transcribed to eDNAby the use of Moloney murine leukemia
virus (MMl.V) reverse transcriptase (Invitrogen). For the real-time PCR
analyses, 300 ng of cDNAwas used in ,1final reaction volume of 10 pJ
per reaction. Predesigned TaqMan assay (Applied Biosystems. Foster
City.CA.USA)probes for sodium-coupled neutral amino acid transport-
erSNAT2 (Rn0071042Lml) and HPRTl (hypoxanthine phospholibosyl
transferase I) (Rn01527840_ml) were used. RT~PCRwas performed
using the following peR amplification conditions: denaturation for
5 min at 95 cC,,lIlnea1ing for 1 min at 56.2 "(, extension for 1.30 min
at 72 °Cfor 34 cycles; and final extension for 7 min .at72 "(, The amp li-
fic.llion and detection of specific products was performed with the ABl
PRISM7000 (Applied Biosystems). The mRNA level of the SNAT2was
normalized to the HPRT1 gene. HPRT1was used as a housekeeping
gene since cyclophilin or ~.I,-actinshowed gre.lt variation among sam-
ples. The relative amount ofmRNAwas c.llcul,lte<1using the compara-
tive cr method (User Bulletin no. 2: PE Applied Biosystems).

23. Westem blot

Proteins were extracted from the mammary gland, liver and adipose
tissue using RIPA(radio-immunoprecipitJtion assay) lysis buffer con-
taining the following: 50 mmolll Tris-HCI, pH 7.4. 150 mmotl NJCI.
1%NP40, 0.25%Na-<ienxycholate. ~Uld1mmol;1 PMSF.We added a I )(
Roche mini complete proteaSE'mixture. The protein concentration was
measured in duplicate using the Lowry method. Before being loaded,
(he samples were prepared b}' mixing 40 pg of protein with La:emmli
buffer in a 1:I ratio Jnd heated at 80°C for 5 min.
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The proteins were separated by electrophoresis on a polyacrylamide

gel (8% viv). and transferred 01110a polyvinylidene difluoride (PVOF)
membrane (Amersham GE Healtllcare). For gel electrophuresis and
semi-dry transfer. we used a Tris/glycine buffer. After transfer, the
membranes were blocked with 5%l w/v) non~fat milk blocking solution
wllh 1•..TTis-butTered s.lline (TBS) ,1nd0.1% Tween 20 for 1 h. The mem-
br,1I1eswere incubated overnight af 4 O( with the different primary .111-
tibodies as follows: SNAT2 (S.:mtd Cruz Biotechnology. s(-166366.
1:800). and I},~actin (Sanra Cruz Biotechnology. sc-1615. 1: lOOO),
which were diluted in T8S. 5% (w;v) non-fat milk and 0.1%Tween 20.
We used different second.:u)' HRP (horseradish peroxidase) colljl1~at('d
antibodies as follows: anti-mouse IgG-HRP (.5.lnta Cruz Biolt"chnology.
sc-2005, 1:3500) and anti-goat IgG-HRP (Sant<1Cruz Biotechnology.
sc-2768. I :3500) diluted in 18S. 5% (w/v) non-fat milk and 0.1%
Tween 20. The chemiluminescencl' produced was measured using the
Amersham EnhJ.l1ced Chemiluminescence (ECl) detection reagenls by
exposure to X-ray film.

2.4. Jmnlllllohistochemistry

For rhe immunohistochemistry examination. rat mammary gland
was obtained from pregnant r.lts at day 20, or lactating rats at 5 and
12 days. Before staining. tissue sections were immersed in 10% (v:v)
hydrogen peroxide (Hl0:.d/lllethanol for 15 min. washed in two
ch,mges of distilled water (2)( 5 min) and deparaffinized throu~h
xylene and differen( perCent.lges of ethanol (100, 95. and 70%
twice). Sections W('fC rinscd in phosph.He-buffered saline (PBS),
pll 7.4. and blocked for 10 min in 3% (v/v) bovine serum albumin
(RSA) in PBS. The primary antibody used was mouse polyclonal
affimty-purified IgG anti-SNAT2 or 0.1 MPBS instead of primary anti-
bodies for negative controls. Primary antibodies wrre incub.lIed
overnight for 18 h at 4 -COConventional immunohistochemistry
WolS performed using a biotinylafed goat anti-mouse secondary anti-
body. After extensive w,lsh using PBS. the color reaction was devel-
oped with diaminobenzidine (DAB: Sigma-Aldrich) in PBS ,md 30'1;
(v'v) Hl02 for about 10 min. Slides were washed with deionized
water, air-dried. and counterstainec!.

2.5. Preparation of marwllary tisslle explalllS

Mdmmary tissue explants were prepared as described previously
[111. Briefly. rars were .1nesthetized and the mammary gland was im-
Illediately removed and placed at 37"C in 30 ml of Krebs-Ringer bi-
carbonate buffer. pH 7.4, equilibrdted with 95% OrS% COL .md
contained the following (in mmolil): 141 NaC!. 5.6 KC1. 3.0 C1Cl:t..
1.4 KH2P04• 1.4 MgS04• 24.6 NaHCOj• Jnd 11 glucose. After the rl'-
moval of Ihe connective tissue. Ihe m.lmmary tissue was diced into
2- to 5-mg explants. Thr tissue explants werr rinsed repeatcdly
with buffer at 37 ~Cprior to ass.1Y.The explants were incuba(cd in
the presence of 0.25,250 or 2500 ng,'1ll1 of prol<lctin for 1 h. Sub,>e-
C]uently. (he mammary tissue was used to determine (he SNAT2
gem' expression by quantit.lIive real-time PCR and western bioi
techniques as mentioned above.

2.6. Trans/emon and reporter ~{'ne assays

Human T47D mdmmary gl.lIld ductal carcinoma cells that express
the prolactin receptor were grown in RPMI (Roswell Park f\,lemorialln-
Sfltutc) medium supplemented with 5%fetal bovine serum.l-glulamill{,
(2 mM). penicillin ( 100 U/rnl). and streptomycin (100 IJglml) dt 37 ~Cin
.l 5%COl incub.1tor. The p-SNAT2 promoter (- 1872 to + 265 bp) COI1-
struct was inserted in the pGU basic vector (Promega. fitchburg. WI.
USA). which contained a luciferdse reporter gene. T47D cells (150.000
cells:well) were plarl'd in 12-well plates in RPMI medium. supplemenl-
ed with 5% fetal bovine serum (fBS) 24 h bl'fore transfection. Transient
transfection on Human T47D cells Wd'>performed with 0.25 )..!gofthe p-

SNAT2 luciferase reporter gene construct and 0.01 )..!gof pRI.-TK RcI 111,1
expression vector (Prol11egd. Fitchburg, WI. USA). used as ,111Inll 11.11
control to normalize tIle trJnsfecrion efficiency, using the l'olvlvct
(Qi,lgen) reagent ,lCcording to the manufacturer's instructions. "tl'l
transfection. the cells were inrub.1ted with different COllcentr,1tlo h 01
prola((in (2. 20. 200. 2000 or 20.000 ng ..ml) or WIthout prol.ll un
referred as control. [ucifer.lse activity was measured.1s reldtiw h -hI
units with a Veritas micropld(e luminometer (Turner Biosvstl 11'0.

Sunnyvale. CAl. Each transfection was performed in triplil.lI~. ntl
three independrnt experiments were performed for l'.:lch constnl(

2.7. Serum prolauin quantificalion

Prolactin derenninJtions were done in duplicate by specific r.llil 1111-
munoassay (RIA) using reagents and protocols provided by tIll' Naill 'IMI
Hormone and Peptide Program (Torrance, CA 90509. USA). The 1'1'\ 111\
are expressed in terms of th(' international reference standard Nlil )K
rPRl-RP-3. The coefficients of variation intra- and inter,l~s.lY \\'('1" K7
and 14.1. respectively. All s.lmples were dllaiyzed together 10{'tim 11,1Ie
interassay variability.

2.8. Statistical analysis

The results are reported as the means :-t: SEM and gene expr('\ Ion
data were tested using a I-way and 2-way ANOVA. and signific.lJlt dif-
ferences among groups were analyzed by 80nferroni adjustllll'l1h Illl'
linear regression method was used to an,llyze correlations. Difft'1"l 11\ l'~
were considered significallt .1t P 0.05.

3. Results

3.1. Protein expression aISNArl in the mammary gland during .geSlu rOil

and lactation

The western blot all,llySlS revealed that SNAT2 protein abulld.1I1( (. In
(he mammary gland incre,lsed during laetdtion. From deli •.•.ery until d.W
5 of lactation. there W,lS Jll increase of about 11.7-fold. and thi\ ••.',l~
maintained until the p('ak of I,Ktation (days 12 and 18). Ntl'l 1.h
w<,.lIling SNAT2 protein tended to decrease however it did not 1'('.1(1' 1,1
tislical significance (Fig. 1A, B). To detennine the ceHul.n IOC.lli/,1l11not
SI\AT2. immunohistochemislry was performed in the mammary ,gl.1nd
from pregnant, lactating and weaning relts. The mammary gl,1I1t1! Jm
rdts Jfter delivery showed ,1poor SNAT2 immunostaining (Fig. 1l In
contrast, at days 5 and 12 of l,lCtation (Fig. 1D. E respectively) .1st I lng
SNAT2 immunostaining was seen in alveoldrcells. while duringwl'.lling
a decrease of immunoreactivity was observed (Fig. 1F). The<;e rl'\lIlh
well correlated with the expression of SNAT2 protein stwlircl '.':nh
western blot (Fig. IA. B).

32. EffeCl ofprolaetin 011 rile express/on of.SNA12

Prolartin stimulatt'd SNAT2 mRNA and protein abunclancr in m,11l14

mary gland explants.lncub..ttion of explants with 25 ng, 1111for 6 h <;1 I f-
icantiy stimulated SNAT2 concentration by approxinl.ltel~' 24' lllc1
with 250 ng;ml the increment in the protein abund.mce W,l<:',1)nlll
49%. Further increase in thl' concentration of prolactlll did nol 11,1\ ,m
additional stimulalion III the SNAT2 protein concentration (h~. "2,\

We then performed a time course analysis to .lssess the effect 01 ll()-
lactin on the expression of SNi\T2 in mammary gland explallts, ro, 1 hi.;
study we added 250 ng'ml of prolactin to the expldllts. Our d.lt.l (1\ lrl~
showed that pml.lctin W,lS,1ble10sigmficantlv stmmlate SNA 1'2l'X ('<:,-

sion in mamrnal)' gland c'xplants, and this response initiated.1I .It lUt
6 h of incubation reachin~ the maximal response after 8 h of inmb, lion
by approximately 4.5-fold. Theil. after 10 h of incub.ltion we nbs(,l"'.. ,I ,1

sharp decrease in [he exprcssion of this transporter (Fig. 2B
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In ,lddltioll.lucifer<lse reporter gene assays in T47D cells using the
')N!\ 12 promoter region showed a significant increase in the luciferase
,letl Ity after Illcubdting with 20, 200, 2000 and 20,000 ng:ml compared
10 r ll' control wIthout prolactin stimulus. The maximum effect was ob-
'>t'I".L'dwith 200 ng:ml concentration having a two-fold increase in the
~NA L.! promoler activity (Fig. 2C). These results demonstrate that pro-
I.K! 11 is able to activate SNAT2 transcription", vitro.

1.3 I ]felt uf the dietary protein/carbohydrate ratio ill tlie diet Oil the
t'Xl"t'ssion oIS,~12

3.4. Prolactin conccnlTatioll during lactation increused as the dietary
protem/carbohydrate ratio increased and correlared wirh SNA12 expressioIl

To determine whether the increase in SNAT2 expression was associ-
.lIed with dn increase-III prolactin concentration as a consequence orlhe
dietary proteill:carbohydrate ratio. we measured serum prolactin cun-
centration durin~ lactalion. We obserwd that serum prolactm levris in-
creased as dietary protein/carbohydrate ratio increased during lactation
(Fig. 3D). Interestingly. we found a significant correlation between
SNAT2 protein concentralion and serum prolactin levels (r2 = 0.9854.
0.8935 and 0.9177 in the mammary gland. adipose tissue and liver re-
spectively) on day 12 of ldctatioll (Fig. 4A-C).

I,) determine whether the supply of the amino acid,'carbohydrate
:,ttt'l provided by the consumption of different amounts of dietary pro-
tL'1ll (ould nlodify SNAT2 expression after deli vel)' and during lactation
n d l1Ierent tissues (nlammary gland, liver and white adipose tissue),

we measured the expression of the SNAT2 protein abundance in these
us,>ues from rats fed with a low-protein/high-carbohydrate (10/73%).
or ,1 lOrlll,ll-protl?in,lnormal-carbohydrate (20/63%) or a high-proteinl
lov"-l.Hbohydrate (30:53%) diet. We observed thilt SNAT2 was
l'Xp <'<;~l'dill the mammal)' gland. as well as in the white adipose tissue
,md liver as has been previously reporred (291. In thl' m<mllllJlY gland
we IOIJlld Ihe same SNAT2 protein abundance just before delivery inde-
pClll1('ntly of the amount of dierary protein/carbohydrate ratio
lOINIllled. Interestingly. during the lactation period SNAT2 protein
,11)ullc1ance increased as the dietary protein.:carbohydrate ratio in-
"re.l-.ed, particularly on days 5 and 12 of lactation (Fig. 3A).

II the liver ilod adipose tissue we observl'<1d dilTerel1r expression
path rn depending on the dietal)' protein/c,lrbohydrate ratio before de-
li\'t V. Rats fed with a high-protein.:low-carbohydrate (30/53%) diet
<;hO\\t'd.1 signific<lIlt increase in the SNAT2 protein abundance, in COI1-

tr,l'> with the results observed in the m.lmmary gland. However, during
l.H I,ll ion. SNAI2 protein expression followed a similar trem!lhall the
Ob,>,'lved in the mJmmJry gland with .1 significant increJse of the
"iN!\ 12 prolein dependin~ on Ihe dietary protein carbohydratE' ratio
Fi ~B.C).

4. Discussion

Amino acids are essential nutrients for protem synthesis and olher
metabolic functions. Particularly. during the lacration period there is a
sharp increase in the amino acid requirements to support the milk pro-
tein synthesis in the mammary gland. Amino acids are captured into the
cells by amino acid transporters, which play an import.lIlt role in this
physiological period 10 supply the amount of amino acids required. In
Olll" study we showed that the expression of SNAT2, olle of the most
abundant amino acid transporters. was regulated in the mammary
gland by prolactin stimuli as well as by the diet<u'Yprotein/carbohydrate
ratio during lactation.

We observed an increase of the SNAT2 protein abundance in the
mammary gland on day 5 of lactation. It is known [hilt prolactin rapidly
rises in the first days of lactation as we also demonslrated by measuring
the serum levels of this hormone; therefore prolactin could contribute
to the up-regulation of SNAr2 protein .lbundilnce. In f,lCt. we •.llso
showed that prolactin Cdn regulate till' expression of this transporter
in Ill.lmlll.lry gland explants by incub.lting the tissue in the presence
of physiological levels reacht'd by this hormone during the lactation pe-
riod.1t l<;j importam to discuss that in this study, we dended to use mam-
m<lry gland explanrs frolll lactdting rats because they are mainly
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conformed by epithelial cells, in comparison to non-Iactat ing mammary
glands which have a considerable dnlOllt1tof adipose tissue. However.
the effect of exogenous prolactin in this experiment could be
misinterprNffi by using already lactating dams that havf"been stimulat-
ed in vim by the endogenous increase of this hormone. To clarify the ef-
fect of prolddin in SNAT2exprf"ssion we perfomH:,d additional in vitro
studies in T470 cells using the promoter region of this gene, dnd incu-
bating the cells in the presence or .lbsence of prolactin. Our results dem-
onstrated that physiological levels during lactation of this hormolle
were able to signitk.mtly increase SNAT2promoter activity in T470
cell line.

Vind dnd colleagues r('poned arteriovenous chimges of amino ,Kids
across the JnJmm.lfY gland. and that prolactin can regulate the amino
.Kid uptake by this tissue. Interestingly they observed a decrease in
the uptake of the SNAT2substrates, specially alanine and glutiHl1int:'
by adding the prol,1ctin inhibItor bromocriptine ,1). Our d.1ta as well
as thosE' observed by other authors suggest th.lt the acrivity of SNAT2

muld be stimul.lled by prol.Klin during the first days of I,Kt.HHlllill
[he mammary gland.

Interestingly, the SNAT2protein abundance ill the mammary gl.llld
on day 12 of lactation, which corresponds to the maximal pe,lk 011'1111.-
production in the rar. was dependent on the dietary protein ,[drl)l 'ily
drJtc ratio consumed. It has been explored whether the amount 01 die-
tary protein could affect the levels of circulating proldrtin. r..•.loretto t'l ell.
clearly demonstrdted that in fdct when rats consumed a low plOtcin
diet, the concentration of serum prolactin was significantly redtlr'l.d
(221. Our results ,llso demonstrated that the dietary protein l"lfhlolW-
drate ratio innucnces the serum prolactin concentration. Thl<; tnay
imply that the reduction of prolactin decreases SNAT2expre"slot' or
th.11the dietary protein:'r,lfbohydrJte rJtio C,1I1directly mo<1ul,l!l'the
expression of this gene possibly via cAMP,as has been repol1ed in lh('
liver [301.Further studies .lfe needed to dissect {his mcchan;~1ll

Interestingly, the mech,1t1isms involved in the regul.llion of SNAT1
expression in the mamtll.lfY gland during gest,ltion and lact,ltlOI1.HC'
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Ad 1r,ll A. lTl.lmlllJry glJlld. B) Jdlpose tissue .md C) liver: .md 0) prolactin serum level~ during gt'sl.ation d.ay 20 Jnd lau,llion ddYS5 and 1201 r,m kd d low.prolt'lO 111gh-l.:.:arbohy-
h,lt 10:73 ,llorrnJI-prol~.iJ1:'1I0rmd].(drboh~'dral{' (20 63%). or hlgh-prOll'm low-CJrbohydral{' (30 53%) dit'l. VJlue. ,Hl' Ih{' medII :t SF.\1 ofchr{"t.' dliTl'rl'nl blots. n = 5. or DOS,

JU1, I' O,OOl.0Itft'['{'ntle1!l.'rsdiffer:d b C d.P 0.05.

11(11 vsteinlc. Thl' SNAT2protein abundance followed a different pattem
(Jf l'xl.Jrl"sslonin the liver and adipose tissue with respect to the mam-
1ll,11 \ ~1.ll1ddllril1~ the last d.lYof gestation. Before delivery, the expres-
<;101 Jf this transporter was not modified in the mamm.uy gland due to
[l1e(Iletal)' protein,:carbohydrate ratio consumed, whereas during l.1ct.1-
lioll Ihere wal> an increase in SNAT2expression that was dependent on
tIll" I ,Hiu, It i~known, that during lactation rats increase their food in-
t.lk( !lY300% 131321. Therefore, the supply of amino acids is significant-
ly j IlTeased when raLSconsumed a high protein diet as has been
pr(' lously reported 1331. It has been demonstrated that an increase in
[he lmount of dietary protein, stimulates the serum glucagon levels.
whit h in !lim upregulates Ihe expression of SNAT2 via PKA in the
itVC'1 sinn" the SNAf2 promoter gene contains a cAMP response ele-
mon' (eRE) at -48 bp (301.

()11 fIll' otller hand, senJm prolactin levels. modulated by the dietary
Proll'lI1 carbohydrate ratio, can directly regulate the expression of this
tr,m"'pOrler by ,Ktivating its classical p,lthway mediatrd by {he prolactin
en llor not only in the mamrn.1ry gl.md but .lIsa in other tissues such
,\S tilt' liver and adipose tissue. The long foml of the proldctin receptor
I~ l'''pressed in the liver and adipose tissue [34,35J .•111<1prolactin plays
Impl!rtant roles in these orgdns during !,lCtation. Moreno-(,uranza
1lHIfOllea~ul's demollstrated that prol,Ktin promotes hepatic c('11

proliferation and sUlVival,especially in neonates and lactating female
rodents [361. In these stages, SNAT2amino acid transporter regulated
by this hormone could be involved in this process. In the adipose tissue
it is known (hat prolactin receptor is increased during lactation and dif.
fcrentiation, dnd th.It prolactin favors the adipogenesis process [37).
During the lactation period prolactin decreases lipogenesis ,lnd glucose
uptake in the adipose tissue favonng the contribution of energy sub-
strates to the mJmmary gland [38). Further snJdies .Ire needed to iden-
tify possible prolactin response elements in the SNAT2~ene to elucidate
the molecular ml"Chanismby which this hormone regulates its expres-
sion during lactation, In silica analysis revealed that the SNAT2promoter
contains a putdtive STAT3response element that could be involved in
the induction of this gene, We are conducting studies to understand
the possible molecular mechanism by which prolactin stimulates thl'
transcription of SNAT2and its implicalion in sf'veraltissues during the
lactation period.

S. Conclusion

The mammary gland during the lactation period requires an active
uptake of amino adds to support the newborn needs. Our results sug-
gest that prol,Ktin detively supports lac[atlon by providing drnino
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30,51%' dll't.

<Kids into the mammary epithelium through the activation of the ex-
pression of amino acid transporters. pc'lfticularly SNArl, for the synthe-
sis of nulk proteins. The dietary protein/c.1rbohydrate ratio consumed
also influenced SNAT2 abundance and correlated with serum proldctin
levels not only in rhe mdmm,HY gl,lnd, but ,lisa in the liver and ,ldipose
tissul' indIcating a new way of regulation of this amino acid trallsportl'r
expression.
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Abstract The potential of C-phycocyanin (C-PC) to
prevent cisplatin (CP)-induced kidnt"y mitnchondrial dy"-
function was delennined in CD-I male mice. The eP-in-
duced mitm,:hondrial dysfunction was charactcri/cd oy
ultraslrtlctural ahnormalitics and hy UC{;fcasc in thc fol-
lowing paramctcr ..• in isolated kidney mitochondri.l: ade-
nosine dipho"phate (ADP)-induccd oxygen consumption
(state 3). respiratory control ratio. ADP/oxygen (ADP/O)
ratio. adenosine triphu ••phatc synthesis. membrane polen-
tial. calcium retention. glutathione (GSII) content. and
activity of re"piratory complex 1. aconit<lsc. c.ltalase. and
GSH pef{)'(idase. Thcse mitochondria also showed increase
in hydrogen peroxide production. malonuialdehyue. and
3-nitrotyrosine protein .ldducts content. The ahove-dc-
..;crihed changes. as well as CP-indm.'cd nephrotoxicity.
\I,.'ere attenuated in mice pretreated \vith a ..•inglc injection
of C-PC. Our data suggest that the attenuation of mito-
chondrial abnormalities iii invulved in the protective cffect
orc-pc against CP-induced nephrotoxicity. Thi ••is the first
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demon ••tration that C-PC prelreallnent prevents CP-induceJ
mitochondri<ll dysfunction in mict".

Kcyword" Functional food. C-phycocyanin
~litochondrial oxygen consumption. t\,litochondrial
memhrane potential Nephrotoxicity' Cisplalin

Introduction

C-phycocyanin (C-PCl is a protein from lhe phyl.'o-
hiliprotcin family II] characterized hy its antioxidant .!C-

tivil)" (2] and hy an intense hltle color (it has ,I
characteristic ahsorption peak at 62.0 nm) and is one ("IfthL'
m'lin pigments of lhe algae Spirt/fina. which is u••ed ~I'.•it
dietary supplemcnt due to its high content of prolein.
Spirulill(l m'lY be considered a functional food. The rok 01

function'll foods and their components in the prevention.
treatment. and promotion of human health has heen cur-
rently accepted (3-51. Functional fo{xis contain one or
more nutraceuticals. and these arc defined as "compound'i
or products that have heen isolated or purified from food
sources thai arc health-promoting" [61. C-PC has several
nutraceutical propcrtie" "uch as renoprotective (againsl
uxalate and cisplatin. CP) 17. 81. anti-inflammatory [91. and
hcpatoprotective (against carhon tClrachloride) 110] and
othC'T" [ 111. Recently. we have shown that C-PC prevents
eP-induced nephrotoxicity in mice that wa" associated
with altcnualion of oxidativc damagc and preservation 01
the al'livity of antioxidant enzymes in kidney [21. CP i.• a
P(ltcnt antineoplastic agent discoven:d in the iah(lratory 01

Barnett Rosenberg in 1965 (12.1. II is widely u"ed \',.:orld-
wide for cancer treatmenl. including testicular. marian.
bladder. neck. endometrium. non-small cell lung adeno-
carcinoma. melanoma. penile. and adrenal carcinoma II,~.
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141. Hov.cvcr. its therapeutic usc is!imited mainly hecause
It i", t:apahle to induce renal damage. Several mCl:hanisms
;lre irn'(ll\'ed in the CP-induccd rcnal damage including
llxidati\e ...tress. mitOl:hondrial dysfunction. intlammation.
and apoptosis [15-19[.

i\litochondria are the principal organdIes involved in the
proJut:tion of reactive oxygen species (ROS) and are the
major source of adeno"dne triphosphate (ATP) production by
l:oupling electron transport chain (ETC) with ATP synthesis
1~(). ~ II. Several lines of research have proved that CP ac-
l'umulates in kidney mitochondria decreasing ATP synthesis
.1Ild inl'feasing ROS production that nnally leads to cell
damage I~2. 2~). In fact. mitochondria an: hoth.1 t•.lrget and
;111 early event in CP-induced nephrotoxicity 119. 2.t 251.
";everal studies have shown the prevention of CP-induced
mitochondrial dysfunction by the use of synthetic or natural
antioxidants such as carvedilol [26J. sulforaphanc [271. and
"-amino1evulinic acid r2J~1.Based on the ahove information.
lhc hypothesis was made that C-PC may prevent the CP-
IIlduccd kidney mitochondrial alterations. In this work. the
I'tT('l't of C-PC on CP-induced renal mitochondrial dys-
[unction in mice wa ...studied.

