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Dr. Suzanne Jackowski
Dear Executive Editor,

We are submitting the manuscript entitled “Longvidsiopermanence of ceramides, cholesteryl
esters and ether-linked triglycerides with verygarhain polyunsaturated fatty acids in the
cadmium-damaged testis” by Dr. S. R. Zanetti andetiyto be considered for publication in

BBA-Molecular and Cell Biology of Lipids.

The lipids of the cells present in the seminifertuzules of the adult rat testis are so unique that
they can be used as biomarkers of biochemical psesethat take place under different
experimental conditions. For example, in the presardy, the massive hydrolysis of germ cell
sphingomyelin into ceramide that occurs after trekif@luced death of germ cells can be
recognized because of the unusual very long-chaliyupsaturated fatty acids (e. g., 28:4, 30:5)
these two lipids contain. This is also the casaeaftral lipids like cholesteryl esters and ether-
linked triglycerides, Sertoli cell products thatvhaspecific very-long-chain fatty acids (like
28:5 or 24:5, respectively) in addition to the mapmg-chain PUFA of rat testis lipids, 22:5n-6.
The long-term biopermanence of these neutral ligidemarkable, our results showing that, in
contrast to glycerophospholipids, they are slowbéometabolized by the immune cells that
populate the testis.

Given the widely known cytotoxic and potentiallyrdaogenic properties of cadmium, many
articles may be found in the literature about ffeas on several of its most sensitive target
tissues (lung, bone, kidney, heart, liver, or ®stbut those focusing on tissue or cell LIPID
CLASSES in particular, are really scarce. Regardnegtestis, data on Cd effects on testicular
polar and neutral lipid classes, all of them meadum the same basis to facilitate comparisons
as in the present study, are even scarcer.

The toxicological and pharmacological literatures generous in studies dealing with the Cd-
induced production of reactive oxygen and nitrogpacies thatlamage the polyunsaturated
fatty acids of testicular lipids (measured as imseal levels of TBARS), their focus being
mostly placed on the efficacy of a variety of ariiiant substances to reduce or to counteract
such generation.

Our results surveying early and latevivo changes of constitutive germ and Sertoli celldlipi
classes, especially after the single high Cd dsisews that the effects of this metal are much
more massive, devastating and irreversible thaviqursly recognized.

All material is original, unpublished, and sentlesovely to this journal.

Looking forward to hearing from you, we are gratdééu your considering our work.

Yours sincerely,

Dr. Marta I. Aveldafio

Bahia Blanca Institute for Biochemical ResearchNGZET-UNS, Bahia Blanca, Argentina.



*Highlights (for review)

Highlights

Lipids reveal previously unnoticed short- and long-term Cd effects on rat testis cells
A high Cd dose leads to necrosis, inflammation, and massive phospholipid hydrolysis
Y et, at day 30 ceramides, triglycerides (TG) and cholesterol esters CE) remain as such
Similar long-term lipid changes are seen after low, non proinflammatory Cd doses

New CE and ether-linked TG species are formed, pointing to slow phagocytic activity
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ABSTRACT

Cadmium is known to harm rat testis by causingditee-dependent apoptotic or necrotic death of
seminiferous epithelium cells. Here we investigdtew this affects the lipids with long-chain (CC22)
and very-long-chain (C24-C32) polyunsaturated fattigls (VLCPUFA) typical of spermatogenic and Serto
cells. A severe acute inflammatory reaction resuitem the massive necrotic death of these celtsdays
after a single high (4 mg/kg) dose of Cgdlhis led to the conversion of most testicular
glycerophospholipids to diradylglycerols (DRG) drek fatty acids (FFA) and of most sphingomyelims t
ceramides (Cer). By day 30 the testis weight hadedesed three fold. The DRG and FFA had been
metabolized but, unexpectedly, ceramides persigisd. slow to disappear were VLCPUFA-containing
triacylglycerols from former germ cells and ethiekéd triglycerides and cholesteryl esters (CEnfformer
Sertoli cells. Similar results were observed 30 4#hdiays after administering repeated small non pro
inflammatory CdCldoses (1 mg/kg). At day 30 after both treatmemsraorphous material replaced the
original seminiferous tubules and testicular mabeages populated the interstitium. Species of CEcdimek-
linked triglycerides containing fatty acids othkah VLCPUFA steadily accumulated in the irrevessibl
damaged testis, a manifestation of the activitglafgocytic cells. The long-term permanence of pali
VLCPUFA-containing neutral lipids, especially ceides, indicates that these cells were slow to dear
the acellular material contained in seminiferoumitas, pointing to a form of silent chronic inflaration as
an additional outcome of the multifactorial comroatcaused in the testis by experimentally admireste
cadmium.
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1. INTRODUCTION

Cadmium is a common environmental and occupatioazhrd whose adverse effects on male reproductive
health are widely recognized. Cd-induced testicury results from a complex network of causes: i
disrupts the testicular microvasculature, damalge$tegrity of the seminiferous epithelium by ttigg
specialized Sertoli-germ cell and inter-Sertolitpio junctions, is an endocrine disruptor, anchisnauctor
of significant oxidative stress [1]. During cadmiinauced oxidative stress highly reactive and sheed
oxygen and nitrogen species are produced that daprateins, nucleic acids, and polyunsaturateg &ids
(PUFA) of cell lipids. Malondialdehyde and otheiotarituric acid-reactive substances (TBARS) apacil
by-products of PUFA oxidation by these reactivecegmthat have been extensively used in toxicoldgiad
pharmacological studies as tools to evaluate ttenéwf testicular oxidative stresgsvivoand to assess the
potential efficacy of a variety of substances ituang and/or preventing this oxidation (see faragle data
in rat [2,3] and mouse [4] testis). Possible efawt the endogenous lipids of the testis have etbgen
explored in this context, except for two early nepshowing that cadmium administration to ratsiitesn
reduced total phospholipid content and decreasextptage of a major PUFA, docosapentaenoic acid
(22:5n-6) [5,6].

The present study was designed to evaluate howinadexposure affects the level of rat testiculpidli
classes that normally contain high levels of mdi@cspecies with long-chain (£C,,) and very-long-chain
(Co4C35) PUFA (VLCPUFA). In their non-hydroxylated (N) a@ehydroxylated (2-OH) versions (see
Scheme 1), the latter fatty acids were first désctias components of sphingomyelin (SM) [7] and afs
novel glycosphingolipids [8] in the rat and mousstis, respectively. We have previously shown it
endogenous ceramides (Cer) of rat testis and spezoeare also exceedingly rich in N- and 2-OH
VLCPUFA, mainly GgCs, (n-6) tetraenoic and pentaenoic fatty acids [Q]r iDterest in these unique
species stemmed from the fact that, just like th@@n?2:5n-6-rich species of glycerophospholipi@®)
and triacylglycerols (TAG ), these seminiferoustteglium sphingolipids are exclusive componentsesfg
cells (spermatocytes, spermatids) [10]. The otlverrteutral lipid classes previously reported tdeatl
22:5n-6 and VLCPUFA in isolated seminiferous tusutem adult rat testis, namely cholesteryl es{€Es)



and the ether-linked triglycerides 1-alkyl,2,3-dilgtycerols (ADG) [11], are mainly Sertoli cell ptacts
[10]. Knowing that cadmium damages both Sertoli gadn cells, we wondered how the testis disposes of
their PUFA and VLCPUFA-rich lipids vivo after treatments with the metal.

In this connection we anticipated that the efféatagimium on adult rat testicular lipids would diffrom

that of cryptorchidism [12], doxorubicin treatm¢b8], X-ray irradiation [14] and moderate hyperihé

[15]. These four conditions were previously useéxgserimental tools to induce the death by apogptoki
vulnerable germ cell precursors, resulting in pesgive depopulation of germ cells while sparingdlier
cells in seminiferous tubules. The general outcafter a few weeks was a gradual germ cell egrefis, w
progressive decrease in PUFA- and VLCPUFA-rich mamé lipids including ceramides, and a temporary
build-up of 22:5n-6-rich CE and ADG in Sertoli ellThis build-up was consistent with the phagacatid
lipid metabolizing functions the latter cells nolipalisplay. However, these energy-requiring fuans may
be expected to cease in any condition that leatteetdeath of Sertoli cells.

Parenterally administered cadmium exerts its dedete effects on the rat testis via necrotic andfmptotic
mechanisms, depending on the dose. A single doseng/kg CdCJ damages the testicular
microvasculature and causes massive ischemiantgéainecrosis of all seminiferous tubule celldpfeed a
few hours later by an intense acute inflammatoagtien [16]. It was quantified that doses of 2 ngg(and
larger) lead to more cell deaths by necrosis theagoptosis in seminiferous tubules, whereas 1 gnkd
lower) is not lethal to all seminiferous tubulelselt once, just provoking focal areas of apoptagi&w hours
later [17]. This may be related to the fact thatmoaum dose-dependently targets the protein junation
complexes that maintain the connections among stmons epithelium cells; initially those betweeer®li
cells and germ cells, then those between Sertlidi, @nd lastly those between Sertoli cells andodmement
membrane [18]. Thus, whereas a high Cd dose leats$sive cell detachment and death, the effeas of
single 1 mg/kg dose are spermatogenic stage-spetifistly affecting the last stages of spermiogsri&s].

The aim of the present study was to assess thegoesces on testicular lipids of massive cell death
followed by an inflammatory reaction, as it happafisr necrosis induced by high Cd doses, in coispar
with the effects of low, non pro-inflammatory dosé¥ecause a single 1 mg/kg dose in our handsatid n
result in appreciable short- or long-term changessticular lipid levels, we decided to repeat those at
intervals of 4 days in order to provoke a successiqro-apoptotic events frequent enough to ultitya
cause the death of all intra-tubular cells. Ouultssshowed that the outcome of both treatmentssivagar:
a permanent destruction of the cells originallyydapng the seminiferous tubules and an increasecber
of cells in the interstitium. While the major merabe GPL originally belonging to spermatogenic at@ie
cells were readily hydrolyzed and eliminated frdra testis, a relatively high part of the originalitral
lipids of these cells -including Cer, triglyceridasd CE - remained. Over this rather static piGtuesv
species of CE and ADG were actively accumulatehtimg to an activity of the immune cells populatithe
interstitium.