\Iater;al, and methods

Rl'agents

fhe C-PC (LI number 044/13-14) used was a generous gift
from Yalcnsa International (Orlando. FL uSA). CP was
llhtained from Aldrich (Cat. No. 479306-1 G. Lt
\IKBH59X4V). Amplex red. horseradish peroxidase (HRP).
nicotinamide. dinucleotide pho"phate (NADPH and
:"JADP+). glutathione (GSH), glucose. glucose 6 phosphate
dehydrogenase (G6PIHl). hexokinase. GSH reduclasc (GR).
glutamic acid. malic acid. xanthine. xanthine oxidase.
rnonochlorohimane. i)-mannitol. sodium succinate dihasic.
~-(2-hydroxyclhyl)-l-piperdlincclhancsulfonic acid (HEPES).
fat free Nwinc serum alhumin (BSA). adenosine 5'-diph()sphatc
,tldium salt (ADP). carhonyl cyanide 4-(triftuoromcthoxy)
phcnylhydnvone (FCCP). rotenone. sucro...e. 2.6-dichlorophe-
llolindophcnol sodium ...alt hydrate (DePIP). PerL'oll::;\).an-
limydn A. ~1-niCOlinamide adenine dinucleotide (NADH).
(kcyluhiquinonc (DuB). sodium pho ...phate dihasic (Nu21IPO-t).
...r~dium phosphate monohasic (~aH2PO_d. nitrohluc tctra-
folium (NBT). potassium cyanide (KC:'\"). carhonyl cyanide
m-chlorophenylhydmzone (CCCP). glutathionc-S-trans-
,"crase (GST). sodium dodecyl sulfate (SDS). and safranin 0
wcre purchased from Sigma-Aldrich (SI. Loui ....MO. USA).
C;Jlcium chloride (CaCI2) was from Rc!'>earch Organics. Inc.
IClevelamL OH. USA). Arscnazo III was acquired from
IC:"J Biomedical ..•. 1I1L'. (Aurora. OH. USA). Cyclo!'>porine
\ (CsA) was purchased from Enzo Life Science,
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(Farmingdale. NY. USA). ~lagnesiutll chloride (l\;lgCI2) and
sodium dithionite were from ~vlerck (HES. Germany). Po-
ta ..•..•ium phosphate dihasic (K2HPO~) and pt)tassium chloride
(KCI) were from ~1al1inckrodt (NY. USA). Protein assay
(500-0()()6) from Bio-Rad Laboratories (Hercules. CA.
USA) was used for protein quantitkation. Ethyh:nedi-
aminetetraacetic acid disodium sail (Na2EDTA). sodium
carbonate (Na2CO,). and hydrogen peroxide (H202) were
from JT Baker (Xalostoc. Edo. Mexico. l\'1cxico). Glu-
taraldehyde. cacodylate huffer. and osmium tetroxide \vere
foml Electron Microscopy Science (liatlicld. PA. USA).
Primary antihodies anti-mahmdi •.lldehyde (\1DA). anti-~-
nitrotyrosine (3-NT). and anti-adenine nucleotide tran,lo-
case (ANT) 1/2 were from Abcam (Boston. i\lA. USA).
Cayman Chemical Co. (Ann Arbor. ML USA). and Santa
Cruz Biotechnology. Inc. (Santa enll..CA. USA). respec-
tively. Commercial kits for the measurement of hlood urea
nitrogen (BUN) (UREA-3?) and plasma creatinine
(CREATINI:'\E-J) concentration were from Spinreact (Gir-
ona. Spain). Sodium pentobarbital (SedalphorteMR). used as
sedative. \vas from Salud y Bienestar Animal S.A. de c.v.
(Mexico City). Other compounds and reagents used were of
high purity and were obtained commercially.

Experimental model

Twenty CD-I male mice 00-35 g. X-9 week-old) \vere
used. They were randomly divided into four experimental
groups of five mice each: (I) control group (CT) received
only 0.9 7c- sndium chloride ,olUlion (5S). (2) CP group re-
ceivcd a ...inglc dose of 22 mg/kg of CPo (3) C-phycocyanin
(C-PC) + CP (e-pc + CP) group rcceived phycocyanin
30 mglkg I h prior to CP administration (22 mg/kg). and (4)
C-PC group received a single dose of 30 mg/kg of C-PC. All
treatments were hy intraperitoneal (i.p.) administration. The
doses and treatment times ofC-PC and CP were hased on our
previou,> work 12J. Seventy-two hours after CP or SS ad-
ministration. mice were anesthetized \vith sodium pento-
harhital (70 mglkg. i.p.) and cuthanized hy exsanguinations
in the axillary artery. Blood was collected directly in hep-
arinized Eppendorf tubes and was centrifuged at
IO.OOOxg for 10 min; the obtained plasma \\as used for
determination of renal function markers OHJ:'\" and acati-
nine). Both kidneys were immediately dissected and were
prepared for mitochondrial i~olation.

Renal function

BUN and pla ...ma creatinine levels were determined by
Spt:ctrophotometric assays using cOlllmercial Spinreact
kit,. Urea present in the pla!'>nKlreacts with o-phthalalde-
hyde in acid medium. and l:olored complex formed is
quantified spcctrnphotol11etrically at 510 nm 129).
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Creatinine determin~tion in plasma is hased on the reaction
of this compound with sodium picrate as described by Jaffe
DOl. Creatinine reacts with albline picrate forming a red
complex whose intensity is proportional 10 the creatinine
concentration (30, 31).

Eledron micrust:opy studies uf mitul'hnndria
in renal tissue

After mice were cuthanized. the kidneys were immediately
obtained. scctioned into thin slide of I mm of thickness:
several sm~1I euhes of the kidney cortex were ohtainL"d and
immt:diately fixed hy immersion in -l % (vlv) glutaralde-
hyde dissolved in I mf\l cacodylate buller, pH 7A for 4 h
at 4 DC, poslflxed in 2 lk (v/v) osmium tetroxide. dehy-
drated in graded ethyl alcohol. and embedded in epoxy
resins. Sections of I ~Im were stained with toluidine hlue
and examined with a light microscopy to select represen-
tative areas from which ultrathin sections were ohtained
13~]. These se:ctions were: contra'>ted with uranyl acetate
and lead citrate and examined with a FEI Te:cnain1 G2
tran,mission cIL-ctron microscope (llillshoro, OR, USA).

Isulation of renal mitochondria

Renal mitochondria were isolated using Percoll tJ gradients.
hased mainly in a lung milOchondria is.olation method with
minor modification, [33]. The animals were emhanized. and
both kidneys were imlTlediately rinsed in cold isolation buffc:r
\vith the following composition: 225 mM Il-mannitol. 75 mt\l
SHCro",. I m:V1:'\a,EIJTA. II mM IIEI'ES. and 0.1 'If BSA.
pH 7A. Th~ isolation procedure wa, performed at 4 "c. The
kidney c<lp,ule was removed: kidn~y'" were cut and IHl-
mogenized in a gla ..•..•Poltcr-Elvehjem hOJ11og~nil.er using .1
mOlOrdri\'en Tc:flon pc<.;tlewith 2 mL ofi,olation huffer. Then
the homogenates \vere centrifuged at 4(X)Oxg for 5 min. The
supernatant was mixed with Percoll:V to form an 8 lk (v/v)
solulionlhat was ,tratilled with a 15 o/c- (vI\!) Pe:rcoll~ solution
carefully aJdl"d (hrough the walls. Afterw<lrd, tuhcs were
centrifuged at 12.,SO()xX for 10 min withllut t..'entrifuge brakc.
The mitochondrial-enriched fmction (bottom) was res us-
p~nded in I mL of BSA-free isolation buffer and centrifuged
at I0,000 x g for 10 min, Finally, the pellet was. res.uspended in
I (X) pL of RSA-free isolation huffer. The mitochondrial pro-
tein content was mea..;ured according to the Bmdford tech-
nique (.,4J adapted to a 96-well plate, to assure the use of equal
protein quanlity in the following determinations.

Eledron microscop)' studies of isolated
mitochondria

The mitochondrial pellet obtained from control mice was.
fixe:d in a 10 l'1r glutaraldehyde solution dis:-:.olved ill

cacodylate huffer pH 7.2 for 4 hat 4 0('. pos.tfhed in 2 c(
(vlv) osmium tetroxide, dehydrated in gr •.lded ethyl ~kohoL
and embedded in epoxy resin [351. Ultrathin seclions \Verl'
ohtained with a 50r\"all i\.IT-6000 ultramicrotome, COI1-
trasted with ur •.lIlyl acetate and lead citrate and examined
with an electron mit..'roscope FEI Tecnai Gl.

!\Iituchondrial hiHenl'r~etics

The mitochondrial functionality was evaluated by mea-
suring the rate of milochondrial oxygen con<o;umplion ill
slate 3 (with ADP) and ,tate 4 (wilhout ADP). The ratio ill
states 3/4. known .l' respiratory conlrol ratio (RCR). \va'
calculated: this ratio expresses the coupling degree hc-
tween ETC and ATP synthe'Sis. The ADP/oxygen (ADP/O)
ratio was also calculated: this is another important milt\-
chondrial functionality parameter that expresse:- the rcla-
tionship between the: amount of added AD» (mol) and tht'
consumed oxygen (mol) during stale .' 13.'1. \leasurellleJ1t
of mitochondrial respiration was performed u,ing a Clark-
ty~ electrode (Strathkelvin Instruments, ML Scotland) al

37 DC. ~1itochondria ([5 ~Igof protdn) were ,uspcnJed in
I00 ~IL of respir<ltion bulTer. which contain 70 mJ\l su-
l,..TOse. 220 1ll~.1 mannilol. I Illf"l Na~EDTA. 10 mJ\l
K,HPO,. 5 11l~1 IIEPES, 5 11l:V1 MgCl,. 0.2 'i1- BSA: rH
7.2 (33J. To evaluate respira(ion driven hy comple\ I.
10 mr",f glutamale + S m~'f malate \1,I:lS employed. Oxygen
con,umption suslained hy complex II was. evaluated u,ing
10 m\1 succinate + :;m\1 rotenone. State 3 was induL'cJ
hy adding 115 pJ\'1 ADP: aftcnvard, (he state -l was reached
when the respiration decreased hecausc the AT? synthesi,
was no longer taking place as direcl (,:on•..equence of the
ADP depletion. Rates of oxygen con..;umption in Slute..; -'
and -l were expressed in ng O~/(min fig protein).

Acth,it), of' complt.x I (NADH:uhiquinnnf.'
oxidoredurtasl' )

The enzymatic activity of complex I wa, a..;..;ayed 'lX'c-
tropholomctrically at 37 DC with 2.5 pg of isolate:d kid Ill.')
mitochondria. \litochontlria were broken with four free/-
ing and thawing cycles. and the activity (If mitllchondrial
complex I was carried out independently in a Yo-well platL'
(final volume of 300 pl.), with and without 13 ~lM rolL'-
none, an inhihitor of complex I. Specifk activity wa' dc-
(ermined by s.uhtraction of the inhihitcd activity to Ihe lolal
non.inhibited one, and the values arc reporled as mmoll
(min* mg protein). J\litochondrial protein wa..; illcuhated
for 5 min at 37 DC with a solution containing 41 111\1
pota"s.ium phosphate buffer. 3.5 l11g1mL BSA. h7 ~1\1
DCPIP, I ~f\:1 antimycin A, 0.2 111MNADH, and 0.2 111\1
KeN. Afterward. a kinetic reading at hOOnm for 2. min
monitored the hase line: the reaction was slal1ed h) tIll'
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.lddition or .'.12 1l1~.1DuB ami was follmved for ~ min 133.
~hl.Th~ d~i:rease in absorbance is proportional to DCPIP
rnluclion.

\Iitnchondrial membrane potential (A lJJ)

and calcium retentiun

E, aluation of n,1J' waslktermined by changes in absorbance of
the l.:aliollic dye safranin ° produced hy the membrane pn-
1L'llIial state. The measurcm~nts were callied out in a huffer
"'lliution (pH 7.3) containing 2 mg of mitochondrial protein.
125 m~1 KCI. I() 111MIIEPES. 3 rnM Pi. I.X ~lg/mL rotenone.
200 ~l\.t ADP, and 10 111.\,1potassium succinate as rcspiratol)'
...uh ...tratc. Absorhance tracings were oblained and di'iplayed in
.\ double beam spct:lrophotometer al 525-575 nm. Milo-
\...hlllldrial calcium Ill()\'emcnl \vas analY/ed by a similar ;Jssay
hut lhl.:'ahsorbance tr.lcings \",'cre dl.:'lennincd at 675-6K5 nm
u'iing af"en;uo III (60 ~lM) dye as indicator 1271. In hoth cascs.
Ihe-fI."at:tiollwas initiated hy the addilioll of 100 ~lr\l1Cf~I .The
l'xpcrillll'nt'i in the CP groupwcre pcri"omled in the presence or
,lh"encl.:' of I ~l\t CsA. a known inhibitor of Ihe milochondrial
pCllneahility transilion pore (mPTP) opening. Dcpolarizalion
\If the tI. '11 was induced by CCCP addition at the end of the
;l"'iay" of CT and C-PC groups [.)71.

\TP s)'nthesis

rhc determination of ATP production was performed by
l'l)llplcd reactions between 9 U/mL hexokinase and 2.3
l;/mL CihPDH in a medium containing 2 M glucose, 0.7 tv1
...uccinalc. and 1.8 mM NADP+ diS'.•olvcd in respiration
huffer. The increasc in absorbance of :'oJAlJPH at 340 nm
\\a ..•prop(lflionalto mitoL'hondrial ATP synthesis 135].

\lito(.'hondrial H,202 production

\Iitot:hondrial H202 generation was measured hy the
ICl,,:hniquc previously described by Siurkov [381. The assay
\\'a ..• pcrfonncd with freshly i'iolated mitochondria (I 5 ~g
Ill' protcin). in a medium containing 125 m\1 KCI. 4 mM
KH,PO,. 14 m~1 NaCI. 20 mM HEPES-NaOH. I mM
.\lgCI,. 0.2 '7c IlSA. I m~1 EDTA. pH 7.2 in the presence
Ill' 0.7 mt-.l sUL'cinate. 10 ~1~'1rotenone. 0.1 mM amplex
red. and IIRP (IO U/mL). Additionally. a "itandard curve
with different H202 concentrations (20-1 ..HJ nM) was em-
ployed. Amp1ex red is oxidized in the presence of H202 to
produce resorulln. a fluorescent compound measured using
<InCXl.'ilation filter 530/25 and emission 590/35 nm 12].

Oxidatin' strcs~ nHlrkcr.~

r\l,,:onitase al:li\-ily and GSH l.'ontenl were measured in
...(lniCaled mitochondria. as previously rerorted [21. The
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activity of aconitase was assayed hy determining the rate of
formation of the intermediate product. cis-aconit<lte. from
the imcrconversion of L-ci[rutc and i"llt:itratc al 240 nm
[271. Briefly. the reaction W<lScarried out in I mL of re-
action medium containing 25 m~'t KH2PO~ + 0.05 '7c
Tween. I mM sodium citrate. <lnL!O.b tll~1 Mnel!. Ab-
sorbance at 240 nm was recorded for 2 min with 30 ..•in-
terval reading:.;. The activity is reported as mU/mg pfllt~in
[391. !\:1itochondrial GSH content \\'as evaluatcd hy mea-
suring tluoresccm adduct'i of GSH with I m~,l
monochlorobimanc in thc presence or I UfL GST [21. A
standard curve of GSH in Krehs-Henselcit (pH 7.4) "olu-
tion was employed. The fluorescent adduf...'ls were read at
385 and 47X nm ext:itatiol1 and emission. respectively .
Values are reported as ~mn\lmg protein. \Vcstem bioi
analyses of MDA and 3-NT protein adducts \vere performed
as previously dcscribed hy Molina-Jijon et al. (401. Briefly.
IOtaI proteins from isolated mitochondria from the four
experimental groups were extracted wilh 2(X) ~ll of lysis
buffer (RIPA. mM): 40 Tris-HCI pll 7.6. 150 NaCi. 2
EDTA. III q. glycerol. I '7c Triton X-IOO. 0.5 % sodium
deoxycholate. and 0.2 l7c SDS. Thereafter. samples werc
'''llnicated three times for 30 s each in a high-intensity ul-
trasonic prot:essor (Vibra cell, Sonics and Materials. Inc ..
Danbury. CT. USA). centrifuged at 20J)()()xK and 4 cC. for
40 min, and supcrnatams wcre collected. Briefly, samples
were denatured hy hoiling for 12 min and then diluted 1:5 in
5x Laemmli huffer with urea (5 ~'1). Proteins were loaded
on 5DS-15 % polyacrylamide gel elcclrophorcsis. \1olc-
cular weight standards (Amcrsham Phannacia Biotech .
PisL'ataway. NJ. USA) were run in paralic I. Proteins wcre
transferred to polyvinylidenc fluoride memhranes (Amer-
sham Biosci. LJppsala. Sweden). Nonspccilk protein bind-
ing was blocked by incubation \\ilh 5 Iff non-fat dry milk in
phosphate buffer saline I x containing 0.4 % Tween 20. for
I h. at room temperature. Memhrancs were incuhated
overnight al 4 cC with the appropriale primary antihodies
against ~IDA (dilution I: 1(00). against ,,-NT (I: I(X)O di-
Imion) and agains( ANT (1:500 Jihllion). Thacafter.
memhranes were incuhaled with peroxida'ie-eonjugated
unti-rabbit, anti-mouse. or anti-goal (I: 10.000 dilwion) !()r
I h: after washing. immunohlots were developed using the
ECl T.\l prime western blotting detection reugent (Amer-
!'h.lm™. GE lIc<llthcarc. Buckinghamshire. UK). Chemi-
lumincscence was detecled in an EC~ imaging system
(UVP Biolmaging Systems. Camhridge. UK). Protein hand
density was quantified by transmittance densitomelry (UVP
Biolmaging Systems "oft ware. Camhridge. UK).

Acth:it.y of antioxidant enzymes

The activily of GSH pcroxiu.lse (GPx). eatala ..•e (CAT). and
supcroxide di'imutase (SOD) was measured in sonicated
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mitochondrii.l using the previously descrihed techniques
[21. BrieRy. Gl'x activity was assessed by the disappear-
ance of :\AOI'H monitored at 3-t0 nm in a coupled reac-
tion. carried out in a rCi.lction solution containing: I 111M

OSII. O.~ mM NADPII. and 1 UlmL of OR. Fifty 11£ of
protein and 2.5 mM H::,01 were added to the reaction
mixture. Twenty live ~Ig or mitochondrial protein \\cre
used 10 evaluate CAT activit)' by measuring the disap-
pearance of H201 at 240 nm in 10 Ill~\!fphosphate huffered
saline pH 7.0. Data were expressed as klmg protein. SOD
activity was determined by its ability to prevent fonna/an
production from the reaction of NBT and supcroxidc anion
(02-) gencratctl hy the xanthine-xanthine oxidase 'y,tem
141). One hundred and fifty ~Igof mitochondrial protein or
,0 mM phosphate huffer pH 7.0 (100 'k formalan pro-
duction) were added to the reaction mixture \vith the fol-
lowing composition: 90 J.l:\ol xanthine, 16 m~f Na::,CO,.
~ mM KeN. ~~.K p~1 NBT. and 1K 111M phosphate huffer;
pH 7.0. Thc rl'action was started by the addition of xan-
thine oxidase (I hX U/L) followed by a 15 min incubati()Jl at
27°C; linaH)'. optical density was measured at 500 nm.

Statistical anal.yses

Results arc expres<.;ed as mean :i: standard error of the
mean (SE7\'f>.One-way i.lnalysi, of variance followed by
multiple comparbons according to Bonferroni W;:IS em-
ployed using the software SigmaStat v. 11.0 (Systat Soft-
ware, San Jose, CA, USA). A P value less than n.os wa,
considered statistically signiflcant.

Results

Renal fum-tion

Seventy-two hours after CP administration. plasma COIl-

centmtions of cn:atinine and BUN were mea,un.::d as kid-
ney function markers (Fig. I). Nephrotoxicity in the CP
group was char<lClerizcd by an incrca,c in hoth markers.
There \I,.'a, a significant increase (2-3-fold, P < O.OS) in
both markers compared \,,'ith the CT group. These data
conllrmed the development of CP-induced renal damage.
which was allenuated hy the pretreatment with C-I'C'.
These data confirm the proteL:tivc effect of C-I'C against
CP-induced nephrotoxicity. C-PC group showed ,imilar
values to the CT group.

Ultrastructural studies

The kidney of animals tre<lted with CP showed numerou ••
damaged proximal convoluted tuhules, tuhular epithelial
cells exhibited extensive v<lcuoli/:ltion. and mitochondrial

lSi

swelling with intern;:ll membranes rupture (Fig. 2a. bl.
Other area •• showed necro,is and cellular detachment. III
contra'a. animab tre<lted with C-PC <lndCP showed {)lTa-
sion;:ll tuhular epithelial cclls with mild vacuolization and
minimal mitochondrial abnormalitic •• (Fig. 2c, d). Thu~.
the morphological ,lUdy ,howed protective effect of C.PC
against the mitochondrial damage induced hy C'I' that
closely correlated v.ith the biochemical data.

Elcl'trnnk micr(Jscop~' stud~' of isolated
mitochomJrio.

The quality of isolated mitochondrial fraction was ab\l
estimated hy electronil' micro,copy. Figure 2e ,hows mi-
tochondria ohtained from the kidneys. \\'ell-pre,er\ed in-
ternal <lndexternal membranes were found in the majority
of the revised organelles, indicating well-preserved and
higher efficiency of the mitochondria isolation method.

l\litochondrhtl hioenergl'tics

The mitochondrial oxygen consumption was ml';l,lIfeti
immediately after mitochondrial isolation. Two substrate'"
were employed to maintain the ETC: malate/glutamate and
succinate for complexes I and II. respectively.

Succi"ar(' (I\" I:TC .'wbsrrah'

Figure 3a ••hO\v" repre"entative tracings of mihM.:hondrial
oxygcn nmsumption u,ing sUlTini.lteas ,uhstrate. The dat:l
obt.lined for states 3 <:Jlld.t, and uncoupled respiration oh.
tained in the presence of FCCI' arc shown for t:ach group.
C-PC was able to attenuate the CP-inducetl del.-rcase in
state -' and increa ••e in state 4.
The mean for sevt:ral experiments on respiratory pa-

rameters arc shown in Fig. ~d-f. CP group was charac-
terized by a significant decrea,e in state 3 and an increasl'
in "late 4 (X.I :i: 1.2 and 7.5 :i: 1.0 ng O::,/min mg protein.
re••pectively) compared to CT group (11.(1:i: OA and
2.5 :i: 0.2 ng O:,/min mg protein. respectively). wherea,
the group pretre;:)ted with C -PC hefore CP showed similar
values to CT group in ,tate 3 (10.9 :!: 1.7 ng O:.;/min mg
protein) and a slightly increased in state .t (3.7 :i: n.2 ng
01lmin mg protein) (Fig. 3b, c). The RCR value (Fig. 3d)
of CP group (1A ::I::0.1) W<lSsignificantly redul'ed w!'su ...
CT group (4.7 :i: 0.2). The pretreatment with (,-PC' pre-
vented the RCR reduction induced by CP (3.S :i: o.:n.
Accordingly. the ADP/O ratio (Fig. 3e) in the CP gwup
was lower cornpi.lred to the CT group (1.1 :i: 0.05 ;:lIld
2.1 :i: 0.4. respectively), while in the C-I'C + CI' gr{lup
(1.7 :i: 0.1), the CP-induced reduction in this pammcter
was signilkantly prevented. Uncoupled respiration is prc.
,ented in Fig. Jf. It is ohserved that C-PC prc\'cntl'd the

~ Springt'T



\fol Cell HitlChl:lll (:!OI5) 406:183-191

Fil-:. I Eflr.'(:l of C -phYl:(lL') anin
I ('-PC) on ci •.ptLtin (CP).
1I1JuL'L'd lelMl Jallldgl:. u PtL •.ma
dL'atininL' nlnCenlr:llion and
h hl\l\x1 ul"r:a nitro~cl1 (RUN).
/ T l"(lntnll (\ chicle). Data an::
I'rc ••clllL'J <1•• llll:an :i: SE\1.
!I = h-Ill. */' < (H15 vcr"",,
{T. -I' < 0.05 WT"U •• ('I'
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('P-induced decrca~c in FCCP-induced rcspiwtion. Tn:at-
ment with C-PC alone did not alter any of the previously
,ll.'~crir.('d parameters.

\/alatt'-f.{lllla1tl(l[t' as ETC substrate

CP tn:atrnent oel..'reased state .3 (2.0 :I::0.5 ng 02/min mg
protein) and increa~cd state 4 (1.3 :I::0.3 ng O:!/min mg
protein) L'(Hllpared to CT group values (..tS :I: 0.3 and
().l.) ::i: 0.1 ng O~/min mg protein, respectively), while
pretreatment \l,-'ilhC-PC prevented the reduction of state 3
(-l.X ::i: 0.7 ng 02/min mg protein): it did not modify the
..laIc 4 (1.3 :I: 0.2 ng O:,/min mg protein). Thc respiration
;dterations indlll:eJ by CP induced a reduction in the RCR
value (1.6 :I: 0.3) compared to CT group (5.2 :I: 0.2); in-
len:slingly. pretreatment with C-PC prevented significantly
this rcduclion 0.9 :I: 0.4). Consistcntly with RCR results,
\DP/U ratiu was lower in the ep group (I.O:I: 0.02)
compared to the CT group (2.6 :I: 0.2), and the (-PC group
prevented thi..; reduction in the- C-PC + CP group
t 2.3 :I: 0.1). C-PC alone did not alter any of the previously
described pammeters (data not s.hown).

\('fjyit.y of mitochondrial complex J

CP induced a signitiGlnt decrease (P < 0.05) in the activity
Ill' mit<x..hondrial complex I th.lt wa..; significantly at.
ll.'nuated l1y the pretreatment with C-PC. The (-PC treat-
Inent per ..;c did not alter the activity compared to the
l.'ontrol group (Fig. -1-).

\ 'I' and ('aldurn retenlion

rhe addition of 100 11M Ca:' t- to the mitochondrial
preparation of the CP group led to a fast loss in nIP
IFi~. 5a). Before completing 200 s of Ca2+ stimulus, mi-
tochondria hegan (0 uncoupk th,lt \va, ohserved as an in-
crease in al1sorhancc difference at 525-575 nm. \Vhen the
rnitodlOndria from the CP group were inl.'ubated ill (he
presence of C..;A, the potcntial disnJption was not obscrved

ilSpringer

(data not ..;hown), which indicates the role of the mlYfP
formation in the loss of ~lf' induced hy Ca:'+. The- isolated
mitochondria from C-PC + CP group were more resistant
to 6lP disruption in the presence of Ca:'.... overload
(Fig. 5a) compared to the CP group. lv1itochondria from the
CT (Fig. 5a) and (-PC (data not ,hown) group' were
sensitive to Ca:!I addition up to 10 min. The ahove out-
comcs were similar to those obtained with arscnal.o III at
675-6X5 nm (Fig. 5b). ~'Iitochondrial Ca2+ rctcntioll ca-
pacity was lost in the CP group hefore 200 s post-Ca:'..•.
addition (Fig. 5h) according with thc rcsult, of memhrane
potential assay. Thc loss in mitochondrial Ca:!..•.retention
capacity \!"asattenuated in the CP group by the addition of
C,A (data not shown) and in the C-PC + CP (Fig. 5b)
suggesting that the C-PC pretreatment could inhihit the
mIYfP formation/opening (compared with the L\ 'I' results).
CT (Fig. 5b) and C-PC (dat.l not shown) groups maintain
their Ca1+ retention capacity.

ATP synlhesis

Figure oa shows that ATP ~ynthesis wa" decreased by CP
treatment (109 :I: 67 nmol/min mg protcin) compared to
the CT group (507 :f: 65 nlllol!min mg protein): this al.
teration was significantly prevented by rhe C-PC pretrcat-
Illr.:nl. No signilkant changcs were ohserved In
mihlchondria isolated from the C.PC group.

H,O, production

Data of mitochondrial Hl)2 production are "hown in
Fig. 6b. Compared to the CT group (40 :!: 7 nmol 11,0,/
min mg protein), mitochondria from the CP group
showed an important increase in H:,02 production
(90 :I: 3 nnwl H:,02/min mg protein): interestingly.
C-PC treatment was ahle to attenuate the: mitot:hondrial
11202 production (63 :I:: II nmol 11202/min mg protein).
C-PC group shO\lied no "ignincant alteration in mito-
chondrial H202 production (-1-5.:f:: -' nmol H20:,/min mg
protein).
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Fig:. 2 Reprtsentativc micrographs showing the dled of C-ph)co-
cpnin (C-PC) nn cisplatin (CPJ-induccd ultra<;lructural lidn...:y
change" a Tuhular convoluted epithelial cell in 1ll0U\C'treat...:J with
CP ,how, "welling and extensive vaclloli/atinn (x 15,1KX)ma~nilka-
lion). b Higher magni'ic;lIion of cell "hO\~cJ in .1 cxhit'tit .•.,"elling
mitochondria with internal membrane, Ji,ruption (1I11n;lh.

x 30.(00). t. L(lW-pOWcr micro~r:.lph from a lnOU'C treated "ilh

Oxidative stress markers

CP treatment decreased the aconitase activity (36 ::i: .3pU/
mg protein) compared 10 the CT group (145 ::i:0 ~lU/mg
protein) hut C-PC pretreatment (e-pc + CP group) was
ahle to attenuate «()95 ::i:5.7 ~ILJ/mgprotein) the reduclion
in aconitase activity induced hy CP (Fig. ()c). C-PC treat-
ment (l29.3::i: 15.R pU/mg protein) did not alter Ihl..'
aconitase- activity, aSH content in mitochondria from the CP

•

*

C-PC and CPo oCt:a"iullill cel'" .•.hows ,omc t:)'h1plasmic va\.'ullle"
(llUIII\.\", ;.;:'0001. d Higher magnification of epithelial tuhlllar n'lI"
from kidnl.')' of l1luu"e trc;lted with C-I'(' and CI' shoy,'~ llli((ldHHldri,1
wilh "light abnnrmalitie .•.."uch ••" 1(J(:al internal membrane disruption
(1In-1II1'. x 50.0()(». l' llhra"lrlh.:tural ,mal)"i •• fmm mitl'chllndri,1
i"olaled form" control mice. The maiorit~ of ~lmClurc .•.l"orrc'pond
to wl'lI-pre"encd mittx:hondria (;11\/'1). ;.;50.000 magnification

group was ,igllitic:lntly reduccd (O.X:l:::n.<l.' ~lInol/mg pro.
te-in)compareJ to the CT group (1.3 ::i:n.1 IJlllol/g prot~in:
Fig. oJ). The C-PC prdrcatllll.':nt \\-'asahle to prevl..'ntthl..'CP-
inJul'ed reduction in GSII content (I. I3 ::i:0.07 ~IITlol/lllt'
proh:in). C-PC treatment Jid not alter tilL' mitol.'honl!ri;11
GSH content (I A ::i:O.I ~lmollmg protein). rllrthcrmorc
and, l'onsistc:ntly with the ahove data. C-PC was ahle ttl
prevenl the CP-indlH.:eu increa"e in MDA (Fig. 7a, h) and
3-~.rr(rig. 7c. d) protein adducts.

~ Springt'r
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n~..\ Effect nf C-ph)cl'x:yanin lC.p(') on l:i,pJalin (CP).int!lll:C'd
llliloch(lndri"J ox.)~en nm"umption alter:llion •• u,ing ••ul:l'inale a"
"uh"trale. a Repre ••ent ••tivc £:raphic of milochondrial oxygen nm.
"umplion of the" four group" of mice .•ludied, One repre"entali\'e
.Hlilllal v.a•• l'h(N:n lor caeh group. Sample and reagCnl" \I.'ere addcd
III Ihe •..:hamhcr in the follo\loing order: II) 15 ~lg of mitochondrial
Pfoll'in (\1). (2) 10 mM "uccinatC' + 2 mM roh:nnnl' (S). (3) 115 /l\1
.I••killl"ine diphosphatc (ADJ',. and (.l) l:arhOll) I cyanid •..• -l--(ln-
l1uorumelhmy) phenylhydrat:One (FCCP) 20 nM were added 10
phlain Ihe"uncoupled re"piralion (UR). 5Tare 3 (53) wa" evident hy an

\ntiuxidant cnl~'mcs

Figure X ..•hows the enlymatic aClivily of GP" CAT. and
SOD in isolatt:d mitochondria. CP induced a reuuclion in
the activilY of GP, (O.17::f:: OJ)I U/mg prott:in) and CAT
I I.~ :!: 0.1 klmg protdn} compared 10 the CT group
,(;1',: 0.27 1: 0.02 Ulmg prolein. CAT: 2.31: 0.1 klmg
prolcin). The C-PC pretreatment prevented the CP-in-
dw.:ed decreast: In the acti\'ily of GPx. and CAT
(0.2:' ::f:: 0.02 U/mg protein and 2.3 :!: 0.1 klmg protein,
re ..•pcxlivcly). In contras!. no ..•ignilicanl changes wert:
(ound in Ihe activity of SOD.

id Springer

incfC',N' in rc••piralinn :.tt"lcrADP ;2ddilinn and \/(Ul'.J (S-I) wa" c\idcnl
h)" a dt'l"fea"e in U)(; J!t'n coO"umplion \~hen all ADP adlbl wa,
pho"phorylateJ intn ATP. ~ka ••UI'ClJlent.• were l'ondm:lcd in ,I watcr-
jad.c"ted ehamner 137 t'C) l'onnel1e"d to an (lxymclcr inlerf,Kt'd ((1 a
computer. h STaTe 3 of rc"pir..ltiun. l'\'rart' -I (If n:,pirali(ln .
d re~piralory conlrol ralio tHCR, sTlIll'.I' 314), l' adcno"ine dipho".
phatc/oxygcn (ADPIO). and r uncoupled rc"piralinn. CT wntrnl
(vchid •..•). Data art' pres •..•m•..•d a .• m•..•an ::!:: SE~l. 1/ = ..t---h.*p < n.o:'i
versus Cr. IIp < 0.U5 \"er'>O" CP

()js{'u~sinn

It has hccn found prcviously [2. XI thai C-PC prc\'cnl, CP-
inducL.:d nL'phrotoxicity and [hi ..•wa ..•nmtirnll:d in Ihe pre-
,cnt ,Iudy (Fig. I). ~1oreo\'cr, il is knmvn Ihal CP-induccd
nephrotoxicity is characteri/ed mitochondrial dysfun<.:tion
(10, 19. ~2---t4) and that Ihi~ may be an early event in Ihe
CP-induced acule renal failure (19. 25. -lSI. CP-induced
mitochondrial damage is characterized alterations in Ihe
activity of respiralory complexes (I-IV) and in mitochon-
drial membrane potential ill rcnal cells in culture [-1-:", ..J.61.
Illih>ehonorial cnergy f<.iilurc [241, ultr.l..;tnJdural
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alterations characterized hy decreased miwchondrial mass.
disruption of cristae, and extensive mitochondrial swelling
in proximal tuhular epithelium 14'+], reduction of aconitase
activity 1271. reduction of antitnidanl activity, and increase
of oxidatin' damagc [.+7] ami ROS production [17J.

H~.4 Effect of C-ph~.:ocyanin (C-I'C) on l'i'platin (CI'I-inuuceJ
alleration, in Ihe ,ll'li\iIY of mitochondrial rC"piralnry 10mI"l'.' I. The
exp<=rimenlal condition were 25 pg of mitochondrial pmtein \'<1'
l'mplnycd :md incutl;ltcLi with a "'(lluli(ln conlaining 6711\1 2.0-
dichloH'phcnolindophcnol (DCPIP). 1 ).1M anlimydn :\. 0.2 01\-1 I\-
niwlinamiLie :.dcnint.' dinudeotidc (\lADHI, anLi 0.2m\1 KC~: the
reacliol1 wa' 'larleJ hy Ihe addilion Df 3.12 1Tl~1uec)'luoiquinone
IDuR). The non-en7.Yllle activity wa' determined with 13 ).1\1
rolenone. rT conlml ('vehicle). Data are prc,enll"d <I' mean f: SE\l.
1/ = 6-Y, "P < (l.IlS \CNl' CT .• " < 0.05 vcr •..u•..CP

Complex I
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~'fitochondri<ll dysfunction has heen rccognized :I' a
mediator of different types of pathologi('<ll condition a•..
well a•..aging hy innca,ing ROS prodUt.:tilln Ic-adinp. 10

oxidation of dcoxyrihonucleic add. lipids. and pn1tcin'"
I~O. .+81. Approximately 2'k of the oxygen in Ihe mi-
tochondria is comatcd to O~ ' mainly in the complc\c .•
I and III; most of it is converted to H~02 hy the mi-
tochondrial SOD (Fig. 9) I.+Q, 501. H~O~ can casily pas ..
;Kross the milllchondri,,! memhranc which can lead III

the highly n:~tCtivc hydroxyl radical production 1-" II
Duc to its intcrmediary role in the mitochondrial ROS
production pn)Ccs •... lhe determination of the milo.
chondrial H20~ production can give an idea of the
gencral ROS production in the milochondria. In fac!.
thc oxidative damage induced hy excessive ROS in
mitochondria is related to mitochondrial dysfunctioll
[ 19).

These earlicr finding ..• promptcd us ttl investigatc il
C-PC \vas ahlc tll prcvcnt CP-indlKcd mih>t.'hondrial dy ...-
function. The main finding of our ..•tudy wa ..• thai C.PC
attenuates CP-induced mitochondrial alteralions and 0\-

idative slress in mice and is ",urTImari/t:d in lhe integrali\t,
schema of Fig. I). These findings cxpand our prcvious data
[21 and are rclevant to cxplain the mechanism hy which
C-PC i..• attenuating CP-induced nephrotoxicity and {I\-

idat i\'c stre~~.
The attenuation of CP-induccd mitochondrial ahllor-

malitics \vas 'l.'l.'n at holh ultra.;tnlctural and fllncti{ln~d
levek Representative micrographs (Fig. 2c. dl re\'call:d
that C-PC cfficienlly prevented (he CP-indlln~d

C-PCC-PC+CPCPCT
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Fi~. 5 Effeeillf C-phycocyanin (C-PC) on Ihe ci'p1atitl (CP1-indul..'tO'd
alteratiotl, Oil Ihe c:lkium-depcndctlt mil()l'hlmdrial p('rmeahilil~
Iran"ition pore ImPTP). a Mil(K..hllndrial memorane potential (j,lj')
and h cakium retcnlion capacity. Hoth as ••ay' were performed wilh
2 mg (If mitnchonJrial pl\ltein. 10 1Tl~1succinate. anu 200 ~IM ADI'.

Milochondrial pcrme:Jtlilit) .•••:1•.•induced oy IhtO'addilion of lOll ~I\l
Ca~'. th~ Ill!>"of mcmomnc p(llenlial. and Ihc relea ..•e (If calcium .•••l.fl.
indw,:ed 0) the :JdJili(ltl o( camonyl c~:Jnide m-l'hhlrorht"nylh)dr;l-
70ne (ceel') to the controllCf, group. Tr:KlOg •..an: rern~ •..enl;ltl\'" III
thrn' independenl c\pcrimcllt ••
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Fig. 6 Efkr.:t of C-phycnq;min (C-PC) on r.:i>;pl;llin (CPt-inJuceJ
,bange" in lllillx:hunJrial a aJello"inc- lriphH ..•phale (AT!') >;ynthc~i".
h hydru~('n pcroxide (H~O!)producrion. c ;u;onita ..•e activity anJ
cl glutathillllc rGSil) conlent. a ATI' >;~nthe>;i" ""a>; pcrfllnncJ in
Illl'dium c('lllaining 2 M glw:n-.c. 0.7 M ..•uccinaTc. and I.K mM
'\..\1)1'-.11 = 4-5. II H~02produr.:tion \\,a" mea ..•ured in the pre>;ence
,,( 15 ~lg mi\(lchnndrial proTein, 0,7 m~'1 "un:inate, 10 p"l f(lTCnnnc.

0.1 1l1\1 amplcx red. and h(lrseradi~h pcroxida ..•..:( 10 lJIllll.). /J = .l.-{l,
C al:ollita ...c activily \\':'1>;llionitoreJ in the presenl:e uf I rn:\1 sodium
citrate. 15 Ill\l KH~P().;. 0,05 l} Tween, and O,h m\! ~v1nCl~.
" = 3-), and d GSH content W;I>; mea>;url'lnent ""ilh I rnM
mOll(x:hlnrnhim;lnC' in The pre:o,ence ()f I l:/L of glulathionc-S-
lran"fera ..•e. 11= 5-6. CT cumrol (vehil,:ld. Data are pre>;ented a"
IllC<.ln:!: SEM, *P < 0.05 wr"u" CT, .p < 0.U5 \'cr"u>; CP

Itlitol'hondrial swelling and innn memhrane mptun:. which
arc charactcri~tic stmctural ahnormalities induced by CP
110.42.44).

Functional parameters were evaluated in isolated mito-
chondria whose purity was confirmed by electron mi-
I.'ro..;copy ~Iudie~ (Fig. 2e). C-PC was able to attenuate the
('P-induced alterations in the integralive paramelers of
Illi[{ll..hondria! function including decreased oxygen con-
'llmption (Fig, J). ATP synthesis (Fig. 6). membrane po-
!l:llliaL and calcium retention (rig~. ). 4).

The main indicator of milOchondrial functionality is thc
RCR (Slales 3/4) as it expresses the coupling degree be-
Iween the ETC and the ATP synthesis: a low value could
1IldiGlle mitochondrial dysfunctiun whiL'h L'an be Jue to a
failure in the milochondrial membrane integrity and/or in
[11t: functionality of any of the rnilOchondrial complexes
1"21. Another mitochondrial fum:tionality indicator is the
1\))P/O ratio, which repre,",ents the number of ATP Illoles
'y'nthe~izt'd per moll' of O:! consumed 152), The CP-in-
duccd mitochondrial dy ••.function W<lScharacterized hy al-
leration..; in oxygen l.onsumption rates. ll"ing as ~ubstrates
t'>olhglutam'-llelmalate and succinate, con~cquenlly causing

a reduction in RCR. ATP ~ynthesi,"" ADP/O ri.ltio. calcium
lransport. and j, lJ'. However. slight differences in '"'orne
mentioned paramelers values between both subslrates em-
ployed were observed. as the different decrease in ADP/O
ralio, which was more pronounced when malate/glutamate
was used as subslrate compared to succinate. prohably due
to the reduction in complex 1 activity (Fig, ~). In conlrast.
Ihe high reduction of ADP/O rate \l,Ihen succinate was used
as a ..;uh~lratc (Fig. 3) probahly Jue to alteralions in olher
respiratory complexes (II-IV) may i.llso explain the de-
crea~c in ~tatc 3 respiration with succinatc.

C-PC pretreatment prevented the alteralion, observed in
the CP group, reestablishing the oxygen consumption rate
of states 3 and ~ when succinate \•...as used as substrate
(Fig .. ~h. c): nonetheless when malate/glutamate was used.
only ~tate 3 alterations wen: prevented. In general. il is
agn:ed that during succinate oxidalion, Ihe Ill:.tin mechan-
ism or ROS production in mitochondria is the reverse
electron tran~porl into complex I: hO\vevef. some report~
indicate that ~hifts in electrnJ1 distrihution ~lJ1dcon,equcnt
changes in the fales of ROS produl.'tion Ol'Cur \\ hen the
cOlllplex I inhibitor rolenone is included in the a<.;<.;ay

~ Springer
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Fi~. 7 Effect nf C-phycncyanin
(e.po on ci ..•platin (CPl-
induced innca ..•e in 11.

b malondialdchydc (\IDA).
prot~in adduct.; and e, d .1,_

nitrotyrm,ine (j-vn protein •• in
isolated mitochondria from
bdneys. Representativc western
blols for MDA and 3-KT arc
"hown in a and c. resp.;"ctivcly
and densitometric quantification
of ~\itDA and ~-NT is "hown in
band d. respectively. Adenine
nucleotide tran<,loca'>C (ANT)
1/2 wa ..•u.;ed as loading control.
CT control (vehicle). Data are
pre<;ented a ••mean ::i SE\-1.
1/ =~.*P < 0.05 versu,,>CT,
"p < 0.05 ver"u" CP

a

75KDa ..•...•

MOA--protEffi adducts
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/>NT 112 (33 KDa) --+
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75KOa -+

3-NTproteins
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Fig, 8 Effect of C-phycocyanin
(C-PC) (m ci,platin (CP)-
induced change" in the adivity
of ,mtio:ddant enzymes in
i"o!akd mitochondria from
lidney. a Glutathione
perm:idasc (GPx) determination
W,h carried out in a solution
containing I ruM GSH. 0.2 mM
NADPH. and GR (1 UlmL). b
cat,tla.;e fCAT) activity was
determined by thc
disappearance of II!O~.:JOd l'
..•uperoxide di"mutase (SOD)
activity "as e\aluated t.y ahilit)
to deerea ..•e ,"oona/an
pnx!uclioll induced hy 02
generated hy the .xanthine-
xanthine o.xida"e "y"h:m. cr:
control twhicle). Data are
presented as mean :i: SEM,
II = 6---9. *P < 0.05 versus CT.
"p < 0.05 vcrsus CP
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Complex I IMM

OMM
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"7~'
H,O -J.. Ca"

Succinat. Fum"". ~~ ~°2.' ,"If "'"

" •', I 0,'. --> .••..H~-----. H,O
" SOO"'22
••• / .j.CAT

~ .j.Acon;,.,. • ~{.j. GPK~

-------------11 .j.GSH GSSG

NAOH NAO'

"; ,,,,,,,,,,

"'i~.l} Integrative "'l:hcllla ••huwing the protccti\e effect lIf C-
ph)l'ocyanin (C-PC) against ci'platin (CPI-induccd mill'x.-hnndrial
d~ •.•funclion. C.p(' prc\'em" the CP-induced de!.:rea•.•e of aClivit)' of
,nrnplex I. ATP 'ynlhesis r.lIe. memorane pntentiai (611'). m;ygen
d1n"umption. calcium retention. and acti\it) of antioxidant enzymes

and of acunita •.•e. {'-PC also reduced oxidative •.•tre,-" and hydmgcn
peroxide (H~O:» prndul'tion_ 0,".1/1,-1 outer mit(x'hnndrial memhranc.
Hilt inner milOchondrial m~mbrane. eSSG glutathione disulliJe.
GPx glutathione peroxidase. SOD supewxiJe di •.•mutasc. CAr cata-
ia't'. O2 supcroxide anion

medium. Quinlan el al. ISJ I recenlly showed that in the
pn:scncc of succinate plus rotenone. electron !low was di-
\'I:rted through complex III. \vhercas when u ..•.ing malatel
1!llIIilmatc as ..•uhstrate. l:'omplexe ..• I and III contrihute
l'qually 10 ROS production. In this ,eme. as we observed
that mitochondria from the C-PC-trealetl group in the
presence of succinate (but not when using NADH-linked
,-uhstralcs) markedly dropped the rate of oxygen con-
'lIlllption in state 4 respiring mitochondria. we hypothesize
that the antioxidant treatment preserves in greater extent
respiratory complex I function. failing to prevcnt from the
l"omhined stress generated hy hoth complexes ,,,'hen suc-
cinatc wa, oxidized. Under ADP-stimulated re,piration.
RoOS production is dCl:reased. which explains the protective
dfecl of (,-PC under this condition using both ,ubstrates.

Additionally. CP treatment retlul:'ed the activity of mito-
l'hondrial complex I. The low activity may explain the al-
tt'rations in oxygen consumption and the 10\1,,' ATP synthesis
rate. C-PC pretreatment prevented the decrease in ADP/O
rate (Fig. 31.') and reestahlished the activity of respimtory
l'(lInplcx I (Fig. -1-).A ..•ATP ..•ynthesi ..•determination relics on
the ETC functionality and the C-PC pretn:atment preventl.'d
dlanges 011 mitochondriall:'olllplex I aeti vity. it \\ a, ex pee ted

that C-PC pretreatment would also prcvent the drop in ATP
synthesis (Fig. 9). which ''''a~ cxpcriml.'ntally corrohorated.

As oxidative ,tress indiL'ators. content of \IDA. }-:\T
protein addul:'1s and GSH. and tht.: activity of aconitase and
of ,Ollle antioxidant enzymes were cvaluated ill i,ulated
mitochondria (Fig. 9). MDA is a u;,;eful biomarker for de-
tection of lipid peroxitlation end-produl:'1. and 3-:\T is a
nitrosative modification of tyrosine that can he used as an
indicator of the nitro-oxidative damage [4-0. 5-1-. 55).
Aconitase is an iron-sulfur (Fe-5) protein whose catalytic
activity is c ..•..•ential in Kreh ..•cycle; it is a good indicator of
oxidative stres, damage ,inec O!- is ils principal inhihitor
150). The lo\\' activity of aconitase ..•uggeqs an increased
Oz- production in CP-tre.lted animals (Fig. 9). On the other
hand. tht.: h)\l,!-molccular weight tripeptide GSII is the co-
factor of the antioxidant enzymes GPx and GST. maintain'-
the environment of mitochondria in <I reduced state. and
prevents againsl ,he CP.induced mPTP 114). GP, and CAT
catalyze the decomposition of H202• and a decrease on its
acti\'ity implies an accumulmion of the H202 produced
which can he interpreted as an increment in H102 pro-
duclion. as was observed in the isolated mitochondria from
lhe CP group (Fig. l.)). The antioxidant activity provided by
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Ihe C-PC pretrealment. just nefore CP administration.
prevented Ihe increase in 7\.'1DAand 3-:\T prolein adducts.
Ihe drop in GSH level and the dccre<.l"e in the aL.tivilY of
aconitase. GPx <.IndCAT as well as Ihe inereasc in H102
production (Fig. 9). \Vc arc tempting 10 speculale Ihat thc
prevenlion of CP-milochondrial oxidative slress by C-PC.
documented in this slUdy. may be inH)lved. al lC'a•..t in part.
in the prevention of renal oxidative strcss by C-PC thai \\'as
onserved in the present and previous qudies (2), In fact. it
has neen shown Ihal C-PC is direct scavenger of 02
H202• singlet oxygen. peroxynitrite anion. nitric (l\ide.
hypochlorou ..• acid. and peroxyl radk'al III. 57-59). In
addilion. Ihis nutra(,.'cwical has been located in"idc mito-
chondria (601 \,,'here it may exert its antioxidant effect.
The exce ..•..•ive mitochondrial H201 production in the ep

group may explain the alterations in calcium retention and
los" of the mitochondrial mcmhrane pntential that contrinUle
to ecllular injury with suiv"cquent opening of the mIYfP: all
thesc rroccs •..c" arc dircctly rcl(jtcd with Ihe mitOl:hondrial
membrane integrity.lnlhis way. due 10 the C-PC anlioxidant
aClivity. Ihe C-PC + CP group reduced H202 production
and a ..•con ..•equcnce prevented mitochondrial dysfunclion
(Fig. 9). E.lrlier "lUdies have found Ihal C-PC i..• ahle to
protect milochondria in animal mode).;. Gupta et al. (hi I
have descrihed thm C-PC (70 mglkg i.p.) mitigate ..•Ihe mi-
hx:hondrial mcmhranc depolarization in lhymocytes of
Irihutyllin-trcated r;lt~ and .attenuates Ihe pro-apoph)tic evenl
peculiar in the IrihlHyllin treatment. and Marfn-Prida et al.
162] found the pre\-entivc effect of C-PC (10--15 J.ltv1) 011

mitochondrial swelling. membrane potential dis~ip<Jti(m. and
ROS proJuclion ill ral brain mitochondrial expo"ed 10 3 mM
phosphale and/or I00 ~17\.'1Ca2+. Other study shO\ved thai
C -PC (20 m\1) pflltcction again ..•t oxalale induced alter-
ations in mitochondrial memhrane potential and ROS pro-
duction in MDCK 16.11. Recently. Lim ct al. [RI have
Je"'lTihcd the inhihilory effect of C-PC (50 mg/kg. i.p,) (1r1

apoptotic even'" induced hy CP (12 mg/kg. i.p.) in mice.
Our sludy is the fir'a to report that the nutr,Keulical C-PC

•.I.•.•a protective agent against kidney mitochondrial dy ..•-
function i~ induced by CP, Our data suggeSi thai the at-
I!.'nuation of mitochondrial ahnormalities is involved in the
proleclive effect orc-pc against CP-induced nephrotoxicily
due lO its antioxidant activity. Consistently with our findings.
it has neen found Ihat olher antioxidanl compounds 114. 2.1.
27. (-H) <.Irc•.Ihle to prevenl milochondrial Jysfunl'lion in-
duced hy CPo Further studies should he pcrforrncd 10 estan-
Ii"h if other mechanism" are involved ill the prolecti \'C effect
of C-PC again •..t eP-induced nephroloxicity.
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Abstract

Background: Nucleotide-bind"ng oligomer"zing domdlr't- 1 (NODl) is a cytoplasmic receptor involved in recognl! r J

bae:er"al peptidoglycan fragments t~at localize to the cy'osol. NODl activation tr"gqers inflammation. antimicrobial
mechanisms and autophagy n both epithelial cells dnd murine macrophages. NODI media:es intrdcellular
pdthogen clearance In the lungs of mice; however lillie IS known abo.Jt NOD 's role In human al\eolar
macro phages (AMs) or its Involvement in Mycobacteriurn tubercLlosis U.•.1tb) nfectlon,

Methods: AMs, monocytes (MNs), ana monocyte-derlveo macro phages (MOMs) from healthy subjects were
assayed for NOOl expression. Cells were stlr-'1ulated With the NODI ligand TfI~DAP and cytokine Drod-.Jctloll
and autophagy v~ere assessed. Celts were infected INllh iv1tb and :reated wit~ rl-DAP post-infection. CFLJs
counting determined growth control. and autophaqv r)fote'n recruitrner. to p<1thogen local zation sites was
dnalyzed bv ImmJnoelectron microscopy.