2. MATERIALSAND METHODS

2.1. Animals and Procedures

Male Wistar rats aged 4 months and housed undadastd conditions with food and watad libitumwere
given cadmium chloride as a single i.p. dose ofg#kn or as seven s.c. doses of 1 mg/kg each, ase d
every four days, covering 28 days. At scheduledtgan time, animals were sacrificed under,G@ testis
removal. The protocols for animal experimentati@ravapproved by an institutional Animal Care and Us
Commission. To confirm that Cd-treated rats exbibihe expected alterations in the testis, thosemwie
animals were fixed in formaldehyde and reservedistological examination. After embedding the €ixe
organs in paraffin, thin sections were preparedsdaihed with hematoxilin-eosin. Body weight gaiithw
time (30 or 45 days after commencing the experig)anid food consumption were inferior (p < 0.05) in
both cadmium-treated groups compared to their aagetmad controls. Rats injected with saline and
manipulated in a similar manner to the treated gsamdere used as the corresponding controls of each
experimental condition. The histological and lipggults did not differ significantly from those wftreated
animals. In all figures, the mean values from &these controls are shown.
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2.2. Lipid class separation

Lipid extracts were prepared from control and gddestes by homogenization with chloroform-methano
[20], water-partitioned, taken to dryness and digsibin chloroform-methanol. Aliquots were taken fotal
lipid phosphorus (P) and total lipid fatty acid bisas. The extracts were spotted (as bands) onpla€s
under N for separation into lipid classes. Hexane/ethyegacetone/acetic acid (30:40:20:1, by vol) up to
the middle of the plates resolved the ceramidemfB]those containing nonydroxy and 2-hydroxyyfattids
(Scheme 2). These same plates were dried and adseaowith hexane/ether/ acetic acid (80:20: 1yddy
up to the top separated CE from triglyceridesdtiytglycerols), the latter directly resolving inrfdG and
ether-linked triglycerides [11] (see Supplementafgrmation for details). The bands containing ffatty
acids (FFA) and diglycerides (diradylglycerols, DRABd that containing polar lipids -at the origirtiee
plates- were recovered for further separationgoMaPL classes and SM were separated essentially a
previously described [13]. Care was taken to remawepotential lipid contaminant with ester-bouattyf
acids from samples of ceramides and SM by expdbkiem briefly to mild alkali [9], followed by a secd
TLC.

In some of the samples, the ether-linked triglydesiwere observed to be made up by 1-O-atk@Hdiacyl-
sn-glycerols and 1-alk-1"-eny®,3-diacyl-sn-glycerols (the abbreviation ADGlirdes both). Their
separation was achieved, as described earlietdemalogens [21], by exposing dried samples of ADG
minute with one volume of 0.5 N HCI in acetonityifellowed by the addition of one volume of chliarah
and one volume of aqueous sodium bicarbonate faraiezation. The chloroform phase was rapidly
recovered, dried, and immediately subjected to TkiDg hexane/ether mixtures. This separated the
(unaffected) 1-O-alkyl, 2,3-diacgrglycerols from the fatty aldehydetus diacylglycerols generated from
1-alk-1"-enyl, 2,3-diacyl-sn-glycerols (see Suppdamary Information).

After separation, all lipid classes or subclasseeveluted from the silica support by thoroughlying it

with water/methanol/chloroform (1:5:5,by vol), folved by partition of eluates with 4.5 volumes otava
[20]. After adding appropriate internal standadté&ed samples of the separated lipids in screw-edppbes
were dissolved in (Nsaturated) anhydrous methanol containing 0.5804 and warmed at 45°C overnight
under N to obtain the corresponding fatty acid methyl es(EAME). After methanolysis, all FAME were
subjected to TLC using pre-cleaned silica gel Ggsland hexane:ether mixtures [9,13]

2.3. Fatty acid analysis

In addition to ordinary saturated, monoenoic an@@C,, PUFA, all rat testicular lipids contained diffeten
proportions of (nonhydroxy) VLCPUFA, mostly tetrasrand pentaenes with 24 to 32 carbon atoms. Only
SM and Cer contained nonhydroxy and 2-hydroxy VLERUmMostly of 28 to 32 carbon atoms [9]. The
latter were recovered as 2-OH FAME and convertea@atrimethylsilyl (TMS) ethers for their GC analysis
[9,14]. The identity of both types of VLCPUFA wasta&blished by Poulos and colleagues more than 2
decades ago in testicular and spermatozoal SMvefakemammals using a variety of lipid laboratoriyeria
and techniques that included mass spectrometry (¥ fatty acids themselves and of intact SM
molecular species [7,22]. The two types of VLCPUKére also previously characterized by our laboyator
in the ceramides of rat testis using standard Hpidlytical techniques including MS of intact and
hydrogenated VLCPUFA derivatives [14,23]. The 2-@HCPUFA (e.g., 2-OH 30:5n-6) were also
thoroughly identified by Sandhoff and colleaguethiem mouse testis [8] as components of a novedsefi
glycosphingolipids.

All numerical data represent mean values fromagtlehree different animals + SD. The experimental
samples were compared to the corresponding agerathtontrols (cadmiunwvs saline- injected animals
subjected to the same manipulations). All\Gdontrol lipid analytical procedures were perfornired
parallel. The significance of the differences pidiamounts between animals at each time pointasasssed
using the two-tailed Studentt gest. The figures represent the results for egquith tilass as they were
obtained, as amounts of fatty acids in each ligidtpstis, with no further corrections.