Results: NODl was expressed in AMs. MOMs and to J lesser extent !\t1Ns.Tri-DAP stimulation :rduced t\OD
up-regLlation and a significant product on of ILl~, IL6, IL8. and TNFa n AMs and MDMs; howeye', the levpl
of NOD1-dependent response in MNs was I'rT'i:ed, Autophag)/ activity determlfiec by expression of protF-1( c:,

Atg9, LC3, IRGM dnd p62 degradation was induced In a NOD -dependent manner in AMs and MOMs bu' nOT

in MNs. Infected AMs could be activated by stimulation with Trl-DAPto control the intracellular growth 01
Mtb. In addit"on, recruitment of NODl and the autop~agy proteins IRGM and l (3 to the !'/ltD localization sh.
was observed in n(ected AMs after treatment with r (I-DAP
Conclusions: NODl is Involved in AM and MDM innate responses, wilier '!")(,ude proinflammatorv cytoklnes
dnd autophagy, v/ith potential implications in the k IIIr1qof Mtb if' humans.

Keywords: Human alveold' rnaC1ophages, Innate immunity. NOD-, IRGM, C3 AutOphd9Y, MycoooLterium rubercu'( s
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Background
PJ.thog('n recognition and induction of innate immune re-
~p()nSt'~are important for the efficient elimination of in-
t't'nion. The nucleotide-oligomerizing domain 1 (NODI)
pJ.ttl'rn recognition receptor senses the qtosoHc presence
of meso-diaminopimelic acid (DAP)-containing peptido-
glycan fragments derived predominantly from the cell
WJlIs of gram-negative bacteria and At. tuherculosis {1,2].
Following miuobial sensing. ~OD I directly recruits a
..;erillt'-threonine kinase, Receptor-int('racting protein
1 (Rip:!), which initiates a signal cascade that ultim~
.ltdy ,ll1owS NF.••B to translocate to the nucleus [3}.
Stitnulating NODI induces the secretion of proinfiam-
matory cytokines Jnd chemokines (IL-6, 11.-8, CXCLl,
.\I1P~2, CCL2, and CCLS), the production of anti-
microbial peptides (j>-defensins), and autophagy in human
,'pithelial cells 14-6J.
Recent evidt'nce re\"eals a major role for NOD I in the

resolution of respiratory infections. NODI-deficient mice
have an impaired ability to eliminate pulmonary l.egion-
('/la Pllcllniopitila and to recruit neutrophils to the lungs
171; CIl';tI\HlCe of Stf{ptoc(JCCltS pneumonia£' and Jlaenwph-
lim injlucnzac also occurs via a l':ODI dept.>ndentmanner
in a murine model of co-infection 181. Rip2-/- mice show
reduced i~OS expression and delayed neutrophil recruit~
ment to the lungs and an inability to clear Chlamydophila
Pflf'WllOfliae infections, which subsequently lead to an in-
creased rate of mortality [9]. Despite the evidence for
r-.:ODI's role in resolving pulmonary infections, there are
no data to support its role in AI. tllberwlmi.~ infections.
A1Y('olar m~lCrophages (AJ\h) are responsible for mi-

t rnhial lung clearance by orchestrating inflammatory re.
"ponses that stimulate epithelial lung cells to produce
~ldditional chemokines and antimicrobial peptides, which
amplify innate responses and help recruit other cells,
such .lS monoC)tes and neutrophils [10]. AMs are also
the cells responsible for eliminating AI. tuberculosis. Al-
though antimicrobial activity may be induced by l\OD 1,
tht' involvement of AMs in ","ODI-mediated responses
,md tlw full spectrum of cellular mechanisms responsible
for .mtimicrohial l\'ODI-dependent activity, in mice and
humans, ft'main to be elucidated.
In the present study, we investigate the presence of

:,\1()f)} in human A,\1s and examine its involvement 'I,..ith
inflammatory cytokines and the induction of antimicro-
bial autophagy. For comparison, we include monocytes
and monoqte-derived macrophages, as human mono-
cytic cells have been reported to initiate proinflamma-
tory responses follm••..ing 1\10Dl ligand recognition 1111.
Because NODI and autophagy are involved in intracellu-
lar pathogen clearance, we also analyze the role of
~OJ)I activation in the control of AI. tuberculosis infec.
lion. F"inally,we describe a no\"el role for NODI in pri~
mary human AJ\I innate responses.
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Methods
Ethics statement
The subjects for this study were healthy nonsmokers with
a median age of 24 (range 20-40) years, 259h female, 75%
male, seronegative for HIV-l, and no history of pulmonary
or cardiac disease or recent infections. These subjects
were studied after giving a signed informed consent, ac-
cording to the Declaration of Helsinki, for bronchoal\"eo-
lar lav:.lgeand venipuncture. The :-.Jational Institute for
Respiratory Diseases (lNER) Institutional Review Board in
j\lexico City approved this protocol.

Cells
Human bronchoalveolar cells were obtained by bron-
choscopy, as previously described [12]. Cells were col-
lected in sterile saline solutions and centrifuged at 400 x g
for IS minutes at 4°C. The pellets from the bronchoalveo-
lar cells \','ere suspended in culture medium, and the via-
bility of the bronchoalveolar cells was assessed by TI)-van
blue exclusion (>98% in all cases). Bronchoalveolar cells
were found to be 94.3 1: 2.8% alveolar macrophages ac~
cording to flow qtomdric an:.llysisusing a gate based on
size and granularity. Therefore, ,ve will refer to these cells
as alveolar macrophages (A,\I~) in this study.
,\lonOC)te~derived macrophages (,\'IDMs) \••.ere obtained

from peripheral blood mononuclear cells (PBMCs) that
were prepared by centrifugation of whole heparinized ven-
0us blood diluted 1/1 "ith RPMI IMO (Lonza, Walkers-
ville, MD, USA) over a I.ymphoqte separation solution
(Lonza) gradient. PBMCs were plated ill polystyrene
dishes and incubated for I hat 37C, in 5% CO2. After dis~
carding non-adherent cells and extensive washings, the
monoqtes ,,,:ere recovered w..ing a cell lifter. The viability
of the monocytes was assessed by Trypan blue exclusion
and was greater than 98% in all cases. /v11,' concentrations
' •...ere adjusted to 106 eells/ml and were incubated on 24-
' •...ell plates at 37°C, in 5% CO2 for 7 days, which allo\"ied
them to differentiate into MDMs that adhered to plastic
1131. ,\1Ns and ~,ID:\.1swere aS5."lyedfor ;-...rODI activation.
In all of the experiments, the culture mediulll consisted
of RPf\lI 1640 supplemented with 50 IJg/mL gentamycin
sulfate, 2(X) m'\l I.~glutamine, and I0% h('at~inactivalt.'d
poolt'd human serum.

Cell stimulation
To assess Iigond-induced responses, ld' A.\1s, MDMs, and
A.'1Ns,vere cultured in a final volume of 1 mi. in an ultra-
low attachment polystyrene 24-well plate (Corning Inc.,
NY, USA). The cells were stimulated using 5 Ilg/mL
of synthetic I.-Ala-y.D-Glu-meso-diaminopimelic acid
(Tri-DAP) (lnvivoGen, San Diego, CA, USA) for 24 h.
Next, the supernatants were collected and h'pt frozen
until the qtokine assessment; the cells were harvested
and prepared for protein or mRNA extraction. Culture

http://httpJ/www.biomedcentral.com/1471-2466/14/152
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medium ,done \vas used as a negative control, and LPS
was used as a positive control, as indicated. In selcch'd
experiJnt'nts, 10 flM of Rip2/p38 inhibitor SB2033RO
(Promega, Madison, WI, USA), 20 ~M of PI3K inhibitor
LY2l),'J.(X)2(Promega) and 20 flr-vlof pan-c<.l~pases inhibitor
Z-VAD-fmk (Calbiochem, La loya, CA, USA) were added
to the (:ells 30 minutes before Tri-DAP stimulation to
blod :--JODI signaling.

Reverse transcription and real-time PCR for gene
expression
Total RNA was extracted Jnd reverse transcribed as pre-
viously reported [13;. The cDNA was subjected to quan~
titative real-time PCR (qRT-PCR, TaqMan) to determine
the NOD I. LC3 and IRGM mRNA t'xpression levels
using the comparative threshold cycle (o.ilCt) as de
scribt'd prt>viously {14J. Real-time peR reactions \vere
performed in duplicate \,,"('115<.lccording to the manufac~
turer's protocol for Taqman predesigned gene assays;
NODI (Hs01036717_ml), LC3 (HsOOI71082_m1 and
JRGM (HsOlOI3699_sl) were purchased from Applied
Biosystems (Carlsbad, CA, USA). The Ct values for each
gene "':ere normalized to the endogenous control g.ene
IRS rRNA (43194I:lE).

Cytokine detection
Supt-'rnatants of 24-h (u1tures were assayed for the re-
lease of III~, IL6, IL8, ILlO, ILl2p70, II'Nu2, and TNl'u
cytokines using. the ""'1illiplex human cytokine detec-
tion kit (,,"1i11ipore, Billerica, tvlA, USA) ac("()rding to the
manufacturer's protocol.

Immunoblot
Protcin~ extracted from cytoplasmic lysates \••..('re sepa-
rated by SDS-PAGE and transferred to polyvinylidene
difluoride nwmbral1t's, as previously de!'.cribed [141.
Briefly, nwmbranes were blocked and incubated v".ith the
following antibodies: anti-human NOD I (AdB serotec,
Raleigh, NC, USA), IJ{GM (Abeam, Cambridge, MA),
Atg9, and I.C3 (t\ovus Biologicals, Littleton, CA, USA) 01'

Cl-tubulin (Sigma-Aldrich, SI. l.ouis, ,\10, USA) for 2 h
followed by an incubation with peroxidase-conjugatl'd
anti-rabbit or anti.mouse IgG antibody (Sigma-Aldrich)
for 1 h at room temperature. Specific bands were detected
with the chemiluminescence SuperSignal system (l'hermo,
Rockford, IL. USA) and were revealed using autoradio-
graphic films. Densitometry was perfornwd using Image!
1.440 (~ational Institutes of Health, USA).

Transduction of p62 to assess autophagic flux
MDMs were seeded in H-well chamber slides (Thermo) at
5 x 10" cells/well. The cells were transduced with 15 viral
particles per cell for ectopical expression of p62-RFP
(Premo Autophagy Sensor p62 kit. ~(ol('cular Probes.
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Carlsbad, CAl. Alter 18 h. the ({'lis were stimulatl'd with
5 pg./ml of Tri DAP and incubated for 5 or 24 h at 37C
and 5% COl' Chloroquine 60 I1l\1 and medium were used
;)s controls. W'e used Lysotracker ([\.10Iecular Probes) to
stain Iysosonll's and Hoescht 33342 (Enzo Life Sciences,
Farmingdale, NY) to stain nuclei following the manufac-
turer's instructions. Cells were visualized in an AxioScope.
A I microscope (Carl Zeiss, Oberkochen, Germany) with
the appropriate nuorescence filters. Images were ;l(:quired
and anal)7ed with ZEN Pro software (Carl Zeiss).

Infection with Mycobacterium tuberculosis and post~
infection treatment
AI. tltbercul().~js (Mtb) strain H37Rv (ATCC 2:i6IH) was
grown as previously described 112). A!vIs (10') wl'fe in
fected with ,\HI> in J~PJ\H with 30% non-heat-inactivated,
pooled human AH serum at an infection ratio of 1-2
bacteria/20 (-ells in Y6-well polystyrene plates; they \\"{'n'
incubated for I h followed by three washes to r('mo\"('
any non-phagocytiz('d bacteria. The cells were then cul-
tured for another hour in RPMJ supplemented with 1O'}o
heat-inactivated pooled human serum with or without
5 flg/ml of Tri DAP. The infected macrophages were ill
cubated after Tri-DAP treatment for 1 h (Day 0), 2'1 h
(Day I) and 96 h (Day 4) to evaluate the effects of macro-
phages on mycobacteri;'ll intracellular grolh1h by qualltil~'
ing the colony-forming units (CrUs). The intrao'llular
gnm1h index was calculated as the ratio of CFUs at Day J

or 4 relative to the eFl's at Day O.
A~Is wer(' infected with a multiplicity of inft,ction

("101) of 5 using 'l x JOh cells cu1tlll"l-d in polypropylene
tubes under the sJmf' conditions describl'd abovt' ~lIld
analyzed by transmission electron microscopy. Cells
were treated with Tri-DAP with or without prior inhib-
ition of Rip2/p3H <lI1d PI3K for 2.l h post-infection and
tixed in prep.lr<ltion for electron lnicroscop)' detectioll
and subcellular localization of pnllt.'ins.

Electron microscopy
The subcdlular localization of IRG;\.1 and LC3 prolt.'ins
was performed using transmission electron microscopy
(TL\!), as previously described [15]. Brieny, cells were
fixed in -1-%paraformaldehydc in 0.2 .\1 S()rensell buffer:
the samples were dehydrated with increasing COI1CL'ntra
tions of cthyli<..: alcohol and infiltrated with LR- \\'hitc
hydrosoluble resin (London Resin Co., Hampshire, L'nitt>d
Kingdom). Sections that were 60- to 80-nm-thick were
placed on nickel grids. The grids were incubated overnight
at 4"C with spt'citk polyclonal rabbit anti-IRGi\I (Abeam)
and anti-LC3 (:'\Jo\"us Biologicals) antibodies followed by <1
2 h incubalion at nHlIn temperature with gO.ll <Illti-rabbit
19G (Sigma~Aldrich) conjugated to 5-nm gold partil1c-;
(Sigma-Aldrich) and diluted J :20 in PBS. The grids Wt'l"(,
contrasted with uranyl an'tate (Electron ~tilToscopy
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~cil'ncl''', Fort \'('ashington, PAl and examined with an
.\1-10 U'ISS d<.'ttron microscope (Karl Zeis..'i,lena, Germany).
1"0 quantitati\"{'ly assess autophagy protein recruitment
to the my<.:ob.lCteria-containing vesicle, we performed
rnorphollwtriL .witlyses by counting gold part ides that
ullocalized with b.lCteria in 10 randomly selected cells
from each condition (10-18 bacteria/condition) using
Im,tgcl ,>oftware,

Statistical analysis
Data of pain.'d samples from related subjects were ana-
lyzed by a non-parametric two-tailed \Vi1coxon signed-
1"<1111.; test. Comparisons among non-related samples were
analyzed using a Iv1ann-\Vhitney U test. The colocaliza~
tion of gold particles with bacteria between treatments
wao.,analyzed using a t\lio-tailed paired l~test. The means
,md st •.lIldard errors (SEs) were calculated where indicated.
A p-valuc of p < 0.05 was considered a statistically signit1-
cant difference. The statistical analyses \\'ere performed
uo.,in~ SPSS 15,0 for \'fI/indows (SPSS, Chicago, IL. USA)
,mel GraphPad Prism, version 5.0 (C-iraphPad Software
Inc., San Diego, CA, USA).

Results
NODl is up-regulated in AMs and MOMs, but not in
monocytes, after ligand stimulation
Diff<.'TelKes in Toll-like receptor patterns have been previ-
ously described between differentiated macrophages and
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mono<-,)'tcs 1131; therefore, we investigated whether NODI
was expressed in unstimulated A.\'15, J\ID.\'1s, and ,\I:'\'s .
''file observed a basal protein expression in all cell popula-
tions studied (Figure lA) and densitometry revealed that
I\'ODI was morl' abundant in 1\,\1s (Figure I B). \Ve did
not obsen'e significant diffen'nccs in the relative abun-
dance of NODI mRNA in unstimulated cells (Figure Ie).
lIowewr, after stimulation with Tri-DAP. A!\'!s signifi-
canlly up-regulated their ~"ODI mRNA levels relative to
the unstimulated cells, while l\..10:Vls b;,uely modulated
their gt.'ne expression and MNs show<.'<1down-regulated
NODI levels Ip < 0.05 vs. A~h,Figure llJ).

NODl stimulation with Tri-DAP induces proinflammatory
cytokines in AMs and MOMs
NODI pathogen recognition is typically accompanied by
proinflammatory C)1okine production [16}. AMs afe fe-
sponsible for initiating inflammatory responses, which
recruit large numbers of neutrophils into the alveolar
spaces to clear bacteria from entering terminal airways
[17]. In this study, we have determined that Tri.DAP
stimulation of macrophages in 2.~ h ('ultured superna-
tants results in pro-inflammatory q10kine produ('tion.
\'\o'e found that AMs release significant amounts of IIIB,
11.6, TNFa, and IL8 (p < 0.05, Figure 2A). Meanwhile.
","'1D'\1s re1easl'd significant quantities of ILI~. TNFu,
and IL8 (p < 0,05), and remarkably, ."iNs only produce
significant amounts of ILl~ in response to Tri-DAP
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stimulation (p < 0,05). Interestingly, in all of the cell types
tt'sted, \""l' did not find any <lnti-inflammatory production
of ILIO after Tri.J)AP exposure (data not shown). In
addition, Al\ls, the maximum fL'Sponders 10 Tri~DAP
stimulation, were also assayed for IU2p70, IFi'a, and
1Ll7; we found that A,\-\s do not produce these c~tokin(~s
in response to NODI ligand binding (data not shown).
To confirm the selectivity of 1':ODI 's proinflammatory

response, we stimulated At\'1s, the highest respon<.!{'rs,
and ,\1~s, the lowest responders, with 100 ng/ml ot
LPS and observed that o.;ignificant amounts of TNl'o.
11.6. and IUO were released from both cell t)Ves (p < 0.0.,.
compared to medium), and the levels of C)1okine pmdu(-
tion were similar in both cells (Figure 2B). Cytokin<' r('-
spons('s were umfirmed by qPCR using cell iysate-derin'd
cDNAs (data not o.;hown).
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Macrophages increase their autophagy activity after
stimulation with NODl ligand
t\OJ) J induct'S autophagy in epithelial cells 161.and \',;(' re-
n'ntly found that ;..JOD:! activation induces autophagy in hu-
man 1\,\ls as part of their antibacterial pulmonary ddense

{14], Thus. ,',:e e\~Jluated the ability of 1\10DI to induce au-
tophagy in different macrophages by detennining the expres~
sion of the autophagy proteins Atg9 and I.C3 after Tri-DAP
exposure. \lYrefound that the expression of Atg9 increased
after NODI stimulation in AMs and ,\tD.\1s (Figure 3A).
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Figure 3 After stimulation with the NOD' ligand, macrophages increased their expression of autophagy proteins Atg9, LC3 and IRGM.
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Prt>treatment of AM •• and MD"-ls with the Rip2/p38 in-
hibitor SB2035S0 for 30 min prior to Tri-DAP stimulation
blocked NOD) -Int>diated responses and blocked the in-
cn'ased expression of Atg9 (Figure 3A,B). NODI acti\'a-
tion also induced an increment in LC3-1 and IJ in A.\1s
and MDI\15 (Figure 3A,C). In contrast, no increase in
autophagy protl'ins was observed in ~'lk"s.The enZ~llle
IRG'\l is a key autophagy component with antimicrobiJ.1
functions. Thus, we analyzed IRGM expression levels and
determined that IRGJ\I gene e.\pression \••.as ele\'ated in
AMs alter Tri-DAP exposure. slightly increased in .\IDl\ls.
and delTt.'<lst.'CIin IviNs (Figure 3D). Consistent with the
gene cxpres<,ion data, only the AMs overexpress IRGJ\I
protein aftt.'r Tri-DAP stimulation (Figure 3E,F).
To conflrm that autophagy was producti\'e, \\'(' used t'c-

topic.llly exprt.'ssed p62 in ,\-1DMs as an indicator of au-
tophagic flux. The p62iSQST.\1l is a receptor for cargo
destined to be degraded by autophagy [18]. Because the
vector does not replicate within mammal cells, p62 is de-
g.raded when autophagy' occurs and an accumulJ.tion of

p62 positive v{'sicles indicate lack of autophagic flux. Ant.'1
'24 h of Tri-DAP treatment we observed cells with ph].
puncta (Figure 4A). \Vhcll we compared p62 puncta
,.allies obtained at 5 h to those of 24 h an ('vident redut-
tion in p62 was ob ..•erved confirming the development 01

produt.:tivl' allt(lpha~JY (Figure 4B). In addition, most of the
p62 pUllcta of Tn- DA P treated cells colocalyzed with Iyso
tracker (Figure .le). Chloroquine, as expected. induced <1U-
tophJ.fW but bloded the fusion Jutophagosomcs~lysosonH'
thus preventing the completion of the autophagic flu.\.

Tri-DAP stimulation confines M. tuberculosis to
autophagic vesicles and helps control intracellular growth
Our results rewa I that !\'OD 1 activation induces an ,1Ilti
bacterial state in A~b. which may improve the control oj
intracellular patho~t'nic infections. Therefore, we t.'valu<lted
the roll' of NODI stimulation during in l'i1m infections
with ,\1tb, one of the most successful intracellular patho-
gens. Previously, we delllonstrated that Tri.DAP-treatl'd
A.\1s develop autophagy (Figures 3 and 4). Tberefon:, \\t.'
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lI<';l'd lIHmUnoe]ec:tron microscopy to ex;\mine the re~
ll'uitnll'nt of IRGM and LC3 to .\1tb-containing vesicles
III Af\ls infected \••'ith ~,ttb that were treated or non-
tn'Jted with Tri-DAP. Our results demonstrate that wlwn
\Ms .m' treated with Td-DAP post-infection, the i\ltb is
l'lKlost'd in autophagic vesicles that are positive for
Jutophagy prott'ins, such as IRG1\.l and I.e3, whereas
J minimum reuuitnll'nt of these proteins is observed in
the untreated Illacmphages (Figure 5A-D). To (onllrm
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\.•..helher the recruitment of IRG,VI and LC1, as well as
autophagy, were dependent on NODI signaling, \I••..e pre-
incubated cells with r~ip2/p38 (SIl) and PI:JK (LY) inhibi-
tors prior to Tri-DAP stimulation (Additional file I). The
use of both inhibitors significantly diminished the reuuit
ment of autophagy proteins to the .~1tb-cont;'linil1g vesicle
(Figure 5E, F). In absence of stimulation the expression of
IRGM was very low, and l.e3 was homogeneously distrib-
uted within the qtosol (Additional l1Ie 2).
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Discussion
The nucleotidc-oligornerizing domain I (1'\OD I) path'rn
recognition receptor is. es~ential in respiratory innate
defense. i\!ODI deficiencies cause severe respiratory dis-
eases and impair antibacterial mechanisms in mUll~e
modds 17,'11. Human lung l'pithelial <.-'e1lscontribute to
the clearance of attenuated K. (Jnewnoniae by producing
beta-defensin,> in a TLR2- and NODI-dependent man-
ner, which highlights the importance of l'\ODI in rc-
spiratof)' pathogen elimination and in pathogen-evasion
mechanisms in human pneumonia 119]. H(H'.'Cver, the
role of ;'\JODI in human AM responses remains tln-
~no\lm. In the current study. we investigate the rolt, of
1\'OD I in the primaf)' human Ai\l innate response, fo-
cusing on the proinf1ammatof)' effectors and the indut:-
tion of autophagy.
First, we determined the intracellular expression of

:\'OD1 in unstimulated primary human A'\'ls and com~
pan'd their :-.JODI t~xpression levels with those of ,\I;\:s
and .\tDl\ls. \\'e determined that 1'-:OD1 was t'Xpres'>t'd
in the c}iosol of A.\-\s. ,\INs, and MOMs. The NODI
mRNA levels in unstimulated A<'v1sare similar to those
in ,\IDMs and "',INs, indicating that NODl expression is
indept'ndent of cell differentiation and that AMs, .\I;'\J~.
and .\IDl\1s could potentially respond to stimulation by
1'-:ODI ligands. However, !\'ODI gene e.xpres,>ion was
only up-regulated in AMs after Tri-DAP stimulation;
Iwither the !vID,\ls nor the )\'INs increa,sed their NOOI
genc expression, which suggests that rcgulation or thl'
functional ability 01 the receptor is cell type-dependent.
In agreenwnl with ligand-induced ~ODI o\'t'rexprt'S-

sion, \\:{' observed a broader proilltlaJnmatory cytokine
profile triggered by l\:ODI in A.VIs. Alvroiar macrophage,>
produce significant quantities of TNFa, ILo, ILl~. and
IL8; '\'..lD\1s produce all of these qtokines exc:ept 11.6;
hO\'/c\'er, the M N response is restricted to ILl It The low
cytokine resp()nse obsl'f\'ed in ,\tNs is consistent with pre-
\'ious reports, which indicate that human PRivies or puri-
fied M0!s do not release pro-inflammatory C}10kines after
low concentrations of Tri-DAP stimulation, Instead, th('y
synt.'rgize with TLR ligands to induce strong cytokine
responses. However, increased Tri.DAP conccntrations

Next, we investigated \••..hether Tri-DAP treatment im-
proves the control of ,\1tb-intraccllular growth. The
intracellular grO\••.1h index revealed that bactcriJI growth
was lower inside A,\ts when they were treated with Tri-
DAP post-infection (Figure 6A) compared with the in-
fected AMs that did not receive Tri-DAP stimulation,
,\lort'over, Tri-DAP stimulation induced the release of
signitlcant amounts of TNFa and the o\'crexpressioll of
LC3 mRJ\:A in AMs infected with Nltb (Figure oB,C) thaL
\•...erc not observed in A)\'1s \vhen thC'y were not treated
with Tri~DAP.

http://httpJlwww.biomedcentrar.com/1471-2466/14/1
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lIlducl' ('~1okine responses in '\-1Ns 120,21]. Thus, the cyto~
kinl' rl'sponsl'~ elicited by I'OD I stimulation depend on
the stJ.p.e of maturation and the specific requirements of
the tissUE'. Aj\ls produce increased le\'els of ILS, \••..hich
,>ugp.e"ts a rol(' (or NODI-dependt'nt neutrophil recruit-
ll1t:'llt to human lungs. ~1ean\.,..hile, other reports suggest
that ~()DI responses induce not only neutrophil recruit-
ment hut also an increased neutrophil~ki1ling capacity
22.231. ~ODI induces the production of proinflamma~
tory c~1okines. which is critical for bactl'rial clearance in
mICe w'ith L pl1ellmopilila (24).
Olll' of the antimicrobial mechanisms induced by in~

n~Hl' receptors is autophagy, \'ihich is inducible by
1\'OD] in epithelial o;.l1s [6}. Therefort', we investigatl'd
whether macrophages could initiate autophagy in re~
sponse to NODI ligand stimulation. \\'e investigated the
expression of the autophagy-related proteins Atg9, LC3,
J.nd lRG~1 after stimulation \•...ith Tri-DAP and found that
\.\Is itl(fl'a~e the expression of Atg9 and LC3. These re.
sulb IIldicate that the autophagy prot:ess is involved be-
l ,\Use Atg~ is nect'S'klry for initiating autophagosome
formation .11ld LC3 is required to finalize autophagosome
lllJ.turatiol1 [25,26]. ,\-loreover, the degradation of p62 con~
firms the autophagy completion. In addition. i\JODI in~
dun'!') the o\'crexpression of IRG,\1 in A!\ls. \vhich implies
an antimicrobial component because humJ.n and murine
mGM not only induce autophagy but also <.:ollaborate to
c1inunatc intracellular pathogens, including Mtb [27.28].
l~lkl'11 together, our results suggest that ANts are highly

l"e.•••pollsive to NODI stimulation, ,\ID.\ls elicit moderate
innatt" responses after Tri-DAP stimulation, and J\lNs ex-
hibit a limitt.-'d response. Thus, although basal expression is
"imilar, regulation of NOD] expression levels, the quality
<Ind magnitude of 1\'OD I-driven cytokint' and autophagy
responses arc J.ssociated with the macrophJ.ge diffcrenti~
.1tion status Jnd the tis!'.ue environment of the cell, which
l'xplains why higher responses ar<" observt'd in AMs and
\IDMs.
Autophagy constitutes an important mechanism of

dctl'ns(' ,1gainst j\1tb [29]. In this study. because autoph-
J.gy \\'.IS mainl)' induced in A.\'1s, \ve l'valuatt.'d the anti~
microbial activity associated with autophagy in AMs.
\\'e infcclt'd AMs \vith Mtb as a Illodel intract.'lIular
pathogell and evaluated the effect of NODI activation as
•.Ill inducer 01 autophagy after an established infection.
Some ,\Hb virulence factors inhibit autophagy in host
ma('rophages to grant survival [30,3l]. Therefore, Tri-DAP
\\/~P;,Idded po<,t-infectiol1 to overcome Mtb-:'lssociat( ..d in~
hihition of autophagy. After treating inleded AMs with
Tri-DAP, we observed recruitment of autophagy indicators,
such as IRG~-1 and LC3, to the pathogen-contJ.ining vesi-
cles in a Rip2-dt'pendent manner. Rip2~dcpendt~nt and
-independent respon<,es hav(' been docuI11t'nted /()r NODI
,1Ild NODl [61. I.e; and IRGJ\l up-regulation hJ\-e been
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used to measure autophagy because they are indlKed in
human AMs after :-JOD2 activation [14]. Autophagy pro-
teins did not increa.5e and the}' were not recruited to
pathogen-containing vesicles in the cells incubated with
Rip2/p38 inhibitor prior to Tri-DAP stimulation. There-
fore. our results indicat(' that the NODI ligand also in-
duces autophagy in a Rip2-dependent manner in A.\1s.
Autophagosomes become degradation compJ.rtments that
influence phagusome maturation and pathogen degrad~
ation 132]. Therefore, the NODI-dependent formation of
autophagosomes may have improved the control of the
intracellular mycobacterial burden that we observt.'d in
AMs.

Conclusions
The results of our study demonstrate tht" presence of
t\'OD I in AMs for the first time and show that this rl'<..'ep-
tor is functionally active. These studies provide evidence
that NODI induces the production of proinflammatory
mediators and triggers autophagy mechanism in human
alveolar macrophages, The antimicrobial profitl" activated
by :\IODI may b(. of relevance. especially early after pul-
monary microbe invasion, The induction of autophagy in
AMs after l':ODl activation is a significant mechanism for
eliminating intracellular microbes that enter the- alveolar
span', such as AI. tuberculosis. NODI and NOD2 induce
autophagy and recruitment of neutrophils and ma(ro~
phages and have a role in defense against At tuberculosis
[33.341; therefore, ligands of both receptors arc potential
candidates for use as immunomodulators in tuberculosis
infection. Further studies are needed to elucidate whethl'r
activating the NOD1 receptor also induces other aspects
of the Ai\l immune response.

Additional files

Additional file 1: Tri-OAP-induced recruitment of IRGM (A-D) and
LCJ (E-H) depends on NODl signaling and autophagy initiation.

Additional file 2: Detection of basal levels of IRGM and LC3 in
unstimulated uninfected cells.
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Ie solicito de la manera mas atenta me haga saber si el proyecto requerira una
pr6rroga. En caso afirmativo, favor de enviar a la CINVA el periodo de extension
que solicita y de requerir un mayor numero de animales especificar y justificar
como se utilizaran y los procedimientos experimentales que se Ilevaran a cabo con
los mismos. En caso de no requerir una pr6rroga favor de lIenar el formato de
cierre del protocolo que se anexa a la presente. De no recibir respuesta de su
parte en el plazo de 30 dias, el protocolo se dara por cerrado.

Sin otro particular por el momento, quedo de usted.

Atentamente,

C ey{/.I-J-u
l 0 yY'O- -.(LO

--z.-0 l0 I

.• '111 UIU NlluUNAl. Ut zt<f?c11
IVlFn'c~~v "'UTRICI6N
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NVESTIGACION EXPERIMENT-._--~.-A\~

Ora. Nor \\~. Bobadilla Sandov
Coor~:dora de la CINVA

e,c p Dr Gerardo GaMba .l'>,yaI8, Director ce Invesligacion
MVZ Mariela Con:reras Escamilla. Jeta del DIES
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INSTITUTO NACIONAL DE
CIENCIAS MEDICAS
Y NUTRICION
SALVADOR ZUBIRAN

"2014 Aiio de Octavio Paz"

Mexico, OF. a 19 de junio de 2014.

DR. ROGELIO HERNANDEZ PANDO
Investigador en Ciencias Medicas F
Departamento de Patologia
Presente.

Estimado Doctor Hernandez Pando:

Habiendo analizado detalladamente el Protocolo de Investigaci6n Experimental titulado:

"ll1fracstructura dc apoyo a proycctos rclacionados con la c\'aluacion morfologica
ultraestruclural dc los cfcclos palogcnicos dc agcntes infccciosos, quimicos y nulricionalcs y

sus pnsihlcs tratamientos .."

Esle comite ha dictaminado aprobar el protocolo con la sugerencia a los autores de revisar y corregir
el escrito ya que presenta muchas faltas de orlografia.

Su proyecto queda registrado en esta Instituci6n como: CINVA 1300: Clave: PAT-1300-14f15-1.

23- Ju,{... 14
flY[

Dl1U:CCICN ~
fifVrJll1G::-OON )

Atenlamente,

0"." m.' '0b'd",j..,
adora de la Comisi6n de Investigaci6n en Animales

Sin mas par el momenta quedo de usted.

. :.....? ~
-l STIlU'lONAt!ONAl CIENtlAS

••. ~ IN ICAs Y NUTR1CI6N
\~ MsE~Lv"r;Gf~l~'9,R."N

INO';/ 7 ~ JIJ I 71\14 '*
DEPARTAM Er:JT';;1~;ENT AL

INVE5f1GA~~:~:{~~ Coordi

c.c.p. Dr Gerardo Gamba A. Director de lnvestlgacion
Or. Rafael Hernandez. Jefe de Investigaci6n Experimental y Bioterio

"""CIONAL D CIIlNC1AlI
IT Y NUT"'CION
"~:LVADOR 7.UllTRAJ:!"

DEPAR-IAME,\ITO DE
ANATOMI PATOLOGICA

//.'IJ~

E
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WWN.lncmnSZ.m;o.

Vasco de Quiroga NO.15
Colonia Secci6n XVI
Delegaci6n Tlalpan
Mexico, D F. 14000
Tel 152154870900



IIJ.)ututo NCidolldl de Ci~jlc'iCis
i,l6Jicas y l~u[ficj6n

5alvad.o( Zubi(an

INSTITUTO NACIONAL DE
CIENCIAS MEDICAS Y NUTRICIOl\'

SALVADOR ZUBIRAN

Direcci6n de Investigaci6n

FORMA tmICA PARA REGISTRO DE
PROYECTOS

FECIIA DE IlECEPCI6t': 03/06/2014 CLAVE: PAT-1300-14115-1

TiTULO: Infracstructura de apoyo a proyeclos relacionados con la evaluacion rnorfologiea ultraeslructural de los efcctos
patogenicos de agcntes infccciosos, quimlcos y nutricionalcs y sus posibles tratamicntos.

It'VESTIGADOIl RESPONSABLE: HERNANDEZ PANDO ROGELIO

DEI'AIlTA,\IENTO 0 SERVICIO: DEPARTAMENTO DE PATOLOGiA Y ANATOMiA PATOL6GICA

T1I'O DE INVESTIGACI<JN: INVESTIGACI6N EXPERIMENTAL

1''\ TROClt''\DORES:
Patrocinador Cantidad

Conscjo Nacional de $ 6,859,794.00
Ciencia y Tecnologia

VIGENCIA IJU, I'ROYECTO: Del 07/04n014 .128/05/2015

Trimestre I Trimestrc 2 Trimcstre J Trimcstre 4

Primer ano $ 0.00 $ 6,859,794.00 S 000 S 0.00

COSTOTOTALES DE LA INVESTIGACl6~
IllSTJTUm~£5 pAR I Ie IPA

S 0.00 FACULTAD DE UIMICA, Ul\'A}'1
sueldos y sobresueldos al personal)

Q.?i
e e e

amite C n\'estlgaclon en
Humanos

lrector

$ 000

$ 0.00

$ 0.00

$ 6,859,794.00

S 0.00 I

limalcs

quipos

1ateriales

de laboratorio. computo, transporte, etc.)

reactivos, consumihles, desechabks, elc.)

reuniones cienlificas y trabajo de campo)

de laooralorio, gabinele,especiales.elc.)

(adquisicion, cuidado, procedimienlos, etc.)
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CO rvllT E
II'\STITUCIONAL DE

INVESTIGACi61'\
BIOMEDICA EN

HUtvlANOS
1'f'lc"Jit",,) II~ulll(..IVII

No. de registro CIlBH:

FORMATO DE
EVALUACION
DE PROYECTO

DE
INVESTIGACION

PA T-1300-14/15-1

I. Titulo del proyecto
Infraestructura de apoyo a proyectos relacionados con la evaluaci6n morfol6gica ultraestructural de los efeetos patogenicos,
quimicos y nutricionales y sus posibles tratamientos.

2. Investigadores

2a. Identifieaci6n

INVESTIGAIlOR
IIERNANDEZ I'ANDO ROGELIO

Posicion institucional
ISVESTIGADOR EN CIENCIAS
MEDF

Posicion en el pro~'ecto TelHono (ext.) Correo-E
Invcstigador responsable rhdczpand(}1Ihollllai

In\'csligady~in~lado_
In\'csligador aStlCiado

PEDRAZA CHAVARRI JOSE JORGE
TOVAR PALACIO ARt>.lANDO JEFE DE DEPARTAMENTO
ROBERTO

2b. I'ertineneia del ~rupo de investigadores con respeeto del proyeeto

(55)~622 pcdraza'Runam.lll:X
lo\':Jr.:Jp~grnail_col1l

3. Instituciones participantes
- Campus Universitario Siglo XXI, Incorporado a la Universidad Autonoma de Estado de Mexico
- Campus Universitario Siglo XXI. Incorporado a la Universidad Autonoma del Estado de Mexico
- Centro de Investigacion y de Estudios Avanzados deilPN
- Centro Medico ABC
- Centro Medico ABC
- Centro Medico acional Siglo XXI
- Centro Uni\ersitario del Sur, UdG
- Clinica Ruiz
- Comision Coordinadora de los Institutos Nacionales de Salud y Hospitales de Alta Especialidad
- Departamento de Cirugia. Instituto Nacional de Ciencias Medicas y Nutricion Salvador Zubrian
_ DEPARTAMENTO DE GASTROENTEROLOGIA. INSTITUTO NACIONAL DE CIENCIAS MEDICAS Y NUTRICIC
- Departamento de Infectologia
- depto de urologia
- Depto. de infectomica, Centro de Estudios Avanzados del Instituto Politecnico Nacional. CINVESTAV-IPN (f\-lexico)
- Direccion del Programa de Micobacteriosis
- Direccion del Programa de Sa)ud en el Adulto y en e) Anciano
- Facultad de Medicina, Universidad Nacional Autonoma de f\-.1exico
- Facultad de Psicologia. UN AM
- FES Zaragoza
- FES Zaragoza
- Globla BioTherapeutics
- Hospital del Nino de nino D1F Hidalgo
- Hospital del Nino D1F Hidalgo

josefina.zunigal
Cuadro de texto
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- Hospital del Nino DIF Hidalgo
- Hospital Gea Gonzalez
- Hospital Gea Gonzalez
- Hospital General Dr. Manuel Gea Gonzalez
- Hospital General Dr. Manuel Gea Gonzalez
- Hospital General Dr. Manuel Gea Gonzalez
- Hospital general Dr. Ruben Lenero
- Hospital general Gea Gonzalez
- Hospital General Tla.xcala Sesa
- Hospital General Tla.xcala Sesa
- Hospital Infantil de Tla.xcala
- Hospital Juarez de ~.•.1exico
- Hospital Medica Sur
- Hospital l\.1edica Sur
- Hospital Nino DIF
- INCMNSZ
-INCMNSZ
- INCMNSZ
- INCMNSZ
- INCMNSZ
-INCMNSZ
- INER
- INSITITUTO NACIONAL DE CIENCIAS MEDICAS Y NUTRICION SALVADOR ZUBIRAN
- INSTITUO TECNOLOGICO Y DE ESTUDIOS SUPERIORES DE MONTERREY
- Instituto
- Instituto Nacional de Ciencias r\:1edicas y Nutricion Salvador Zubiran
-INSTITUTO NACIONAL DE CIENCIAS MEDICAS Y NUTRICION SALVADOR ZUBIRAN
- Instituto de Investigaciones Biornedicas
- Instituto de Investigaciones Biomedicas UNAl\'1
- Institute t\'1exicano del Segura Social
- Instituto Nacional de Cardiologia Ignacio Chavez
- Institute Nacional de Ciencias 1\1edicas y Nutricion
- InstitulO adonal de Ciencias t,,1edicas y Nutricion
- instituto nacional de ciencias medicas y nutricion salvador zubirna
- INSTITUTO NACIONAL DE CIENCIAS MEDICAS Y NUTRICION. S.Z.
- Instituto Nacional de Enfennedades Respiratorias
- Instituto Nacional de Geriatria
- Instituto Nacional de Rehabilitacion
- Instituto Nacional de Salud publica
- ITESM-CCM
- jrnedica sur
- Laboratorios Silanes S.A. de C.V.
- Laboratorios Silanes S.A. de C.\'.
- Laboratorios Silanes S.A. de C.\'.
- National Institutes of Health
- pasante licenciado en nutricion INCf'v1r\SZ
- Sin institucion
- Sociedad Medica de medicina t1sica y rehabilitacion
-UNAM
-UNAM
- UNAM PME
- Univcrsidad Autonoma de Guadalajara
- Universidad Autonoma de Nayarit. Unidad Academica de Medicina Veterinaria y Zootecnia
- Universidad Autonoma del Estado de Mexico
- Universidad Autonoma del Estado de Mexico
- Universidad Autonoma del Estado de Mexico
- Universidad Autonoma Metropolitana
- Universidad Autonoma Metropolitana. Xochimilco
- Universidad de California
- Universidad de Colima



- UnivcrsidaJ de Colima
- UniversidaJ de Colima
- UnivcrsidaJ de Guadalajara
- UniversidaJ de Guallajuato. Campus Leon
- Universidad de Uppsala
- Universidad de Uppsala
- UniversidaJ de Upssala
- UnivcrsidaJ Marista de Merida
- UNIVERSIDAD NACIONAL Aur6NOMA DE M[,XICO
- Universidad Nacional Autonoma de r\'lexico
- Universidad Nacional Autonoma de 1\1exico
- Universidad Nacional Autonoma de 1\lexico
- Universidad Nacional Autonoma de Mexico
- Universidad Nacional Autonoma de Mexico
- Universidad Nacional Autonoma de rvlexico
- Universidad Nacional Autonoma de Mexico
- Universidad Nacional Autonoma de Mexico
- Universidad Nacional de Rosario
- Universidad Rey Juan Carlos
- Universidad Rey Juan Carlos
- Universidas de Buenos Aires
- Washington University in Saint Louis

4. Patrocinio

4a. Organismos patrocinadores
- Consejo Nacional de Ciencia y T~nologia

4h. Especificar si Ins invcstigadores recihen pago (monetarin n en especie) por su participacion eSI
invcstigaciiin.

5. Marco teo rico
ANTECEl>ENTES:

NO APLICA

DEFINICION DE PROBLEMAS:

Desde haec 30 arios sc adquirio para el Departmllento de Patologia del Instituto Nacional de la Nutricion un microscopio
i\1-IO. el cual ha dado un enorme sen.-icio en el area de investigacion cspcciticamente en proyectos de Patol
colaborativamente con diversas lineas de invcstigacion del mismo Instituto y de otras instituciones nacionales y extranjer
equipo ha contribuido enormemente en el diagnostico de diversas enfermedades neoplasicas. metabolicas y sobre todo I

decadas de servicio intenso. dicho microscopio es absolutamente obsolete. de hecho se siguen utiliz •.1.ndo rollos y pI
actuahnente ya no existen en el mercado y 10 que se tiene en nuestro almacen csta a punto de agotarse con 10 cual ya
fotografias para ilustrar articulos de investigacion y tam poco para los diagnosticos de los pacientes. material grafico qUt
para las sesioncs anatornoclinicas que son de gran importancia para la forlll<lcion de medicos especialistas. Se ha investiga(
o actualizacion de este microscopio tratando de adaptar sistemas de adquisicion de imagen con Camara)/ computadora mo(
mu.y elevado y la garantia de que funcione es Iimitada. mas aun. diversos componcntes basicos de este microscopio como t
se producen y actualmente resulta imposible conseguirlos en el mercado nacional y extranjero. por 10 quc la eventual des
de estos compol1cntes implicaria la total incapacidad de cstc cquipo para seguir fllncionando. Por 10 I<Into sc solicita la ad.
microscopio electronico que permitira continuar con el estlldio ultraestructural de proyectos de investigaci6n diversos. so
las enfermedades infccciosas. metabolicas y pcr agentes toxicos. aspectos en los que los proponentl's han tenido una.
intensa y muy producliva; la adquision de dicho equipo contribuira tambicn l'n la forrnacion no solo de estudiantes de Ill.
diversos posgrados en investigacion biomedica si no adem as de especialistas medicos. EI microscopio electronico ha tenic
lugar importante en la investigacion experimental y el uso de tecnicas especiales como 13 illmunoelecirolllllicroscopia conti
substancialmente los resultados expcrimentales obtenidos con tecnicas inlllunologicas. bioquimicas 0 de biologia mol
aspectos morfologicos con 1ll01ecularcs. EI resto del equipamiento como 10 son ultramicrotomos y sistema de inclus
experiencia en el uso de este equipo por el grupo solicitante es muy sol ida. de manera que el equipo solicitado sera fl



CONSEJO NACIONAL DE CIENCIA Y
TECNOLOGIA

SISTEMA DE FONDOS

IMPRESION DE SOLICITUD

Fondo: 10158

Programa
Institucional:

Solicitud:
Convocatoria: INFR-2014-02 000000000229779

Estado de Solicitud:
Propuesta

NO APLICA

Modalidad:
INFRE

Datos Generales de la ProR.::u.::e~sta=- •.••.•

Titulo:
Infraestructura de apoyo a proyectos relacionados con la evaluacion morfol6gica
ultraestruetural de los efectos patogemicos de agentes infeccio50s, qufmicos y
nutricionales y sus posibles tratamientos.

N

5i
I
'006
JNSTlTUTO NACIONAL DE ClENClA5 MEDICASY NUTRICION SALVADOR
ZU8IRANInstituci;n:

Registri en otm
convocatoria:--------'
Registro Nacional de
Instituciones y
Empresas:
N;mero de RENIECyT:

Demandas Especificas: pato reque~~do

Fecha
de 25/02/201411:59:53
Alta:

Fecha
de
Envio:

25/02/201402:57:18
----

Brey~ Descripci;"-.: _
Desde haee 30 anos se adquirio para el Departamento de Patologia del Instituto Naeional de la
Nutricion un microscopio electronico carl Zeiss M-IO, el cual ha dado un enarme servicio en el area
de investigacion espedficamente en proyectos de Patologfa Experimental y colaborativamente con
diversas lineas de investigacion del mismo Instituto V de otras instituciones nacionales V
extranjeras. Ademas el mismo equipo ha contribuido enormemente en el diagnostico de diversas
enfermedades neoplasicas, metabOlicas V sobre todo renales. Despues de 3 decadas de servicio
intenso, dicho microscopio es absolutamente obsoleto, de hecho se siguen utilizando rollos y
placas fotograficas Que actualmente Va no existen en el mercado V 10que se tiene en nuestro
almacen esta a punto de agotarse con 10cual va no se padran obtener fotografias para ilustrar
artfculos de investigacion V tampoco para los diagnosticos de los pacientes, material grafico que
tambien es utilizado para las sesiones anatomoclfnicas que son de gran importancia para la
formaci6n de medicos especialistas. se ha investigado sabre la renovaci6n 0 actualizacion de este
microscopio tratando de adaptar sistemas de adquisicion de imagen con camara V computadora
modemas pero el costa es muv elevado Y la garantia de que funcione es limitada, mas aun,
diversos componentes bilsicos de este microscopio como bombas de vacio ya no se producen y
actualmente resulta imposible conseguirlos en el mercado nacional y extranjero, par 10que la
eventual descompostura de alguno de estos componentes implicar{a la total incapacidad de este



equipo para seguir funcionando. Por 10tanto se solicita la adquisicion de un nuevo microscopio
electronico que permitira continuar con el estudio ultraestructural de proyeetos de investigacion
diversos, sobre todo en el area de las enfermedades infecciosas, metab61icasy par agentes
t6xicos, aspectos en los que los proponentes han tenido una actividad colaborativa intensa y muy
productiva; la adquisicion de dicho equipo contribuira tambien en la formacion no solo de
estudiantes de maestria y doctorado en diversos posgrados en investigacion biomedica sino
ademas de especialistas medicos. EI microscopio eleetronico ha tenido y sigue teniendo un lugar
importante en la investigacion experimental y el usa de tecnicas especiales como la
inmunoelectronmicroscopia contribuyen enriqueciendo substancialmente los resultados
experimentales obtenidos con tecnicas inmunolOgicas, biOQuimicas0 de biologia molecular,
integrando as; aspectos morfolOgicos con moleculares. EI resto del equipamiento como 10san
ultramicrotomos y sistema de inclusion ya se tienen y la experiencia en el uso de este equipo por
el grupo solicitante es muy salida, de manera que el equipo salidtado sera fundamentalmente para
substituir al ya existente y asi poder continuar con una productiva actividad de investigacion y de
servicio asistencial para una de las institudones academicas de mayor trayectoria y prestigio de
nuestro pais.