3.RESULTS




A similar long-term decrease in testicular weiglatsvobserved in animals treated with Ggd@hether given
as a single high (4 mg/kg) i.p. dose or as smélleng/kg) but repeated and regularly spaced ssesi(Fig.
1). Testicular size and weight as well as the dtama&f seminiferous tubules decreased by as mu@i%s
thirty days after the commencement of each treatrenamorphous acellular material of similar
appearance filled the tubules, replacing the t¢eds had originally populated them. An increasechber of
cells in the interstitium and an appreciable filrthickening of testes were eventually observebiaiin
cases.

The main difference between the two regimes ocdultging the first few days: the 4 mg/kg dose had a
acutely pro-inflammatory effect on the testis wiasrthe 1 mg/kg doses did not, in agreement withiques
work in rats [24]. Two days after administrationtio high dose, the testes were severely congested,
edematous and hemorrhagic, showing a red-purpteldigtion. Compared to control testes (Fig. 1Agyt
showed an increased number of inflammatory celteéninterstitium (Fig. 1B). These changes were
consistent with classical studies [16] showing that dose of cadmium disrupts the inter-endothei
junctions in the peritubular vessel network, angses extravasation of plasma to the interstitiuchtha
formation of dense plugs of blood cells within tegar microvessels, this resulting in testicukshemia. By
48 h this ischemia had caused the massive deattllsfwithin seminiferous tubules, leading to the
predictable severe acute inflammatory reactiond®y 30 no inflammation remained, the outline ofulels
was still discernible and the number of cells hartéased in the interstitium, where some microfiaeftions
appeared (Fig. 1C). That the increased interstigfi were phagocytes, eventually macrophagesshasn
in seminal work demonstrating that these cellsvattiincorporate previously injected carbon pagschnd
endogenous serum albumin and globulins after adtn@tion of cadmium to rats [25].

The lack of apparent testicular inflammation aéiach dose of 1 mg/kg was also in agreement withiqurs
work showing that administration of just one suoBaldoes not damage the testicular vascular erdmthe
[19], is not lethal to all seminiferous tubule edbut affects cells at specific stages of the spargenic cycle
[19], and does not lead to any evident histologiteinges in rat seminiferous tubules or interstitane
week [24,26] or 56 days [26] after administratitirvas repetition of this dose at intervals of 4gjaas we
did here, what ultimately caused the death ofadingium-vulnerable cells.

The dramatic decrease in tissue weight with tiner dfoth cadmium regimes (Fig. 1) was a direct
macroscopic evidence of the activity of testicydaagocytes metabolizing proteins, nucleic acidd,lgids
from dead cells. The dystrophic microcalcificatiamshe interstitium observed at day 30 after oth
treatments was consistent with a number of theieaieo having died in this period, some directly from Cd
toxicity, some after phagocytosis of part of thedoditaminated tissue debris. In contrast to trevarsibly
damaged intra-tubular cells, these cells persiséeduse they are potentially replaceable, eitloen fire-
existing testicular macrophages, which are capafledergoing mitosis [27], or from new cohorts of
monocytes able to be recruited from the circulaf28].

3.1. Glycerophospholipids

Total cell membrane phospholipid content in thefaf total lipid phosphorus (P) decreased concantlita
with testicular weight after the single 4 mg/kg @bse (Fig. 1), except at day 2, when lipid P haglaly
fallen sharply though testicular weight was maimeai, evidently at the expense of the intense infiatory
edema. This early steep drop in lipid P clearlywsdab that an intense hydrolysis of phospholipids taéing
place. Because Sertoli and germ cells togetheesept more than 85% of the cells in adult rat $gste
hydrolysis of their original membrane lipid congéhts was a major contributor to this lipid P dasee At
day 30 the testicular weight had decreased to 28¥itee lipid phosphorus content per testis to 1dPtheir
corresponding control values. Similar long-terrrutisson lipid P were observed at day 30 with trgutarly
spaced 1 mg/kg doses (Fig. 1).

Figures 2-6 show the comparataamountsof lipid classes analyzed in terms of their fattyds, under 5
different conditions: from left to right, the firbar represents the untreated controls, the nexbbws depict
the early and late effects of the single (4 mgtkgge of CdCl(days 2 and 30 post-injection, respectively),
and the next two bars represent the effects afgpeated 1 mg/kg doses measured at days 30 arited5 a
commencement of the administration.



After the single, high Cd dose, the acute (2 déajs)n lipid phosphorus (Fig. 1) was mostly acctedhfor
by the massive and non-specific decrease in thaiahwd glycerophospholipids (GPL) per testis (Ry.All
of the original testicular GPL classes, rich in@ps with saturated fatty acids (18:0, 16:0) andytchain
PUFA (20:4n-6, 22:5n-6), including ethanolamineijre® and inositol GPL (not shown), underwent a
substantial decrease, as illustrated in Fig 3Hfemhajor choline glycerophospholipids (CGP).