Objetivo General:
1.- Contribuir con aspectos morfol6gicos ultraestructurales en la caracterizacion de los mecanismos
patogenicos en modelos experimentales de enfermedades infecdosas (particularmente
tuberculosis), agentes toxicos (especfficamente substancias qufmicas induetores de dano tisular par
la generacion de radicales libres de oxigeno) y metab6licos (sabre todo diabetes y obesidad). 2.-
Aportar informacion morfolOgica ultraestructural como parte del estudio de nuevas modalidades
terapeuticas en modelos experimentales de tuberculosis pulmonar, dano hepatico y renal par
substancias quimicas oxidantes, obesidad y diabetes. 3,- Contribuir en el diagn6stico de pacientes
con enfermedades diversas, sabre todo glomerulopatias, miopatfas y respiratorias par
anannalidades cilia res

Resultados Esperados: __
1.- Publicacion de cuando menos dos artk:ulos en revistas indexadas par ano durante el periodo de
vida util del equipa 2.- Graduaci6n de estudiantes de maestrfa y doctorado cuyas tesis esten
relacianadas con trabaja experimental en los que existan estudios ultraestrueturales. 3.-
Diagnastico de un promedio de 110 pacientes can enfennedades renales, miapatfas y trastarnos
cilia res entre atras entidades

Palabras Clave:

Periodo de Ejecuci;n (meses):

-Patalogia experimental
-Microscopia electonica
-Modelos experimentales

Res onsables de la Pro

DATOS DEL RESPONSABLE ADMINISTRATIVO

Nombre:~---
Apellido Paterno:
Apellido Materno:

Adscripcion:
c;rgo:
Calle:
Numero Exterior:
Numero Interior:
COdigo Postal:

Colonia:

uesta

MARTHA

ARREDONDO

URZUA

Dato requerido
Dato requerido

VASCODE QUIROGA 15
Dato requerido
Dato requerido

14000----
SECCIONXVI

12



Ciudad:
Estado:
Delegacion:
Teletono:

Extension:
Fax:
e-mail:

DATOS DEL RESPONSABLE T;CNICO

Nombre:
Apellido Paterno:

Apellido Materno:

Calle:

Numero Exterior:
Numero Interior:
C6digo Postal:
Colonia:
Ciudad:

Estado:

Delegacion:
Tell,fono:

Extension:
Fax:
e-mail:
Pertenece at SNI:
Nivel de SNI:

Edad:

Grado de estudios:

DATOS DEL RESPONSABLE LEGAL
'Nombre:
Apellido Paterno:
Apellido Materno:
Calle:

Numero Exterior:
Numero Interior:
C6digo Postal:

Colonia:
Ciudad:

Estado:
Delegacion:
Telefono:
Extension:
Fax:
e-mail:

MEXICO
DF
TlALPAN
55.55133885
Dato requerido
Dato requerido
cadi@quetzal.innsz.mx

ROGEUO ENRIQUE
HERNANDEZ
PANDO
AV. PROLONGACION
MORELOS # 11
o
Dato requerido
14500

SAN MIGUEL TOPILEJO
MEXICO
DF

TLALPAN
Dato requerido
Dato requerido
Dato requerido
rhdezpando@hotmail,com

51
Nivel3

57
PostDoctorado

DAVID
KERSHENOBICH
STALNIKOWm
VASCO DE QUIROGA 15
o
Data requerido
14000
SECCION XVI
MEXICO
DF

TlALPAN
52.56232673.
Data requerido
Data requerido
kesdhipa@yahoo.com

mailto:cadi@quetzal.innsz.mx
mailto:kesdhipa@yahoo.com
josefina.zunigal
Cuadro de texto
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Secuencia:
Nombre:
Apellido Paterno:

Apellido Materno:
Nivel Acad;mico:
Campo de
Conocimiento:
Disciplina:
Subdisciplina:

Especialidad:

Instituci;n:

Pertenece al SNI:

NiveISNI:
'Producto que
generar;:
Informaci;n
Relevante:

Actividades
Espec;ficas:

Secuencia:
Nombre:
Apellido Paterno:
- ~-
Apellido Materno:

Nivel Acad;mico:
Campo de
Conocimiento:
Disciplina:
Subdisciplina:
Especialidad:
Instituci;n:
Pertenece al SNI:

NiveISNI:

Producto que
generar;:
Informaci;n
Relevante:

Actividades
Espec;ficas:

Secuencia:
Nombre:
Apellido Paterno:

Gru 0 de Traba"o

I
ROGEUO ENRIQUE

HERNANDEZ

PANDO

Doctorado

260000 -

o -
0-
Inmunopatologia
INSTTTUTONACIONALDE ClENCIAS MEDlCASY NUTRICION
SALVADORZUBlRAN

SI

Nivel3

No aplica

Medico especialista en Patologfa y Doctor en Inmunologfa, su linea
de investigacion: inmunopatologfa de la tuberculosis, jefe de la
Seccion de Patologia Experimental del INCMNSZ, ha publicado 230
articulos en revistas intemacionales, nivel III del SNI

No aplica

2
JOSE
PEDRAZA
CHAVERRI

Doctorado

260000 -

0-

0-

Bioqufmica
UNIVERSIDAD NACIONALAUTONOMADE MEXICO

SI
Nivel3

No aplica

Doctor en BiOQufmica, investigador titular de tiempo completo de
Fac. de Qufmica de la UNAM, su Ifnea de investigacion: dana tisular
producido par radicales libres, ha publicado 216 artfculos en revistas
internacionales, es nivel III del SNI

No aplica

3
ARMANDOROBERTO

TOVAR



Apellido Materna:

Nivel Acad;mico:

Campo de
Conocimiento:
Disciplina:

Subdisciplina:

Especialidad:

Instituci;n:

Pertenece al SNI:
NiveiSNI:

Producto que
generar;:
Informaci;n
Relevante:

Actividades
Espec;ficas:

PALACIO

Doctorado

260000 -

0-
0-
Biologia Molecular

INSTITUTO NACIONAL DE CIENCIAS MEDICAS Y NUTRICION
5ALVAOOR ZUBIRAN

51
Nivel3

No aplica

Doctor en Biologfa Molecular, experto en aspectos moleculares de la
nutricion, ha publicado 85 articulos en revistas internacionales, es
nivel III del 5NI y jefe de Fisiologia de la Nutricion en la Division de
Nutricion del INCMN5Z

No aplica

Fortalecimiento de Infraestructura

5ecuencia:

Descripcion:

Justificacion:

1
Microscopio Electr6nico de Transmisi6n con resoluci6n de 0.2 nm
Voltaje de aceleraci6n 120kV PC de con sofware de operacion para
enfoqu€, y operacion Monitor LCD estandar de 20" Lente objetiva de
alto contraste optimizada para alta resoluci6n. Sistema de
alimentaci6n ininterrumpible de corriente Powervar 15KV ups Hard-
wired camara CCO para obtencion de imagenes de 4 millones de
pixeles CPU de 32 bits, con 4 G de RAM y 1 TB en DD, tarjeta de
video de 512 megas con unidad de disco DVD !nstalacion y
capacitacion para el usa y manejo del equipo.--- ~
La microscopia electronica es de gran importancia para el buen
desarrollo de proyectos de Patologia Experimental; de hecho el
microscopio electronico se ha utilizado sistematicamente en nuestro
Departamento tanto para fines de investigaci6n como diagnostico. EI
microscopio que actualmente tenemos tiene mas de 30 arias de usa
'intensivo, es un instrumento totalmente obsoleto y tiene un
constante problema de mantenimiento pues muchas de las piezas ya
no se producen debido a su antiguedad. Consideramos par 10 tanto
que para poder continuar con nuestro trabajo tanto de investigaci6n
como diagn6stico es necesario adquirir un nuevo microscopio con el
que ademas se podran ampliar y enriquecer diversos proyectos
debido a las innovaciones tecnol6gicas que tienen los microscopios
actuales.

____ C_r_o_n_ogramade Actividades



Presupuesto Solicitado

Numero de Etapa:
Description:
Duradon (meses):
Descripcion de la
Etapa:
Descripcion de la
Meta:

Descripcion de la
Actividad:

Productos de la
Etapa:

001
Microscopio Electronico
12

NO APUCA

NOAPUCA

NO APLICA

NO APLICA

Des lose Financiero Pro uesta

Presupuesto Solicitado

$ 6,859,974.00

ImporteTipo de Gasto Rubro

001

Eta Periodo Tipo de
pa Aportacion

001 sOUCITADAS Al INVERSION Equipo de
I FONDO laboratario

iJustificaci6n: La microscopia electronica es de gran importancia para el buen desarrollo de
proyectos de Patologia Experimental; de hecho el microscopio electr6nico se ha utilizado
sistematica mente en nuestro Departamento tanto para fines de investigacion como
diagnostico, EI microscopic Que actualmente tenemos tiene mas de 30 anos de usa
intensivo, es un instrumento total mente obsoleto y tiene un constante problema de
mantenimiento pues muchas de las piezas ya no se producen debido a su antiguedad.
Consideramos por 10 tanto que para poder continuar con nuestro trabajo tanto de
investigacion como diagnostico es necesario adquirir un nuevo microscopio con el que
ademas se podran ampliar y enriquecer diversos proyedos debido a las innovaciones
tecnol6gicas qu~t~nenlos microscopios actuales.

FONDO
Gasto Corriente: $
Gasto Inversion: $ 6,859,974.00
Total: $ 6,859,974.00

CONCURRENTE

Gasto Corriente: $
Gasto Inversion: $
Total: $

OTRAs

Gasto Corriente: $
Gasto Inversion: $
Total: $

Documentos Anexos

Clave Anexo:
ANXOOOOI



Descripcion:
carta institucional de apoyo y compromisos,
Descripcion Archivo:
Carta firmada por el Dr. Kershenobich

Archivo Anexo:
10158_000000000229779_12_25 _2014carta_,nstitucional.pdf

Clave Anexo:
ANX00005
Descripcion:
Carta de los lideres de los gruJX>sde investigacion a cuerpos academicos
Descripcion Archive:
Carta firmada por el Dr. Hernandez Pando

Archivo Anexo:
IOI58_000000000229779_22_25_2014carta_Dr_Hernandez_Pando.pdf

Clave Anexo:
ANX00005
Descripcion:
Carta de los lideres de los grupos de investigacion a cuerpos academicos

Descripcion Archivo:
Carta de colaboracion del Dr. Pedraza

Archivo Anexo:
10158_000000000229779_32_25_20 14carta_colaboracion_Dr _Pedraza.pdf

Clave Anexo:
ANX00005
Descripci6n:
carta de los Ifderes de los grupos de investigaci6n 0 cuerpos academicos

Descripci6n Archivo:
Carta de colaboracion del Dr. Tovar

Archive Anexo:
10158_000000000229779_42_25_20 14carta_ colaboracion_Dr _Tovar .pdf

Clave Anexo:
ANX00003
Descripci6n:
Documento de Informacion indispensable para la sollcitud, DE5CARGAR, llENAR Y
ADJUNTAR.
Descripcion Archive:
Formulario
Archive Anexo:
10158 _000000000229779 _52_25_2014EFormulario_Apoyos_equipos_APOYO _ESPECIAL.pdf

CON FUNDAMENTO EN El ARTiCULO 14, FRACCION VI, ARTiCULO 18,
FRACCIONES I Y II, Y ARTiCULO 21 DE LA lEY FEDERAL DE TRANSPARENCIA Y
ACCESO A LA INFORMACION PUBLICA GUBERNAMENTAl, EL T1EMPO DE RESERVA
DE LA PRESENTE INFORMACION, QUE ES DE CARACTER CONFIDENCIAl, ES DE 10
AN OS.



:'\Jue'JaVent ana I Personalizar PaOina I

I OtJservaciones al COl1venio Y Firma de Convenio i' Firmas del Convenio \.ill.
Firmas de Convenio \

Fonda IOj5B

Solicitud 0000COOO0229779

110i58 0000C0000229779 FABILA CASTlllO,lUIS HUMBEHTO

21015B 000000000229779 HERNANDEZ PANDO,ROGEUO ENRIQU•310158 000000000229779 ARREDONDO URZUA,MARTHA

410158 COOOOOOO0229779;<ERSHENOBICH STAlNIKOWITZ,DAVl

510158 000000000229779 TAGUENA PARGA,JUUA

•

Persanalizar I Buscar t i'iill Pri~ero l..oIj1-5ll. 5G Ultimo
Codigo de

Firma Feeha/Hora de firma RegueridoResponsable

RC F 04/C61201418:07:43 F
R. Teenll;.:) F 21/05/201410:10:23 F
R. Admvo. F 27/051201413:01:48 IV
R. legal F 04/061201413:48:::l3 F
s. Tecnic F 04/061201420:07:20 F

Observaciones al Ccnvemo I Firma de Conl/enio I Firmas del Convenio ! Anexo y/a mod,ficatorjos

http://epmwserv.main.conacyt.mx:9098/pscJFONDOS2IEMPLOYEE/FONDOS;clCN_PRJP ROST APR O.cN ]1 R.\1A CN V_CMP.GBL

,

11/0612011\

http://epmwserv.main.conacyt.mx:9098/pscJFONDOS2IEMPLOYEE/FONDOS;clCN_PRJP


CONVENIO DE ASIGNACIO DE RECURSOS

1010/186i20U

~IOD.ORDJ10/20 14

GE:-ERAL,
I'IFR-2014-02

000000000229i79

, CO:"VE:'IIO DE ASIGNAC10:\ DE RECURSOS QUE CELEBR,\:"i, pOR L:\A PARTE EL CO:'iSL/O
NACIOKAL DE CIE:'ICL\ Y TECNOLOGiA, E:"i LO SLCESIVO EL "CONACYT', REPRESE:\TADO
E:\ ESTI: ACTO pOR LA ORA, JLLL\ TAGUI::\'A PARGA, [.'1 SU CAR,\CTER DE DIRECTOR,\
AD./U;\TA DE DESARROLLO C1ENTiF/CO, ASISTIDA pOR EL DR. l.LIS HU~IBERTO FABILA
CASTILLO, DIRECTOR DE I:\VESTIGACIO:- CII::'iTiFICA BASICA; Y pOR l.A OTRA, ELll.A
I:-STlTl'TO NACIOC'lAl. DE CIE:'iCIAS MEIJICAS Y :-;tjTRICION SALVADOR ZUBIRAC'I, E:"i l.0
SUCESIVO El. "SU,/ETO DE ApOYO", REpRESENTADO pOR ELiLA DR. DAVID
KERSIII::'iOBICH STAl.:-IKO\\1TZ, E:\ SU CAl.lDftD DE REPRESE:\TA;\TE l.EGAl.,
li\'STRU~IENTO QUE SU./ETA:\ AL TENOR DE l.OS ANTECEDE;\TES, DECl.AR.KIO:-ES Y
Cl.,\USLl.AS SIGUIE:-TES;

,\NTECEIJE:"TES

1. EI articulo I", fracciones I y ITde 1a Ley de Ciencia y Tecnologia (LCyT), regula los apoyos que e!
Gobiemo Federal se encuentra obligado a otOrgar para impulsar, fortalecer, desarrollar y consolidar la
investigacion cientifica, eI desarrollo tecnol6gico y la innovacion general en el pais, asi como
c.etenninar los instrurnentos. mediante los cuales este cum pi ira con dicha obligacion.

2. El 31 de diciembre de 2010 se publicaron en eI Diario Olicial de la Federacion las Reglas de Operacion
de los Programas del Consejo Nacional de Ciencia y Tecnologia constituidos por el "CONACYT".
denero de los cuales se comempla el programa denominado "Apoyo:11 Fortalecimiento y Desarrollo
de la Infraestructu ra Cientifica y Tecnologica" • e!1-adelante el .•PROGR...\:\L\".

3. £1 numera15A de las Reglas de Operaci6n del "PROGR.A~I.-\" establece 10 relativo a las propuestas
que podran evaluarse y en su caso seleccionarse para recibir apoyos. que podrin scr en apego a la LCyT
ya las propias Reglas que determinen los requisitos de participacion establecidos en las Convocatorias 0

Convenio correspondiente.
4. Ei Plan ~acional de Desarrollo (P>JD) 2013-2018, publicado en el Diario Oficial de la Federaci6n ellO

de mayo de 2013, establece en su Objetivo 3.5. Hacer del desarrollo eientifieo, tecnologico y la
innovaci6n. pilares para el progreso econ6mico y social sosteni~le.

5. Con fundamento en eI articulo I J de su Ley Organica, la canalizaci6n de recursos que haga
"CON.-\.CYT", para programas. apoyos, estudios, investigaciones especfficas, otorgamiento de becas en
sus diferentes rnodalidades y cua[quier otro apoyo 0 ayuda de caracter econ6mico que convenga 0

proporcione. estar:i sujeta a la celebraci6n de un Convenio.
6. EJ "CONACYT\ a traves..de su.pligina electr6nica.. publico la Convoc:ltoria denominada "Apoyo al

Fortalecimienro y Desarrollo de Ia Infraestructur:l Cientifica y Tecnologica 2014", can el prop6sito
de proveer apoyo econ6mico complementario a instituciones de educaci6n superior y cenITOSde
investigaci6n que desarrollen actividades de investigaci6n y que requiemn renovaci6n 0 adquisicion de
equipo ciemifico, a fin de fortalecer las [ineas de investignci6n institucionales.

7. La Comision de Evaluacion. previa proceso de evaluaci6n a que haee referencia la Convocatoria, en su

,



sesion de fecha 28 de marzo de 2014, aprobo la canalizacion de recursos a favor del "SUJETO DE
APOYO", por un monto de 56,859,974.00 (SEIS MlLLONES OCHOCIE:'iTOS CL""CUE:\TA Y
:'iUEVE .\llL NOVECIENTOS SETE:-;TA Y CUATRO PESOS 00/100 MN) para eI desarrollo de
la propuesta denominada INFRAESTRVCTURA DE APOYO A PROYECTOS RELACIONADOS
CON LA EVALUACION MORFOLOCICA ULTRAESTRUCTUR~L DE LOS EFECTOS
PATOCE:\ICOS DE ACE:'iTES I:\FECClOSOS. Quil\llCOS Y :'iUTIliCIOi\ALES Y SUS
POSIBLES TRATAMIE:'iTOS., en 10 sucesivo el"PROYECTO".

DECLARACIO:-lES

I. EI "CONACYT" a traves de su Represent~lnte. declara que:

,
A. Canforme a 10 dispueslo par los artieulos I y 2 de la Ley Orginica del Cansejo Nacional de Ciencia y

Tecnologia es un organismo descentralizado del Estado, no sectorizado, con personalidad juridica y
patrimonio propio, que goza de autonomia tecnica, operativa y administrativa, con sede en la Ciudad de
Mexico, Distrito Federal, entidad asesora del Ejecutivo Federal y especializada para articular las
polhicas publicas del Gobiemo Federal y promover el desarrollo de la investigaci6n cientifica y
tecnol6gica, la innovaei6n, el desarrollo y la modemizaci6n tecnol6gica del pais.

B. La personalidad de la Ora. Julia TagueI'ldParga, Direetora Adjunta de Desarrollo Cientifico, para
suscribir el presente Convenio se acredita con el testimonio de la escritura publica numero 46,337, de
fecha 14 de mayo de 2013, otorgado ante la fe del Lie. ~Iarco Antonio Espinoza Rommyngth, Notario
Publico numero 97, de la Ciudad de Mexico, Distrito Federal, en el que se haee constar el poder especial
para la celebracion de acWs e instrumen[Qsjurfdicos que se deriven de las atribuciones que tiene
asignadas en raz6n de su cargo en el "CONACYT',

C. De confonnidad con el presupuesto asignado al "CONACYT" en eI Presupuesto de Egresos de la
Federacion del presente ejercicio fiscal. se cuenta con la sutieiencia presupuestaria para canalizar al
desarrollo del objeto del presente Convenio.

D. Para los efectos de este Convenio sefl.ala como su domicilio legal el ubicado en la Avenida lnsurgentes
Sur numero 1582, Colonia Credito Constructor, Delegaeion Benito Juarez, Codigo Postal 03940, de esta
Ciudad de Mexico, Distrito Federal.

II. EI "SUJETO DE APOYO" :l. traves de su Representante, declara que:

A. EL (LA) [NSTITUTO NACIONAL DE CIENCIAS MEDICAS Y NUTRlCION SAL VADOR
ZUBIRAN ES UN ORGA.c'!ISMO PlJBLlCO DESCENTRALIZADO, CON PERSONALrDAD
JURiDICA Y PATRlMONlO PROP[OS, DE CONFORMrDAD CON LO DlSPUESTO EN LOS
ARTicULOS 3, 9 Y 45 DE LA LEY ORGANICA DE LA ADMINISTRACION PUBLICA
FEDERAL; 2,14 Y 15 DE LA LEY FEDERAL DE LAS ENTrDADES PARAESTATALES; 1,5
FRACCION 111;9 FRACC[ON 111DE LA LEY DE LOS INSTITUTOS NACIONALES DE SALUD.
PUBLICADA EN EL DIARIO OFIClAL DE LA FEDERACION EL 26 DE MA YO DE 2000; 3
FRACCIONES 1, II. XIV; 34 FRACC[ON [DEL ESTATUTO ORGANICO DEL INSTITUTO,
PUBLICADO EN EL DlARIO OFICIAL DE LA FEDERACION EL 20 DE OCTUBRE DE 2009.

B. EL (LA) DR. DA vm KERSHENOB[CH STALNIKOWITZ CUENTA CON LAS FACUL TADES
PARA SUSCRIBIR EL PRESENTE CONVENIO, TAL Y COMO SE DESPRENDE DE LA
ESCRITUAA PUBLICA NU/'.-lERO 137232. DE FECHA 21 DE JUNIO DE 2012. PASADA ANTE
LA FE DEL Lie. IGNACIO SOTO BORJA, NOT ARlO PUBLICO NUMERO 129, DEL DISTR[TO
FEDERAL;'MEXICO, D. F; MANIFESTANDO QUE A LA FECHA DE FIR"IA DEL PRESENTE
INSTRUMENTO, SUS FACULTADES NO LE HAN smo REVOCADAS NI MODIFICADAS EN
FORMA ALGUNA

C. EI Registro Federal de Contribuyentes inserito en la Secretaria de Hacienda y Credito Publico es
INC710101RH7. .

D. Tiene establecido su domicilio en VASCO DE QUIROGA EXT/INT 15, SECCION XVI, TLALPAN,

•

•



•

•

C.P.l~OOO. MEXICO, DISTRJTO FEDERAL, mismo que senala para los fines y efectos legales de este
Convenio.

E. En cumplimiemo a 10 dispuesto par los articulos 16 y 17 de la LCyT, se encuentra inscnto en eI
Regisrro Kacional de InstitiJciones y Empresas Cientfficas y Tecnologicas (RE~IECYT), a cargo
del "CONACYT", tal y como se acredita con la constancia de inscripcion numero 006.

F. El"SUJETO DE APOYO" manifiesta bajo protesta de decir verdad, que la celehraci6n del presente
instrumento juridico 10 realiza para su propio beneficia, por 10 que no acrua como intermediario 0 para
beneficia de otra persona fisica 0 moral U otras personas fisicas 0 morales acruan como intermediarios
para la presentaci6n de la propuesta correspondiente; en el entendido que los recursos que otorga el
"C07'l.\.CY1''' son publicos, a titulo personal y en beneficio del [omento de la investigacion cientifica.
tecnol6gica y [a innovaci6n en el pats.

III. Declaraci6n Conj unta:

VNICA. Las partes expresamente manitiestan su conocimiento al comenido de]o dispuesto por eJ articulo 12.
fraccion II de la LeyT, que a 1:1letra dice: "Los resultados de las ~lctividades de investigacion~rlesar.rollo
tecnol6gico e innovacion que sean obleto de apoyos en terminos de esta Ley seran im'ariablemente
e\'aluados y se tomaran en cuenta para el otorgamiento de apoyos posteriores" .

Expuesto 10 anterior, las partes se obligan de acuerdo con las siguientes:

CLAUSULAS

PRIMERA,08.1ETO

EI objeto del presente Convenio conforme a 10 dispuesto por el articulo I de la LCyT, consiste en eI
establecimiento de las condiciones a que se sujeta la canalizaci6n de los rccursos otorgados por el "CONACYT"
en favor del "SC.IETO DE APOYO", para eI desarrollo del "PROYECTO" denominado:
INFR.\ESTRUCTURA DE APOYO A PROYECTOS RELACIONADOS CON LA EVALUACI6N
~[ORFOL6GICA ULTRAESTRUCTURAL DE LOS EFECTOS PATOGENICOS DE AGENTES
L'iFECCIOSOS, Quirmcos Y NUTRICIOI'\ALES Y SLS POSIBLES TR.HA~IIENTOS ..

E1objetivo del "PROYECTO.' es la adquisici6n del equipo cientifico solicitado y aprobado por la Comisi6n de
Evaluaci6n .

SEGUNDA. CANALIZACI6N DE RECCRSOS

EI "CONACYT" can cargo a su presupuesto, y con sujeci6n a 10 establecido en el presente Convenio, canaliza
al "SUJETO DE APOYO" 10 cantidad total de 56,859,974,00 (SEIS ~lILLONES OCHOCIENTOS
CINCUENTA Y :\UEVE MIL :\OVECIE:\TOS SETENTA Y CUATRO PESOS 001100 ~I:\).

El "SUJETO DE APOYO" debera presentar previo a la enrrega de recursos, el comprobante fiscal digital,
debidamente requisitado, especificando can toda claridad e1 conceptO del importe par el total de la ministracion.

Cnicamente se podra adquirir el equipo que haya sido requerido en la solicitud presentada 0 autorizado por el
"CONACYT".

El "-SUJETO DE APOYO" podni acreditar d ejercicio de los recursos ministrados por el "CONACYT' mediante
la exhibici6n de (as 6rdenes de compra de equipos fechadas hasta antes del31 de diciembre de 2014.

En caso de que e1 "SUJETO DE APOYO" no ejerza la totalidad de los recursos asignados al "PROYECTO"
debera efecruar su devoluci6n al "CON.-\CYT', a mas tardar el 12 de enero de 2015, para su rein[egro ala



Tesoreria de la Federaci6n.

TERCERA.Ai'iEXOS

Los Anexos que forman parte integral del presente Convenio se componen por 10 siguiente:

•1. El Anexo eRO contiene el Desglosc Financiero del "PROYECfO",
2. El Anexo Dos cantiene los objetivos, metas, actividades, entregables y plazas can los que se aprob6 el

"PROYECfO".

Los Anexos 5610 podr:in scr modificados si para ella concurre 13voluntad de las partes, mediante 13suscripcion
de un Convenio Moditicatoria.