Two days after the 4 mg/g Cd@ose, an important part of the decrease in GPLmiasred by the
generation of large amounts of diglycerides (ditgiggerols, DRG) and free fatty acids (FFA) (Fig. Zhe
increased DRG closely resembled in compositiorotiginal total GPL, both having saturates and 2285n
followed by 20:4n-6, as their major polyenes. Hiés that accumulated at day 2 were also satuaaies
20:4n-6 followed by 22:5n-6 (Fig. 2). This was atpanied by increased levels of lyso-GPL at day 2
(particularly lyso CGP). A form of phospholipasedproduce DRG and a form of phospholipase A to
produce FFA from GPL were evidently responsibletifi@se changes.

Although at a much slower rate compared to thé 2Zidays, the amount of GPL continued to decrerase f
days 2 to 30 after the high Cd dose (Fig. 2). TR&Dand FFA accumulated at day 2 had decreased to
control levels by day 30, suggesting further meliabothat may have included fatty acid oxidatiohirly
days after the successive 1 mg/kg Gdidises, the amounts per testis and fatty acid csitiqqo of GPL,
DRG, and FFA were comparable to those present g® after the single 4 mg/kg dose. The level ofeéhes
lipids was maintained low from days 30 to 45 (2p.

3.2. Triacylglycerols

The amount of fatty acids from total lipids (Fig.r8presented a good biological average betweearmaj
polar lipids that decreased and minor neutral $ippitht increased under the conditions of the ptestady.
Triacylglycerols (TAG) increased more than two-fd® hours after the 4 mg/g Cd@ose.

With the exception of TAG species containing VLCRAJEndogenous to seminiferous tubules, most of the
TAG fatty acids, especially saturates, monoenesl8r2h-6, increased significantly the second désr dhis
dose (Fig. 3). Because these fatty acids aboutltkifAG of rat plasma lipoproteins[29], which amopin
TAG with 20:4n-6 and 22:5n-6 (5% and less than I%AG fatty acids, respectively), part of the inased
TAG at day 2 can be attributed to lipids carriedht® site by the inflammatory exudate (serum agiid)cthat
infiltrated the testicular interstitium.

Another part of the increased TAG could have beesynthesizedn situ. The accumulation of saturates
together with 20:4n-6 and 22:5n-6 in TAG (Fig. @)gests a relationship between the formation afehe
TAG and the increased DAG and FFA (Fig. 2). Sirtcihia point there were no live cells remaininghit
seminiferous tubule (Fig. 1), such biosynthesistrikaly corresponds to the cells populating the
interstitium.

The build-up of TAG observed at day 2 after 4 mdg@idfCh was temporary, as TAG levels were similar to
those of controls by day 30 after injection (Fily. The TAG levels observed at day 30 after the ipleltl
mg/kg injections were similarly low (Fig. 3). Fratays 30 to 45 after this last treatment the ampantestis
of TAG species rich in 22:5n-6 and 24-32 carbon YLIEA represented 80% and 70% of the initial values,
respectively (Fig. 3), suggesting a slow but unteéng degree of metabolism of part of the TAG présting

in seminiferous tubules.

3.3. Cholesteryl esters

The total amount of CE per testis increased sicpnifily with respect to controls 2 days after thragtkg
cadmium injection (Fig. 4) but, in contrast to TA€ntinued to increase at day 30, more than twa-ist
day 30 after commencing the 1 mg/kg Cd injectidims,amount of CE per testis was as high as thisame
continued to increase between days 30 and 45 patrient.

As in the case of TAG, the CE species that incbasest after both Cd treatments with respect tdrots
were saturates, monoenes, 18:2n-6 and 20:4n-64Fi4ll of these fatty acids, quantitatively minarthe
CE of rat testis, continued to increase with tafter both treatments, indicating that the new Gieew
synthesized in live cells of the testis, most lkiel those present in the interstitium.
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The amount of CE species containing 22:5n-6 inecapproximately two-fold at day 2 but did not apan
much thereafter (Fig. 4). As a group, the iniji@bundant CE species containing VLCPUFA were tfig o
CE species in the testis not to increase aftetvibereatments (Fig. 4).

3.4. Ether-linked triglycerides

The subclass of ether-linked triglycerides (ADGy.H) markedly increased with respect to contrtlies at
day 2 after the single 4 mg/kg Cd dose, remainqugaby high at day 30. It was also higher than oulatat
days 30 and 45 after the repeated 1 mg/kg Cd dbspsA).

The ADG subclass was found to be made up of theiquisly reported [11] 1-O-alkyl, 2,3-diacyl-sn-
glycerols (alkyl-DAG), plus a relatively smallerttnon-negligible proportion of 1-alk-1"-enyl, 2,8dyl-sn-
glycerols (alkenyl-DAG) (mole ratio of about 1: B.&h control testes) (see Supplementary Information
Thus, as it happens with GPL, total triglyceridésab testis are made up of three subclasses (SEBgm
TAG with fatty acids ester-bound to the 3 positiofithe glycerol backbone and ADG with either @yfat
alcohol or a fatty aldehyde a1 and fatty acids esterified at the other 2 pos#tiohthe glycerol backbone.
The data for ADG in Figs. 4 and 5 represent the sfithese two subclasses.

Their separation allowed the observation thatpimtiol testes, the two ADG subclasses had botligiblg
18:2 and low 20:4n-6, and that the smaller 1-alk®#G had a relatively higher percentage of 22:5¢6d
lower amount of 24-32 carbon VLCPUFA) than thelatieely larger 1-alkyl-DAG counterparts.

After cadmium treatments, the amount of original@Bypecies that contained VLCPUFA changed littlenfro
days 2 to 30 or 45, in contrast to ADG speciesaiairtg other fatty acids, which increased signiiitain

the same period. The “new” species of ADG thatéased the most after both Cd treatments contained
mainly saturated fatty acids, 20:4n-6, and 22:5nrerestingly, the originally smaller total 1-alkyl-DAG
subclass increased relatively more (263%) thamwtiginal 1-alkyl-DAG subclass (45%) 30 days aftel C
treatments (Supplementary figures).

3.5. VLCPUFA-containing speciesof TAG, ADG, and CE

A closer look at the amounts of the fatty acids imgkip the VLCPUFA group (labeledC24 PUFA in
Figures 2-4), revealed that in TAG, ADG and CE,ltregest components of this group in fact decreased
with time (weeks) after both Cd treatments while tehorter” ones increased (Fig. 5). Thus, theelses of
VLCPUFA were compensated by increases the compahashorter but much more abundant 24 carbon
polyenes. Because the longest PUFA are minorgadific endogenous components of the depicted aleutr
lipids, they served to reveal that these lipids statted to be slowly metabolized with time.

3.6. Sphingomyelins and Ceramides

Just as copious DRG were produced from GPL (Figa 3)gnificant hydrolysis of SM into Cer took pta2
days after the 4 mg/kg CdQlose (Fig. 6). Unexpectedly, whereas the amoubiR& had dropped again by
day 30, that of the produced ceramides remainéijasat day 30 as at day 2. The amounts of alliepex
Cer were also higher than in controls at day 3€rdlffte multiple 1 mg/kg doses, with no significant
modifications between days 30 and 45. Taking ictmant that the amount of GPL and their hydrolysis
products DRG and FFA had declined, these ceranbigesme a quantitatively significant component ef th
total residual lipid remaining in the testis fon{pperiods after both Cd treatments.

The results shown in Fig. 6 suggest that an aétina of sphingomyelinase (SM phosphodiesterase, BMP
hydrolyzed into Cer most of the SM originally asated with seminiferous tubule cells. The fact et
level of such Cer was slow to decrease over th&svieelicated that it was not subsequently actech iyyoa
similarly active ceramidase.

Nonhydroxy and 2-hydroxy VLCPUFA-containing speaié<er evidently derived from the SM and Cer of
spermatogenic cells, while a part of the 16:0- 88:@-rich species were contributed by Sertoli ¢&U§ all

of which died in situ because of cadmium. At dafter the 4 mg/kg Cdgtose, most of the SM and Cer
species that increased were of extra-tubular aadgsticular origin, as indicated by the fact titaty
contained monoenoic and dienoic fatty acids thaainority components in endogenous SM and Cer from
seminiferous tubules [10]. Part of these lipids rdagive from the SM carried to the site i) as conmgrus of
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the plasma lipoproteins of the inflammatory exudates components of the blood cells trappedn t
congested vessels (the SM of rat erythrocyteglisin 24:0 and 24:1); and iii) as components of the
extravasated inflammatory cells that infiltrated thstis. At days 2 and 30 after this conditionsive of SM
+ Cer fatty acids for saturated, monoenoic andaltefatty acid groups exceeded the respective fusivo+
Cer in the original controls. This was not theecat days 30 and 45 after the non pro-inflammatang/kg
doses.

The species of SM with nonhydroxy VLCPUFA were maadily hydrolyzed into Cer than those with 2-
OH VLCPUFA (Fig. 6). Furthermore, the Cer with ngdroxy VLCPUFA slowly decreased as the weeks
post-treatments elapsed, whereas those with 2-OBIRKLFA increased beyond the level one would exgect i
they had only derived from hydrolysis of the copmsding SMs. This difference can be explainedheya-

OH VLCPUFA-containing glycosphingolipids describieg Sandhoff et al. [8] being also partly hydrolyzed
into Cer.

4. DISCUSSION

The presented results add the complexity of lipidnges to the intricate network [1] of events #rége from
exposure to this metal. The unique set of longrchaid very-long-chain polyenoic fatty acids oftestis
cells served as biomarkers to reveal i) strongocditareactions that affected the major GPL, i¥pected
catabolic reactions that occurred intriguingly dgvsuch as the disappearance of endogenous and SM-
derived ceramides; iii) an also indolent catabolafmre-existing species of TAG, ADG and CE, asvgho
by their VLCPUFA; and iv) a steady biosynthesidipitls, as manifested by the new species of CEAING
with time.

In contrast to the virtual vanishing by day 30 afshof the original GPL and SM, hydrolysis and Hieit
metabolism ofeutrallipids that had originally belonged either to geretis —as was the case with the
VLCPUFA-rich species of TAG and Cer [10]- or to t8ércells —as was the situation with the VLCPUFA-
rich species of CE and ADG— was not completed ooetimafter Cd-induced damage. Considering the
severe loss of testicular weight, the concentratioall these neutral lipids increased substantiéll
expressed per gram of tissue.