CVART A. OBLlGACIO~ES DEL "CONACYT'

a)Canalizar al"SUJETO DE APOYO", los recursos eeonomicos en una sola exhibicion, a que haee
referencia la Chiusula Segunda de este instrumento, en un termino no mayor a 30 (treinta) dias naturales,
contados a partir de la fccha en que el "SUJETO DE APOYO" haya entregado 1adoeumentaci6n que
para tales efectos Ie requiera e1 "CO~ACYT".

b)Vigilar par conducto de la Direcei6n de Investigacion Cientitica Basica adscrita a la Direccion
Adjunta de Desarrollo Cientifico, la deb ida aplicaci6n y adecuado aprovechamiento de los recursos
economic os, efectivamente canalizados al "SU.lETO DE APOYO", con forme al contenido en los
Anexos Uno y Dos.

c)El "CONACYT", a traves de los medios que considere pertinentes. podr:i en cualquier momento
realizar auditorias y/o practicar visitas de supervision, con el propOsito de constatar el grade de avance
en el desarrollo de los trabajos y la correcta aplicaci6n de (os recursos canalizados al "SU.JETO DE
APOYO".

QUINTA. OBLIGACIONES DEL "Sl!JETO DE APOYO"

a)EI "SUJETO DE APOYO" se obliga a entregar en un h~rmino no mayor a 30 (treinta) dias naturales,
contados a partir de la suscripcion del presente instrumento juridico, la documentacion que Ie requiera eI
"CONACYI' para poder Ilevar a cabo la canalization de los recursos.

b)EI "SUJETO DE APOYO" se obliga a destinar bajo so mas estricta responsabilidad los recursos
econ6micos ministrados por eI "CONACYT', exclusivamente a la realizacion del "PROYECTO" de
confonnidad con 10dispuesto en el presente Convenio y los Anexos que forman parte integral del
mismo.

e)EI '.SUJETO DE APOYO" se obliga a desarrollar e1 "PROYECTO" conforme a 10contenido en tos
Anexos Uno y Do~, mismos que forman pane integral del presente Convenio.

d)EI "SUJETO DE APOYO" queda expresamente obligado a proporcionar las facilidades necesarias
para permitir el acceso a sus instalaciones, as[ como para mostrar la informacion tecnica y financiera
que Ie sea solicitada por el "CONACYT'.

e)EI "SUJETO DE APOYO" deber:'1de guardar toda aquella informacion tecnic:I-financiera que se
genere y que estime relevante para realizar futuras evaluaciones sobre el "PROYECTO", durante un
periodo de 5 (cinco) aiios posteriores a [a conclusi6n de la terminacion del mismo.

•

•



•

•

f)EI "SUJETO DE APOYO" d~bera abrir un sistema de registro contable de los movimientos
tinancieros relativos al "PROVECTO", asi como contar con un t:xpedienre especifico para la
documenracion del mismo.

g)EI "SL'JETO DE APOYO" se obliga a proporcionar la informacion relaeionada can e! equipo
cientffico y/o tecnologico adquirido para el desarrollo del "PROYECTO", en la forma que Ie sea
solicitado por el "CONACYT" can el proposito de integrarlo a su sistema de informacion sabre
infraestructura cientltica.

h)EI "SUJETO DE APOYO" se obliga a informar de manera inmediata al Area de Quejas v
Responsabilidades delOrgano Interno de Control en el "COi"ACYT', en el caso de que algun servidor
publico del "CO~AC\I", par si. 0 por interposita persona solicite 0 reciba indebidamente para sf 0

para otro, dinero 0 cualquier otra dadiva a acepte una promesa. para hacer 0 dejar de hacer aetos 0

acciones relacionadas can el cumplimiemo del presente instrumento juridico.

i)Rendir los informes a que haee referenda la Clausu!a Sexta de estc Convenio .

SEXTA.II'FORMES

Al rermino de! "PROYECTO", el "SU.JETO DE ArOYO" debeni presentar los lnformes Finaneiero y
Tecnico. de conformidad con 10 siguienre:

1. Informe Financiero acorde al Desglose Financiero establecido en e1 Anexo Uno del "PROYECTO", en
un plaza no mayor a 30 (treinta) dias naturales, contados a partir de la conclusion del mismo, el cual
debera estar auditado preferentememe por un despacho de Auditoria acreditado ante la Secretaria de la
Funcion Publica. en el que se debera incluir la solicitud expresa para la emision dt: la Constancia de
Conclusion Tecnica y Financiera.. considerando el debido de cumplimiento del "PROYECTO" y que
los rccursos canalizados fueron unica y exclusivamente para su desarrollo.

2. Infome Tecnico conforme a las actividades establecidas en el Anexo Dos del "PROYECTO", en un
plazo no mayor a 30 (treima) dias naturales cootados a partir de la conclusi6n del mismo.

Los In formes deberan mencionar los entregables compromeridos, as] como la informaci6n relacionada can la
aplicacit)n de los recursos canalizados al "PROYECTO".

EI Informe Financiero deberi considerar la rendici6n de cuentas del manto total del apoyo otorgado, incluyendo
los reembolsos realizados de los recursos no ejercidos .

De procedcr los lnformes Financiero y Tecnico, el "CO;o..,'ACYT" por conducto de la Direccion Adjunta de
Desarrollo Ciemftico, emitira la Constaneia de Conclusion Tecnica y Financiera del "PROYECTO".

El "CO:'\AC\T' se reserva eI derecho de solicitar un in forme acerca del impacto del equipo adquirido en la
realizacion de proyectos de investigaci6n y de resis de grado, hasta un 1 (un) ana posterior al cierre del
"PROYECfO".

•
SEPTIMA. AREAS DE COORDINACION

EI "CONACYT" a traves de la Direcci6n de Investigacion Cientifica Basica adscnta ala Direcci6n Adjunra de
DesarrQHo Cientlfico, Bevard. a'cabo el seguimiento administrative y- finaneiero -del-uso de los recursos, asi como
el seguimiento tecnico y evaluaci6n de los rcsultados del"PROYECTO".

EI "SUJETO DE APOYO" designa al (Ia) DR. ROGELIO ENRlQUE HERNANDEZ PANDO, como
Responsable Tecnico del "PROYECfO", quien sera eI enlace con la Direcci6n de Investigaci6n Ciemifica
Biska adscrita ala Direccion Adjunta de Desarrollo Cientitico del "CONACYT' para los asuntos tecnicos,



tenit:ndo como obligacion principalla ejecuci6n del "PROYECTO", del cumplimiento ct: sus objetivos y metas.
asi como dt: la generaci6n de los productos entregables. y en general supervisar el fiel cumplimiento del presenre
Convenio.

En caso de ausencia temporal mayor a 30 (treinta) dias naturales 0 definitiva del Responsable Tecnico, el
"SLTJETO DE APOYO" debera designar al sustituto, notiiicando de ello ala Direcci6n de Investigaci6n
Cientifica Sisica adscrita a la Direcci6n Adjunta de Desarrollo Cientifico del "CO~A.CYT", en un plazo que no
exceded de 15 (quince) dias naturales posteriores J que este se ausente.

EI"SUETO DE APOYO" designa al (a) Lie. MARTHA ARREDO'iDO URZUA, como Responsabk
Administrativo del "PROYECTO", quien auxiliara al Responsable Tecnico en su funcian de enlace con la
Direcci6n de Investigacion Cientftica Sisica adscrita a la Direccion Adjuma de Desarrollo Cientifico, que tendni
la responsabilidad del control administrativo y contable, la correcta aplicacion y comprobaci6n de los recursos
canalizados por el "CONACYT", asi como la elaboraci6n de los infonnes tinancieros Y J.dministrativos
requeridos por el "CO~ACYT".

En caso de ausencia temporal mayor a 30 (treinta) dias naturales 0 detinitiva de! Responsable Administrativo, el
"SUJETO DE APOYO" debera designar al sustituto, notificando de ello a la Direccion de Investigaci6n
Cientifica Bisica adscnta a la Direccion Adjunta de Desarrollo Cientifico, en un plaza que no exceden'i de 15
(quince) dias naturales posteriores a que este se ausente.

OCT AVA. CUENTA BANCARIA

EI "SU.JETO DE APOYO" debera disponer de una cuenla bancaria exclusiva para la canalizacion de los
recursos asignados al desarrollo del "PROYECTO", dicha cuenta estad. a nombn: del "SUJETO DE APOYO"
Y sera operada mancomunadamente por el Responsable Tecnico y el Responsable Administrarivo a que se refiere
la Clausula anterior, par 10 que sera necesario que la misma se encuentre acreditada ante:::1 "CO:\ACYT",
previo a la entrega de los recursos.

En caso de que el "SU.JETO DE APOYO" maneje cuentas concentradoras, debera asignar una cuenta espt:cifica
para el "PROYECTO" notificando de ello aI "CONACYT" a traves de Direccion de Investigaeion Cientitica
Bisica adscrita a la Direccion Adjunta de Desarrollo Cientifico, a fin de que se acredi[e la misma.

EI "CONACYT" realizani la transferencia de rnanera electronica., siendo obligacion del Responsable
Administrativo del "PROYECfO" cumplir can todos los requisitos administrativos y con tables derivados del
presente Convenio.

Por 10 tanto, el Responsable Administrativo debera de estar en pennanente contacto con d personal del
"Co.(\;"AC\'T" para aclarar oportunamente cualquier duda. satisfacer sus requerimientos y conoeer Ja fonna en la
cual debe de Ilevar eI registro y comabilidad de sus operaciones.

Los recursos asignados al "PROYECTO" deberiIl permanecer en la cuenta especifica del mismo, por 10 que no
podran transferirse a otras cuentas que no esten re!acionadas con el objew del "PROYECTO".

Los recursos asignados para la realizacion del "PROYECfO" no fonnaran Ql:lrtedel palrimonio dd "SU.JETO
DE APOYO", oi de 5Upresupuesto.

:'I'OVENA. DERECIIOS DE PROPIEDAD I!'iDUSTRIAL YIO AUTOR

Las partes convienen en que los Derechos de Propiedad Industrial y/o los Derechos de Autor que 5e generen
como resultado del desarrollo del "PROYECfO", serin propiedad de la persona fisica 0 moral. a quien
confonne a Derecho Ie correspondan. en el entendido de que el "COi'lACYT' no tendra interesjuridico sobre

•
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esos derechos.

En las public3ciones 0 presentaciones en eventos que se realieen, derivadas 0 relacionados can el resultado del
"PROYECTO", el "SUJETO DE APOYO" debera dar, invariablemente. el eredito eorrespondiente al
;'CO~ACYT", agregando la Ieyenda: "Proyec[O apoyado por eI CONACYT".

DECIMA. INFORMACION RESERVADA

Las panes se comprometen a tratar como reservada toda la informacion generada a traves del "PROYECTO.' en
ejecuci6n, asi como la intercambiada 0 acordada con motivo del presente instrumento y la necesaria para eI
desarrollo del "PROYECTO", excepta aquella que deb a eonsiderarse publica en terminos de 10 disjJuesto en la
Ley Federal de Transparencia y Acceso a 1a Ir:.formacion Publica Gubernamental, $U R~glamemo y demas
dispasiciones juridicas aplicables .

DECI~L\ PRIMER..\.. ACCESO A LA INFOIULACIO"

El "SUJETO DE A.PO\"O" se compromete a proporcionar la informacion del "PROYECfO" que pudiera ser
solicitada par la Direccion de Investigacion Cientifica Basica adserita a la Direeei6n Adjunta de Desarrollo
Cientifica, para ser entregada al Sistem:l Integrado de Informacion sobre Investigacion Cientifica y
Tecnologica (SIICYT) que opera el ;'CO~ACYT'. Dicha informacion sera publicada en su pagina de Internet,
dando can ello cumplimiento a las disposicianes de la Ley Federal de Transparencia y Aeceso a la Informacion
Publica Gubernamental.

DECI~[A SEGli:\DA. TER~Il:\ACION A:\T1CIPADA

Las partes podran dar por term inado de manera anticipada el presente Convenio, cuando existan cifcunstancias
que impidan continuar con el desarrollo del "PROYECTO", previa notificacion que por escrito realice
cualquiera de elIas, con una ante[aci6n no mayor a 30 (tfeinta) dfas naturales.

DE:CI~LA TERCER.>.. CASO FORTlilTO YiO FUERZA ~LAYOR

Para efectos de este Convenio se entendera por caso fonuito y fuerza mayor. a [as sucesos de la naturaleza 0 de
hechos del hombre que, siendo extraiios al "SI;JETO DE APOYO", 10afectan impidiendole temporal 0

definitivamente el cumplimiemo parcial 0 total ee sus obligaciones.

DECIMA CUARTA. RESPOI'SABILIDAD CIVIL

Queda expresamente pactado que las partes no tendran responsabilidad civil por los danos y perjuicios que
pudieran causarse como consecuencia de caso fonuito 0 fuerza mayor, particularmente por el paro de laboTes
academicas 0 administrativas, en la inteligencia de que una vez superados estes eventos, se reanudanin las
actividades en Ia forma y terminos que dictarninen las partes.

DECIMA QUL'ITA. RESCISION

,.



EI "COi\ACYT" podni rescindir el presente Convenio al "SU.JETO DE APOYO", sin necesidad de
declaracion judicial previa ni de dar aviso par escrito, cuando este incurra en alguno de los supuestos de
incumplimiento que de manera enunciativa mas no limitativa a continuacion se senalan:

a)Aplique los recursos canalizados por el "CO~ACYT" con finalidades distintas a la realizacion
direct:l del "PROYECTO",

h)No brinde las facilidades de acceso a la informacion, 0 a las instalaciones donde se administra y
desarrollo el "PROYECTO".

c)Por identificaci6n de desviaciones no reponadas, por parte de los Responsables T~cnico y/o
Adr:1inistrativo.

d)Ko compruebe la debida aplicacion de los recursos canaliudos para el "PROYECTO" cuando Ie sea
expresamente requerido por el "COl'iACYT".

,
e)proporcione informacion a documentaci6n falsa..

f)Retirar (os recursos de la cuenra especifica del "PROYECTO" para transfetirlos a orras cuentas no
relacionadas con eI objeto del mismo.

g)Incurra en a1gun otro incumplimiento a este Convenio y a sus Anexos.

Cuando e1"CO~ACYT" ejercite el derecho contenido en la presente Chiusula. el "SUJETO DE APOYO"
reembolsara la totalidad de los recursos que Ie fueron canalizadas en un plazo no mayor de 30 (treinta) dias
naturales, contados a partir del requerimiento escrito que se Ie formule para tales efectos, con independencia de
que se haga acreedor a la sanci6n a que se refiere la Clausula siguiente.

Di:CI~IA SEXTA. CANCELACION DEL RE:'IIECYT

En los casas en que el incurnplimiento por parte del "SUJETO DE APOYO" a las obligaciones que asume par
vir:ud del presente instrumento legal, que impjda continuar con el desarrollo del "PROYECTO", Y que haya
sido amiso a los requerimientos de la Direcci6n de Investigaci6n Cientifica SAsica adscrita a la Direccion
Adjunta de Desarrollo Cientffico, solicitari a la Direcci6n Adjunta de Asuntos Juridicos que a traves de la
Direccion del RENIECYT, se convoque a la Comisi6n [nterna de Evaluaci6n a efecto de caoocer y resolver 10
conducente respeclO a la procedencia de cancelacion del RENIECYT, conforme a 10 dispuesto en el articulo 51
de las Bases de Organizacion y Funcionamiento del Registro Nacional de Instituciones y Empresas Cientificas y
Tecnol6gicas .

. Di:CI~IA Si:PTDlA. DEVOL(;CION DE LOS RECURSOS

£1 "SUJETO DE ArOYO" en cualquier supuesto que implique la devolucion de los recursos economicos
canalizados al "PROYECTO", ya sea el remanente de 10 no ejercido 0 la totalidad de los mismos, tendra un
tennino no mayor a 30 (treinta) dfas naturales contadas a partir la conclusion del mismo, L) del requerimiento que
por escrito Ie real ice la Direccion de Investigaci6n Cientffica Basica adscrita ala Direcci6n Adjunta de
Desarrollo Cie~tifica, .para,efecwar .dicho reintegro. entregando copia de la,~cha de depOsito Q.de -Ia transferencia
electronica al Area de Coordinaci6n del "CONACYr'.

La devolucion de (os recursos econ6micos asignados aI "PROYECTO" no debera exceder del dia 12 de enero
~.
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DECI~IA OCTAVA. RELACIO:-O LABORAL

£1 "CONACYT" no establecera ninguna relaci6n de caracter 1Jboral con el personal que el "SUJETO DE
APOYO" llegase a ocupar para la realizacion del "PROYECTO", en consecuencia, las partes acuerdan que eI
personal designado, contratado 0 comisionado para la realizaci6n del "PROYECTO", estani bajo la de~endencia
directa del "SUJETO DE APOYO"; y par 10 tamo, en ningun momenta se considerara al "CONACYT" como
patron solidario 0 sustituto, oi campoco al "SL"JETO DE "-\pOYO., como imennediario, par 10que eI
"CO~ACYT" no asume ninguna responsabiiidad que pudiera presentarse en materia de trabajo y seguridad
social, par virrud del preseme Convenio.

DECDIA NOVENA. PREVISIONES ETICAS, ECOLOGICAS Y DE SEGURIDAD

EI "SV.JETO DE APOYO" se obli~a a cumplir y hacer cumplir durante el desarrollo del "PROYECfO" y
hasta su conclusion la legislacion aplieable especial mente en materia eeo logica, de equidad de genera, de
proreceion a la bioseguridad y la biodiversidad, asi como a respetar las conveneiones y protocolos en materia
etica aplicada 3 la investigaci6n, la legislacion aplicable y la normari ••.idad instirucional en materia de seguridad.

VIGESDIA. ACTUALIZACIO:-O DE DATOS EN EL RE:\IECYT

EI "SUJETO DE APOYO" tendrJ. la obligacion de informar a [a Direccion del RE~IECYT adscrira ala
Direcci6n Adjunta de Asunros Juridicos. entre atras cambios los de 5U situacion ecan6mica, cambia de damicilio
legal, razon 0 denaminaci6n social a representante legal. Asimismo, el "SU.JETO DE APOYO" se obliga a
mantener actualizada su inscripcion e informacion en el R[;,,[IECYT.

VIGESDIA PRDIERA. VIGEi'iCIA

El presente Convenio tendra una ••.igencia de 12 (dace) meses. contados a partir de la fecha de la minisrraci6n,
entendiendose como fonnalizado al momenta en que se cuenre con la finna de todas y cada una de las partes que
intervie:J.en en el mismo .

Las obligaciones a cargo del "SLTJETO DE APOYO", relacionadas can la fiscalizacion de los recursos
empleados para e1 financiamiento del "PROYECTO", continuan incluso despues de que el "C:;:ONACYT" emita
la Constaneia de Conclusion Tecnica y Financiera.

VIGESI~1A SEGU:\D.-\. CO:\SE:'ITLVIIE:\TO ELECTRONICO

En terminos del articulo 1803, fracci6n I del Codigo Civil Federal. las partes acuerdan que es su volunrad aceprar
integrarnente el contenido obligacional de este Convenio a traves de su suscripcion mediante el Sistema de
"People Soft", por 10 que reconocen que dicho medio constiruye el consentirnienro expreso del presente acuerdo
de voluntades.

VIGESIMA TERCERA. ASUNTOS NO PREVISTOS

Los asuntos relacionados con e1 objeto de este Convenio y que no queden expresamente previstos en sus
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Clausulas, ni en sus Anexos, semn interpretados y resueltos de cornun acuerdo por las partes, apdando a su
buena fe y consecucion de rnisrnos propositos. haciendo constar sus decisiones por escnto.

VIGESli\lA CU.-\RTA. AUSE:'iCIA DE VIClOS DE VOLUI'TAD

Las partes rnanifiestan que en la ce1ebracion del presente Convenio no ha mediado circun5tancia alguna que
induzca a error, dolo, mala fe u ocra circunstancia GU~afecte 0 vicie la plena volunrad con que celebran eI
prescn[e instrumenta, por 10 que el mismo es valido para todos los efectas legales conducentes.

VIGESL\lA QUI:'iTA. DE:'iOMI;'iACION DE LAS CLAUSULAS

Las panes estan de acuerdo en que las denominaciones utilizadas en las Clausulas del pr,sente Convenio, son
unicarnente para efectos de referencia. par 10que no limitan de manera alguna el comenirio y alcance de las
mismas, debiendo en todos los casos atender a 10 pactado en las mismas.

VIGESI~IA SEXTA. JURISDICCIO;o.;

Para la solucion a toda controversia que se pudiera suscitar con motivo de la interpretacion. ejecucion y
cumplimiento del presente Convenio y sus Anexas, y que no se resuelva de cornun acuerdo par las panes, estas
se same[eran a las Leyes FederaJes vigentes y Tribunales Federales campetentes de la Cit.:dad de :vtexico, Distrito
Federal, renunciando desde ahara a cualquier otro fuero que les pudiera corresponder en razon de sus respectivos
domicilios presen[es 0 futuros.

PREVIA LECTURA Y CON PLE:-IO CONOCIMIE:-ITO DE SU CONTEl'lDO, LAS PARTES EXPRESA:-I
SU CONSENTIMIENTO ELECTRONICO Ai PRESENTE INSTRU1YIENTO QUE A CONTI!'<1JACION SE
NSERTA PARA CADA UNA DE ELLAS.

•

POR EL "CONACYT"

ORA. JULIA TAGUENA PARGA
DIRECTORA ADJUNTA DE DESARROLLO

CIENTiFICO

OR. LUIS HUMBERTO FABILA CASTILLO
DIRECTOR DE INVESTIGACION CIENTiFICA

BASICA

-.

POR EL "SUJETO DE APOYO"

DR. DAVID KERSHENOBICH STALNIKOWITZ
REPRESENTANTELEGAL

DR. ROGELIO ENRIQUE HERNANDEZ
PANDO

RESPONSABLE TECNICO

lIC. MARTHA ARREDONDO URZUA
RESPONSABLE ADMINISTRATIVO
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LAS FIR~1ASQUE AI'ARECEr\ Er\ ESTA 1I0.lA SEREFlERE1\ AL CO"\'E1\IO DEASIG1\ACI01\
DE RECURSOSCELEBRADO E1\TREEL CO.\'SE.lO1\ACI01\AL DE CIEr\CIA Y TECl'iOLOGiA,
EL "CONAC\'T" Y EULA INSTITUTO NACIO\'AL DE CIENCIAS MEDICAS \' J't:TRICION
SAL\'ADOR ZUBJRA1\,EL ;'SU.lETODE AI'OYO",--------------------------------------------------
------------------------------------------ CO\'ST E,------------------------------------------

Anexo 1: Desglose Financiero

Total de elapas: 56859974

.. ..
FONDO

. ... . ,;.
-.
Gr.-IVE

Etapa: 001
• • ••• • I •

402

Descripci6n de' 0.' " ,',
-. I 1'"Subcategona • ". :.!,~.

Equipo de laboratorio

Importe del ~;,t
recurso :, " J'
6859974

Total de elapa: $6859974

Anexo 2: Cronograma de actividades por etapa

Feeha
Fe-cha Fecha de informe

Etapa Descripci6n De La Descripcion De La Acti\'idades Productos
inicial termino 3\'ance y

# [tapa 1\1eta DD-M:\I. DD-~IM- final
AAAA AAAA DD-M~I-

AAAA

001 '10 APLICA NOAPLICA
\'0 '0 02105/2014 01/05/2015 )1/05/2015
APLICA -\PLICA

,

Este contralo tiene como ultima Fecha de Firma



Informacion indispensable para 1a solicitud de
Apoyo al Fortalecimiento y Desarrollo de la Inlraestructura Cientilica y Tecnol6gica

Convocateria 2014

-,-..:..~....~:...••••••••••..::....;:;.••
CONACYT

,
~

MEXICO

Es indispensable adjuntar est€' documento a su solicitud.
Sin est€' documento su solicitud no sera valida.
Este documento ~o debera exceder los 2MBde tamano.

Guardar
Numero de solicitud

Imprimir formulario

1000000000229779

Modalidad IAPeyO Especial

Titulo de la selicitud

Infraestructura de apoya a proyectos relacionadas con la evaluaci6n moriol6gica ultraestructural de los efectos patogenicos de agentes
infeceiosos, quimicos y nutricionales y sus posibles tratal"':1ientos.

Instituci6n

Institute Naclonal ae Ciencias Medlcas y Nutnaon "Salvador Zubirim"

Unidad academica y departamento 0 equivalente

SeOO6nde Patologia Experimental, Departamento de Palologia

Otras unidades academicas 0 instituciones que intervienen en la propuesta (en su casal

1. Divisi6n de Nutrici6n, Departamento de Fisiologia de la Nutrici6n, Instituto Nacional de Ciencias MedlcaS y Nutrici6n "Salvador
Zubirtln"
2. Facultad de Quimica. Universidad Nacional Aut6noma de Mexico ..
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Miembros del grupo de investig,Ki6n a cuerpo academico, indicando su linea de investigaci6n y nivel de SNI. ,
1. Dr. Rogelio Hernandez Panda (secGi6n de Patalogia Experimental, Instituto Nacional de Ciencias Medicas y NutriciDn)
Patalogia Experimental. SNI Nivellll
2. Or. Jose Pedraza Chaverri (Facultad de Quimica UNAM).
Bioquimica Toxicologia. SNI Niver III
3. Dr. Armando Tovar Palacio (Fisiologia de la Nutrici6n, Instituto Nacional de Ciencias Medicas y Nutrici6n).
Biologia Molecular de la Nutrici6n. SNI Nivelill

•

Uneas de investigaci6n Insti~ucionales en las que se va a utilizar el a los equipos a adquirir.

1. Inmunopatologfa de la tuberculosis pulmonar experimen~al
2. Desarrollo y prueba de inmunoterapia para la tuberculosis
3. Desarrollo y prueba de nuevas vacunas para la tuberculosis
4.- Biologia molecular de la nutriden

Indicar, en su cas a, a otros grupos de ir')Vestigaci6na cuerpos academicos que utilizarfan el equipo solicitado, ya sea de diferentes
instituciones 0 diferentes unidades academicas de la misma instituci6n.