The Cd-induced long-term persistence of the amarplooganic material filling the space originallycapied
by cells within seminiferous tubules was not obsdrunder experimental conditions that cause daneage
spermatogenic cells but spare Sertoli cells [12]1¥3[15] (see also Supplementary material 2). lIntese
cases, the eventual differentiation and egress fhentestis of those germ cells that survive assitde,
resulting in “Sertoli cell only”patenttubule lumena. In the present case, Sertoli eadle themselves
primary targets of Cd@lphagocytosis of germ cell corpses and seminifetobule fluid formation and
secretion were absent, this explaining why cellmants could not progress along the seminiferouslésb
for their elimination.

The acute testicular inflammation that occurredrduthe first 48 h after the high Cd dose is aneexed
reaction to the ischemic-dependent necrosis ddiitubular cells that this dose provokes[16]. Astimer
tissues [30,31], different subsets of macrophagesist in rodent testis, the two extremes of tlistimuum
being the classically activated M1 and the altévest activated M2 cells, discernible from one drestby
the surface antigens and immune mediators theyupeofB2,33]. The M1 subset, displays a cytotoxio; p
inflammatory phenotype, is not normally active galhihy testes, protects the testis against infiectial
allows for typical inflammatory responses [34]may be credited for orchestrating the early inflaation
observed.

Rat testes, as other organs, produce thirvivo 48 h after Cd treatment, as well as nitric oxid®) and
highly reactive oxygen species (ROS) [35]. Rathantmastocytes or other resident cells of thestesti
activated M1 macrophages and recruited neutrophéighe most likely cell source of these produdtise
mentioned short-lived pro-oxidant metabolites arevin to damage proteins, nucleic acids and lipiéFRU
They are to be blamed for part of the lipids prasig belonging to intra-tubular cells being attatke their
highly unsaturated acyl chains, this giving ris¢ht® increased levels of TBARS detecitedivo 48 h after a

2 mg/kg dose of Cdgin rat testig2,3]. These cells may be an important source efospholipases whose
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activity was overtly manifested in the present gthy the rapid and massive degradation of testicBRL
and SM.

Albeit retaining phagocytic functions, M2 macropbhagre functionally associated with scavenging cell
debris, promoting tissue remodelling and repaid, la@ing responsible for immune suppression [30,31].
Normally, the M2 subset prevails in the healthgenat testis, where its anti-inflammatory/immunosespor
profile is critical in protecting germ cells andesmatozoa from immune-mediated attack [36]. Raictasr
macrophages in culture do produce high levels a$taglandins Eand F,, which are able tmhibit
lymphocyte proliferation [37]. The increased proiiton of prostaglandin £ that occurs in the rat testis 48 h
after treatment with a > 2 mg/kg (but not with &mg/kg) dose of CdgJ38] could be an early manifestation
of these cells increasing in numbers and/or agtivyting to put a limit to Cd-induced damage. this

regard, administration of hemin, through its anflammatory, antioxidant, and antiapoptotic effebtss

been shown to protect rat testes against Cd-induzdttion in testosterone levels, to compensdieitdan
antioxidant defense systems, and to suppresspaaxidation in testicular tissue resulting frongicéum
administration [39]. Hemin is an inhibitor of hemeygenase, precisely an enzyme known to be highly
expressed in macrophages.

Chronic inflammation may follow acute inflammationmay start insidiously without any overt
manifestation of the latter. The transition fronutgcto chronic inflammation involves an M1 to M2
phenotype change and occurs when the former tabe tresolved due to the persistence of the agesirg
the damage or after insuperable interference vatmal healing processes. At day 30 after commencing
either of the two dose regimes of this study, pessive of the initial form of cell demise and bétpresence
or absence of an initial phase of acute inflamnmatioe Cd-devastated seminiferous tubules werewsuded
by a cohort of extra-tubular live and active celfiitrating the interstitium. This suggests a damiform of
silent, chronic inflammation as the common outcomie M2 macrophages normally prevailing in theisest
may have played an important role in resolvingabete inflammation after the single high Cd dos#& an
perhaps in preventing its development after thgueat low Cd doses. Walling off the potentiallyigahic
organic material (denatured protein, nucleic acidsitained in the damaged seminiferous tubulesby a
inflammatory/immunosuppressor macrophages seeimes éopractical way of shielding the generated neo-
antigens from exposure to reactive cells of the imensystem.

4.1. Glycerophospholipids and triacylglycerols

The proportion of 22:5n-6 in GPL increases and tfi&0:4n-6 decreases as germ cells differentrata f
pachytene spermatocytes to spermatids and spemagittl]. The fact that after Cd exposure most ef th
major GPL originally making up the different gerelldypes of seminiferous tubule cells were rapidly
hydrolyzedin situ, releasing massive amounts of FFA and DRG -m@&sA¢- containing these PUFA, is a
direct evidence that several phospholipases aatecehydrolases were non-specifically activateelr afell
death: GPLDRG; GPL—phosphatidic acid (PA); PADRG; DRG—-FFA; GPL-FFA. Some of these
hydrolases may be endogenous to former Sertoloagefm cells undergoing autolysis, and some may
belong to the live cells that infiltrated the irgitium.