EJ equipo solicitado podra ser utilizado y aprovecnado par diferentes investigadores y grupos de investigaci6n dellnstituto Nacional de
Ciencias Medicas y Nutrici6n Salvador Zubiran, partJcularmente los involucrados en las Iineas de investigaci6n de Patologia
Experimental, Fisiologia de la Nutrici6n, Nefrologia y a traves de proyectos colaboratlvos con otras instituciones como el CINVESTAV
Departamento de Genetica y de1a Unidad de Investigaci6n Biomedica dellMSS en Zacatecas. Es importante meooonar que el equipo
sera tambien de utilidad en el trabajo diagn6stico de los pacientes atendidos en el Instituto Nacional de Ciencias Medicas y Nutrici6n,
particularmente del servicio de Nefrologia.

r
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Produetos de investigaci6n que aport en evidencias de la colaboraci6n entre los miembros del Grupo de investigaci6n 0 Cuerpos
I-

academicos (publicaciones, tesis, etc.) no menos de tres y no mas de diez. t

1.Garcia-Nirio WR, Tapia E, Zazueta C, Zatarain-Barr6n ZL, Hernandez-Pando R, Vega-Garcia CC and Pedraza Chaverri J. Curcumin
pretreatment prevents potassium dichromate-induced hepatotoxicity, oxidative stress, decreased respiratory complex I activity and
membrane permeability transition pore opening. Evidence-Based Complementary and Alternative Medicine. 2013:2013:424592. doi:
10.115512013/424692.
'2.- Zuriiga-Toala A; Zatarain-Barr6n AL; Hernandez-Pando R; Negrete-Guzman M; HuertaYepez S; Torres I; Pinzon E; Tapia E;
Pedraza-Chaverri J. Nordihydroguaiaretic acid induces Nrf2 nuclear translocation in vivo and attenuates renal damage and apoptosis in
the isohemia and repertus;on model. Phytomedicme 2013 JuI15;20(10):775-9. doi: 10.1016fj.phymed.2013.03.020.
3.- Negrette-Guzman M, Huerta-Yepez S, Medina-Campos 0, Zataraln-Barr6n L, Hemandez Pando R, Torres L Tapia E and
Pedraza-Chaverri J. Sulforaphane attenuates gentamicin-induced nephrotoxicity: role of mitochondrial protection. Evidence-Based
Complementary and Allernat,ve MediCine vol. 2013, Article ID 135314, 17 pages, 2013. doi:10.1155/2013/135314.
~.- Tapia E, Zatarain-Barron L, Hernandez-Pando R, Zarco-Marquez G, Molina-Jij6n E, Cristobal-Garcia M, Santamaria J,
Pedraza-Chavern J. Therapeutic effec: of curcumin against renal injury and oxidant stress in 5/6 nephrectomized rats. Phytomedicine

2013; 20: 359-366.
5.- Zuriiga-Toala A, Tapia E, Zazueta C, Correa F, Zatarain-Barr6n ZL, Hernandez-Pando R, Zarco-M.arquez G, Medina-Campos 0,
IPedraza-Chaverri J. Nordihydroguaiaretic acid pretreatment prevents ischemia and reperfusion induced renal injury, oxidant stress and
Imitochondrial alterations. MedIcinal Plant Research 2012; 6 (15): 2938-2947.
6.- Cane-Ramirez 0, Torres-Vargas CE, Guerrero-Castillo 5, Uribe-Carvajal S, Hernandez-Pando R, Pedraza-Chaverri J. Orozco-Ibarra
M. Effect of glycolysis inhibition on mithocondrial function in rat. Journal of Biochemical and Molecular Toxicology 2012; 26 (5): 206-11.
1.- Gonzalez-Granillo M, Steffensen KR, Granados 0, Torres N, Korach-Andre M, Ortiz V, Aguilar-Salinas C, Jakobsson T,

Breve descripci6n de los beneficios academico-cientificos que se obtendrian par la adquisici6n del equipa.

Desde ha::e 30 arios se adquiri6 para el Departamento de Patologla dellnstituto Nacional de la Nutrici6n un microscopio electronico
Carl Zeiss M-10, el cual ha dado un enorme servicio en el area de investigaci6n especificamente en proyectos de Patologia
Experimental y colaborativamente con dlversas Iineas de investigaci6n del mismo Instituto y de otras instituciones nacionales y
ex1ranjeras. Ademas el mismo equipo ha contribuido enormemente en el diagnostico de diversas enferrnedades neoplasicas,
metab61icas y sobre todo renales. Despues de 3 decadas de servicio intenso, dicho microscopic es absolutamente obsolete, de hecho
se siguen utilizande rollos y placas fotograficas que actualmente ya no existen en el mercado y 10que se tiene en nuestro almacen esta
,a punta de agotarse con 10cual ya no se podran obtener fotografias para ilustrar artlculos de investigaci6n y tampoco para los
diagn6sticos de los pacientes, material grafico que tambiE!n es utillzado para las sesiones anatomodinicas que sen de gran importailcia
para la formaci6n de medicos especialistas. Se ha investigada sobre la renovaci6n 0 aetualizaci6n de este microscopio tratando de
adaptar sistemas de adquisici6n de imagen con camara y computadora modemas pero el costa es muy elevada y la garantia de que
funcione es limitada, mas aun, dlversos componentes basicos de este microscopio como bombas de vaci6 ya no se producen y
actualmente resulta imposible conseguir1os en el mercado r.acional y extranjero, por 10que la eventual descompo~stura de alguno de

estos componentes implicaria la total inca::Jacidad de este equipo para seguir funcionando.
Por 10 tanto se solicita la adquisici6n de un nuevo microscopic electr6nico que permitlra continuar con el estudio ult:-aestructural de
proyectos de investigaci6n diversos, sobre todo en el area de las enfermedades infecciosas, metab6licas y por agentes t6x;cos,
aspectos en los que los proponentes han tenido una actividad colaborativa intensa y muy productiva; la adquisi6n de dicho equipo
contribuira tambien en la formaci6n no solo de estudiantes de maestria y doctorado en diversos posgrados en investigacion biomedica

si no ademas de especialistas medicos.
EI microscopio electr6nico ha tenido y sigue teniendo un lugar importante en la investigaci6n experimenta~ y el usc de tecnicas
especiales como la inmunoelectronmicroscopia contribuyen enriqueciendo substancialmente los resultados experimentales obtenidos
con tecnicas inmunol6gicas, bioquimicas a de biologia molecular, integrando asi aspectos morfol6gicos con moleculares. 8 resto del
equipamiento como 10son ultramicrotamos y sistema de inclusion ya se tienen y la experiencia en el uso de este equipo par el grupo
solicitante es muy so/ida, de manera que el equipo solicitado sera fundamental mente para substituir al ya existente y asl poder
continuar con una productiva actlvidad de investigaci6n y de servicio asistencial para una de las instituciones academicas de mayor

trayectoria y prestigio de nuestro pais.

Il-____________________________________C
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Descripci6n de la infraestruetura cientifico-tecnol6gka con la que se cuenta y que tenga relaci6n directa con el equipo sol1citado.
I

<
La secd6n de Patologia Experimental del Departamento de Patologia dellnstituto Nacional de Ciencias Medicas y Nutrici6n ocupa casi
todo el segundo piso del Departamento de Patologia. Fisicamente esta secd6n tiene 3 oficinas para investigadores, dos cubiculos para
estudiantes, y un laboratorio amplio que tiene un equipo de inmunohistoquimica automatizada, microtomo semiautomatico, una area
para tecnicas de biologia molecular en donde hay un termodclador para tiempo real, dos tennocicladores convencionales, estufa de
nibrida=i6n, banos !errnicos para procedimientos de hibrida=i6n in-situ y de PCR in situ, centrifugas, microcentrifugas, dos equipos de
analis!s de imagen para geles y laminillas hislol6gicas y un equipo de microdisecci6n can rayos laser. Existe una area de cultivo celular
que tiene dos campanas de f1ujo laminar, una para cultivo celular y otra para cultivo de bacterias dotada can seis incubadoras. Se
cuenta con equipo de cromatografia, espectrofot6metro, varios refrigeradores, cinco ultracongeladores, un fotomi:roscopio, microscopic

de f1uorescen=ia, un cit6metro de flujo.
En el area de microscopia electronica se cuenta con 2 cubiculos con un ultramicort:lmo y can mesas antivibratorias cada uno, una
estufa de pohmerizaci6n para bloques de resina, cortadora de cuchillas para elaborar cu:hillas de cristal, una cuchilla de djamanre, un

microscopio electr6ni:;o de transmlsi6n Carl Zeiss M-10 y dos ultramicrotomos. 6

E.n la se~i6n de Patologia Experimentallaboran un investigador titular, tres asociadas, dos tecnicos y actualmente hay 5 estudlantes
de doctorado y 5 estudiantes de maestria. EI Bioterio dellnstltuto Na:::.ional de Ciencias Medicas y Nutrici6n es un edificio de 3 piscs, en
el segundo piso se al:Jergan a los animales de experimenta::i6n para mantener a los animales en las mejores condiciones. esta area
esta dotada de un sistema de control estncto de temperatura ambiental, humedad, limpieza constante del aire y de los ciclas de luz y
obscuridad. En este piso existe una area grande para la se~i6n de Patalogia Experimental, can dos campanas de seguridad biol6gica
nivel 3, numerosos microaisladores, una centrifuga, un ultracangelador, una autodave y un sistema de microaisladores dotado can un C

Listado de los pragramas de posgrado que se beneficia rim con la ins;:alaci6n del equipo solicitado, indicando su nivel en el Programa
Nadonal de Posgrados de Calidad.

1.- Maestria y Doctorado en Ciencias Bioquimicas, Facultad de Quimica UNAM
2.- Doctorado en Investigaci6n Biomedica Basica, Facultad de Medicina UNAM.
3.- Maestria y Doct::lrado en Inmunologia, Es:uela Nacional ae Ciencias Biol6gicas, IPN.
4.- Maestr~a y Doctorado en Biologia Experimental, UAM.
4.- Residencias medicas en Patologia y Nefrologia, Fac de Medicina, UNAM

lmpaeto del equipo a adquirir en el desarrollo institucional, estatal a regional, 0 de redes de investigaci6n.

EI equipo solicitado permitira continuar con el trabajo de investigaci6n de varios anos de la Secci6n de Patologia Experimental del
Departamento de Patologia dellnstituto Nacional de la Nutrici6n, el cual ha sido muy productivo y se ha fortalecido y ampliado con
colaboraciones con grupos de investigaci6n consolidad~s intrainstitucionales, coma el del Dr Tovar, y extrainstitucionales como el del
Dr Pedraza, colaboraciones que ha sido muy productivas en tenninos de publicaciones en revistas intemacionales y en estudiantes de
posgrado graduados. El grupo proponente de la presente solicitud tiene tambien proyectos de colaboraci6n con otros grupos de
investigaci6n de importantes centr~s academicos locales, del interior del pais e incluso con Universidades e Institutos del extranjero,
con los que se pod ran continuar y ampliar diversos proyectos con el usa de la microscopia electr6nica convencional y tecnicas
especiales como 10 son anal isis morfometricos y de inmunolocalizadon subcelular en las cuales el grupo solicitante es experto, este
impacto del estudio can micrcscopia electronica en la actividad de investigacion para el desarrollo institucional, regional e incluso
internadonal es patente en publicaciones recientes en revistas intemacionales con alto factor de impacto como las realizadas con
grupos de investigacion locales como el CINVESTAV (European Journal of Cancer Prevention 2013 Nov;22(5):577-84) a ellNER
(European Journal of Immunology 2012,16(6): 880-889.), 0 del interior del pais como ellMSS Zacatecas ( International Journal of
Antimicrobial Agents. 2013: 41: 143-148) y Universidades extranjerar como la de British Columbia Canada.(PlosOne 2013: 8{3):

e59119. doi: 10.1371fjoumal.pone.0059119. Epub 2013 Mar21).
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CONACYT,

Imprimir formulario

1000000000229779Numero de sollcltud
Guardar

Informaci6n indisl!ensable para la solicilud de
Apovo al Fortalecimiento VDesarrollo de la Infraestructura Cientifica VTecnol6gica

Convocatoria 2014
Es indispensable adjuntar este documento a su solicitud.
Sin este documento su solicitud no sera valida.
Estedocumento no debera exceder los 2MBde tamano.

Modalidad IAPOVO Especial

Titulo de la solicitud

Infraestructura de apoyo a proyectos relacionados con la evaluacion morfol6gica ultraestructural de los efectos patogenicos de agentes
infecciosos, quimicos y nutricionales y sus posibles tratamientos.

Institucion

Instltuto Nacional de Ciencias Medicas y Nutricion "Salvador Zubiran"

Unidad academ1ca y departamento 0 equivalente

SeCCl6nde PatologlaExperimental.Departamentode Patologia

Otras unidades academicas 0 instituciones que intervienen en la propuesta (en su caso)

1. Divisi6n de Nutrici6n, Departamento de Fisiologia de la Nutrici6n, Instltuto Nacional de Ciencias Medicas y Nutrici6n "Salvador
Zubiran"
2. Facultad de Qufmica. Universidad Nacional Aut6noma de Mexico ..
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Miembros del grupo de investigaci6n 0 cuerpo academico, indicando su linea de investigaci6n y nivel de SNI.

1. Dr. Regelio Hernandez Pando (secci6n de Patologfa Experimental, Institute Nacional de C,encias Medicas y Nutricion)
Patologia Experimental. SNI Nivellll
2 Dr Jose Pedraza Chaverri (Facul\ad de Qu;mlca UNAM).
Bloquimlca Toxicologia. SNI Nivelill
3 Dr. Armando Tovar Palacio (Fisiologia de la Nutrici6n, Instltuto Nacional de Ciencias Medicas y Nutrlci6n).
Blologia Molecular de la Nutrici6n. SNI Nivellll

Lineas de investigaci6n Institucionales en las que se va a utilizar el 0 los equipos a adquirir.

1. Inmunopatologia de la tuberculosis pulmonar experimental
2. Desarrollo y prueba de inmunoterapia para la tuberculosis
3. Desarrollo y prueba de nuevas vacunas para la tuberculosis
4.- Blologia molecular de la nutrici6n

Indicar, en su caso, a otms grupos de investigaci6n 0 cuerpos academicos que utilizarian el equipo solicitado, ya sea de diferentes
instituciones 0 diferentes unidades academicas de la misma instituci6n.

EI equlpo solicitado podra ser utllizado y aprovechado par diferentes investlgadores y grupos de investigaci6n dellnstituto Nacional de
Cienclas Medicas y Nutrlcion Salvador Zubiran, particularmente los involucrados en las lineas de investlgacion de Patologfa
Experimental, Fisiologia de la Nutrlcion, Nefrologia y a traves de proyectos colaboratlvos con otras instituciones como el CINVESTAV
Departamento de Genetlca y de la Unidad de Investigaci6n Biomedica dellMSS en Zacatecas. Es importante mencionar que el equipo
sera tambien de utilidad en el trabajo diagn6stico de los pacientes atendidos en ellnstltuto Nacional de Ciencias Medlcas y Nutrici6n,
partlcularmente del servicio de Nefrologia.
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Productos de investigaci6n que aporten evidencias de la colaboraci6n entre los miembros del Grupo de investigaci6n 0 Cuerpos
academicos (publicaciones, tesis, etc.) no menos de tres y no mas de diez.

1.Garcia-Nirio WR, Tapia E, Zazueta C, Zatarain-Barr6n ZL, Hernandez-Pando R, Vega-Garcia CC and Pedraza Chaverri J. Curcumln
pretreatment prevents potassium dichromate-induced hepatotoxICIty, oxidative stress. decreased respiratory complex 1activity and
membrane permeability tranSition pore opening. Evidence-Based Complementary and Alternative Medicine. 2013;2013:424692. dOl
10.1155/2013/424692.
2.- Zunlga-Toala A; Zataraln-Barr6n AL; Hernandez-Pando R; Negrete-Guzman M; HuertaYepez S; Torres I, P,nz6n E; Tapia E
Pedraza-Chaverri J. Nordihydroguaiaretic acid induces Nrf2 nuclear translocation in vivo and attenuates renal damage and apoptosls in
the Ischemia and reperfusion modeL Phytomedicme 2013 JuI15;20(10)775-9. doi: 10.1016/).phymed.2013.03.020.
3.- Negrette-Guzman M, Huerta-Yepez S, Medina-Campos 0, Zataraln-Barr6n L, Hernandez Pando R, Torres I, Tapia E and
Pedraza-Chavern J. Sulforaphane attenuates gentamicin-induced nephrotoxicity: role of mItochondrial protection. Evidence-Based
Complementary and Alternative Medicine vol. 2013. Article ID 135314. 17 pages, 2013. doi:10.1155/2013/135314.
4.- Tapia E, Zatarain-Barr6n L, Hernandez-Pando R, Zarco-Marquez G, Molina-Jij6n E, Cnst6bal-Garcia M, Santamaria J,
Pedraza-Chaverri J. Therapeutic effect of curcumin against renal injury and oxidant stress in 5/6 nephrectomized rats. Phytomediclne
2013; 20: 359-366.
5.- Zuriiga-Toala A, Tapia E. Zazueta C, Correa F, Zatarain-Barron ZL, Hernandez-Pando R, Zarco-Marquez G, Medina-Campos °
Pedraza-Chaverri J. Nordihydroguaiaretic acid pretreatment prevents ischemia and reperfusion induced renal injury, oxidant stress and
mitochondrial alterations. Medicinal Plant Research 2012, 6 (15) 2938-2947.
6.- Cano-Ramirez 0, Torres-Vargas CE, Guerrero-Castillo S, Unbe-CarvaJal S, Hernandez-Pando R, Pedraza-Chaverri J. Orozco-Ibarra
M. Effect of glYCOlysisinhibition on mithocondrial function in rat. Journal of Biochemical and Molecular Toxicology 2012; 26 (5): 206-11.
7.- Gonzalez-Granillo M, Steffensen KR, Granados 0, Torres N. Korach-Andre M, Ortiz V. Aguilar-Salinas C. Jakobsson T,

Breve descripci6n de los beneficios academico-cientificos que se obtendrfan por la adquisici6n del equipo.

Desde hace 30 arias se adquiri6 para el Departamento de Patologia dellnstltuto Nacional de la Nutrici6n un microscopio electr6nico
Carl Zeiss M-10, el cual ha dado un enorme servicio en el area de investigaci6n especificamente en proyectos de Patologia
Experimental y colaborativamente con diversas Iineas de investigacl6n del mrsmo Instituto y de otras instituciones nacionales y
extranjeras. Ademas el mismo eqUlpo ha contnbuido enormemente en el dragnostico de diversas enfermedades neoplasicas,
metabolicas y sobre todo renales. Despues de 3 decadas de servicio intenso, dicho microscopio es absolutamente obsoleto, de hecho
se slguen utilizando rollos y placas fotograficas que actualmente ya no existen en el mercado y 10que se bene en nuestro almacen esta
a punto de agotarse con 10cual ya no se podran obtener fotografias para ilustrar articulos de investigacion y tampoco para los
diagn6stlcos de los pacientes, material grafico que tambien es ublizado para las sesiones anatomoclfnicas que son de gran importancia
para la formacion de medicos especialistas. Se ha investigado sabre la renovacion 0 actualizaci6n de este microscopio tratando de
adaptar sistemas de adquisicion de imagen con camara y computadora modernas pero el costo es muy elevado y la garantfa de que
funcione es Ilmitada, mas aun, diversos componentes basicos de este microscopio como bombas de vacio ya no se producen y
actualmente resulta imposible conseguir1os en el mercado naclonal y extranjero, par 10que la eventual descompostura de alguno de
estos componentes implicaria la total incapacidad de este equipo para seguir funcionando.
Por 10tanto se solicita la adquisici6n de un nuevo microscopio electr6nico que permitira contlnuar con el estudio ultraestructural de
proyectos de investigaci6n diversos, sobre todo en el area de las enfermedades infecciosas, metab61icas y por agentes t6xicos,
aspectos en los que los proponentes han tenido una actividad colaborativa intensa y muy productiva: la adqUlsi6n de dicho equlpo
contnbuira tambien en la formaci6n no solo de estudiantes de maestria y doctorado en diversos posgrados en investigacion biomedlca
si no adem as de especialistas medicos.
EI microscopio electr6nico ha ten ida y sigue teniendo un lugar importante en la investlgaci6n experimental y el uso de tecnicas
especiales como la inmunoelectronmicroscopia contribuyen ennqueciendo substancialmente los resultados experimentales obtenidos
con tecnicas inmunol6gicas bioquimicas a de biologia molecular, integrando asi aspectos morfol6gicos con moleculares. EI resto del
equipamiento como 10son Lltramicrotomos y sistema de inclusi6n ya se tienen y la experiencia en el uso de este equipo por el grupo
solicltante es muy s6lida. de manera que el equipo solicitado sera fundamental mente para substltuir al ya existente y asi poder
contlnuar con una productlva actlvidad de Investigaci6n y de servlcio asistencial para una de las instJtuciones academlcas de mayor
trayectoria y prestigio de nuestro pafs.
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Descnpcion de la infraestructura cientifica-tecnalogica can la que se cuenta y que tenga relacion directa can el equipa salicitttda.

La secci6n de Patologfa Experimental del Departamento de Patologia dellnstituto Nacional de Ciencias Medicas y Nutricion ocupa casi
todo el segundo pisc del Departamento de Patologia. Fisicamente esta seccion tiene 3 oficinas para investigadores, dcs cubiculcs para
estudlantes, y un laboratorio amplio que tiene un equipo de inmunohistoquimica automatizada, microtomo semiautomatico, una area
para tecnicas de biologia molecular en donde hay un termociclador para tiempo real, dcs termocicladores convencionales, estufa de
hlbndacion, balios temnicos para procedimientos de hibridaci6n in-situ y de peR in situ, centnfugas, microcentrifugas, dos equipos de
anaiisis de Imagen para geles y laminillas histol6gicas y un equipo de microdisecci6n con rayos laser. EXlste una area de cultlvo celular
que tlene dos campanas de f1ujo laminar, una para cultlvo celular y otra para cultivo de bacterias dotada con seis incubadoras. Se
cuenta con equipo de cromatografia, espectrofotometro, varios refrigeradores, cinco ultracongeladores, un fotomicroscopio, microscopio

de f1uorescencla, un clt6metro de flujo.
En el area de microscopla electr6nica se cuenta con 2 cubiculos con un ultramiCOr1omoy con mesas antivlbratorias cada uno, una
estufa de polimerizaci6n para bloques de resina. cortadora de cuchillas para elaborar cuchillas de crista I, una cuchilla de diamante, un
mlcroscopio electr6nico de transmisi6n Cart Zeiss M-10 Ydos ultramicrotomos.
En la secci6n de Patologia Experimentallaboran un investigador titular, tres asociados, dos tecnicos y actualmente hay 5 estudiantes
de doctorado y 5 estudiantes de maestria. EI Bioterio dellnstituto Nacional de Ciencias Medicas y Nutricion es un edificio de 3 plS0S,en
el segundo piso se albergan a los animales de experimentaci6n para mantener a los animales en las mejores condiciones, esta area
esta dotada de un sistema de control estricto de temperatura ambiental, humedad. limpieza constante del aire y de los ciclos de luz y
obscundad. En este piso existe una area grande para la secci6n de Patclogia Experimental, con dos campanas de seguridad biol6gica
nlvel 3. numeroscs microaisladores, una centrifuga, un ultracongelador, una autoclave y un sistema de microaisladores dotado con un D

Listado de los programas de pasgrada que se beneficia ran con la instalaci6n del equipo solicitado, indicando su nivel en el Programa
Nacional de Posgrados de Calidad.

1.- Maestria y Doctorado en Ciencias Bioquimicas, Facultad de Quimica UNAM
2.- Docterado en Investigaci6n Biomedica Basica, Facultad de Medicina UNAM.
3,- Maestrta y Doctorado en Inmunologia, Escuela Nacional de Ciencias Biol6gicas, IPN.
4 - Maestria y Doctorado en Biologia Experimental, UAM.
4- Residencias medicas en Patologia y Nefrologia, Fac de Medicina, UNAM

Impacto del equipo a adquirir en el desarrollo institucional, estatal 0 regional, 0 de redes de investigaci6n.

EI equlpo solicltado permltlra continuar con el trabajo de investlgaci6n de varios arios de la Secci6n de Patologia Experimental del
Departamento de Patologia dellnstituto Nacional de la Nutrici6n, el cual ha side muy productivo y se ha fortalecido y ampliado con
colaboraclones con grupes de investigaci6n consolidades intrainstitucionales, como el del Dr Tovar, y extrainstltucionales como el del
Dr Pedraza, colaboraciones que ha sido muy productivas en terminos de publicaciones en revistas internacionales y en estudiantes de
pesgrade graduados. EI grupo proponente de la presente solicitud tiene tambifm proyectos de celaboraci6n con otros grupes de
investlgacl6n de importantes centros academicos locales, del interior del pais e incluse con UniverSldades e 1nstltutos del extranjero,
cen los que se podran continuar y ampliar diversos proyectos con el uso de la microscopia electr6nica convencional y tecnicas
especlales como Ie son analisis morfometricos y de inmunolocalizacion subcelular en las cuales el grupo solicitante es experto, este
Impacto del estudio con microscopia electronica en la actividad de investigacion para el desarrollo institucional, regional e incluso
Internacional es patente en publicacienes recientes en revistas internacionales con alto factor de impacto como las realizadas con
grupos de Investlgacion locales como el CINVESTAV (European Journal of Cancer Prevention 2013 Nov;22(6):577-84) 0 ellNER
( European Journal of Immunology 2012, 16(6): 880-889.), 0 del intenor del pais como ellMSS Zacatecas ( International Journal of
Antimicrobial Agents. 2013: 41: 143-148) y Unlversidades extranjeras como la de Bntlsh Columbia Canada.(PlosOne 2013; 8(3):
e59119. dOl 10.1371~ournal.pone.0059119. Epub 2013 Mar 21).
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