Even taking into account the additional amountseaftral and polar lipids carried to the site indal@ells
and plasma in the acute inflammatory exudate,dttg &cid content per testis in ttatal lipid was
considerably lower at days 2 and 30 after the Qighlilose. This indicates that the fatty acids agifiom
GPL and TAG hydrolysis were either exported or fmtaized in due course, evidently by day 30, b li
and active cells of the testis, mostly testiculaagocytes able to elude the toxic effects of cadmiu

Because these cells are normally capable of hydiradyTAG and utilizing their fatty acids, it wagiiiguing
that an important part of the original TAG, tho&shiin 22:5n-6 and 24-carbon VLCPUFA, remained hagh
day 30 after both Cd treatments. These unique @&Formed in healthy spermatids in the last stafjes
their differentiation, as they reduce their cytenéc volume to become spermatozoa [10]. Together wi
other materials left behind, these TAG are tightigked in particles known as “residual bodies”.Skhe
particles are normally released in areas proximéhé lumen and distal from the basal membrane of
seminiferous tubules [10,14] to be readily engulfet their contents disposed of, by Sertoli célie
persistence of these particular species of TAGfaronth or more after cadmium treatments suggeats t
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most of them remained out of the reach of testiqoifeagocytes, within the stagnant organic matéhe
replaced former tubules.

4.2. Cholesteryl esters and ether-linked triglycerides

Adult rat testis CE and ADG rich in 22:5n-6 and VRQFA are synthesized in Sertoli cells. During narm
spermatogenesis these cells continuously phageagiidual bodies and apoptotic bodies from gelia ce
and metabolize large amounts of the polar and adligids thus incorporated [14]. The VLCPUFA-
containing CE and ADG species we recovered aftetré€xments were thus, in part, an unmodified
proportion of the original Sertoli cell CE and ADIB&.contrast, the new species of CE and ADG thesidity
accumulated with time well after cadmium treatmewtse obviously produced by live cells. Since Cd is
toxic in vitro to Leydig cells [40], as corroborated by the filwett Cd administration to rats leads to a
complete failure of steroidogenesis [3,38], thegléerm survival of these cells under the presentitmns is
highly unlikely. After the disappearance of Leydigd Sertoli cells, interstitial macrophages aredgoo
candidates as responsible for the biosynthesiseoiincreasing CE and ADG species.

Following endocytosis or phagocytosis, CE may defiam materials containing excess free cholesterdl
fatty acids, whether taken up from lipoproteingrom membrane lipids resulting from dead cellsteAf
ester bond hydrolysis and conversion of fatty aoitts acylCoA, acylation of cholesterol by
acylCoA:cholesterol acyl transferase (ACAT) mayeblpected to occur.

By the same token, DRG derived from (diradyl) GRteraphosporyl-base removal in phagocytized materia
may be combined with a spare fatty acidraBby a diglyceride acyl transferase (DGAT) to proaltize
corresponding triradylglycerols, namely TAG, I-GadIDAG, and alk-1-enyl-DAG subclasses. The faettth
the latter subclass was detected in larger amdbatsin controls 30 days after Cd exposures (see
Supplementary Information) points to diglyceridesigked from original plasmalogens as their mostlik
source. Once formed, the ether-linked triglyceriaey be temporarily stored in cell cytoplasmicdipi
droplets, as is the case of other neutral lipidtutting TAG or CE.

Apart from an auto-protective function against essiee intracellular accumulation of DRG and FFA in
phagocytes during GPL catabolism, which would applsl three subclasses of triglycerides including
TAG, the reason for the existence of three subetasbtriglycerides in cells remains as intriguagthe
reason for the occurrence of three subclasses wibname GPL.

A striking and infrequently recalled attribute oD& is their high rate of production in a variety of
spontaneously arising and transplantable solid anamd human tumors (see [41] and references th)erei
thus associating these neutral lipids with thegased cell turnover typical of cancer. Although ¢ell types
within tumors in which these neutral lipids accuatalremain to be identified, it is currently aceebthat a
chronic inflammatory microenvironment of the tymamium exposure provokes in the testis provides the
fuel for solid tumor promotion, mostly facilitatdy tumor-infiltrating macrophages that undergo a
phenotypic 'switch' to the alternatively activat®t®, phenotype [42]. The notion that ADG could be
produced in this particular type of chronic inflammary cells in tumors is worth investigating inglsiontext.

4.3 Sphingomyelinsand Ceramides

A lysosomal and a secretory form of acid sphingdingse (SMPD1) originating in a common protein
precursor via divergent cellular trafficking haveel identified [43]. The ceramides produced in séerious
tubules of Cd-treated rats after hydrolysis of¢beresponding SM may be ascribed in part to aulys be
catalyzed by a form of acid sphingomyelinase oatijnconfined in lysosomes of Sertoli and germ<alhd
also in acrosomes of spermatids and spermatozeainiportance of lysosomal acid SMase in normal
gonadal function has been demonstrateshipdinull mice, a model of human Niemann-Pick disease
[44,45]. These mice progressively accumulate Shpakinclusions in their organs including testemstly
in Sertoli cells, and have reduced fertility be@atiey produce and release structurally and funaliyp
abnormal SM-rich —and Cer-poor— spermatozoa.

In contrast to the massive hydrolysis of testic@it into Cer under the present experimental coorti the
long-term persistence of high levels of Cer indisahat the ceramidase activity that should haeeydated
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this Cer into sphingosine and FFA was low in thiksdbat had originally populated the seminifertwisules.
Five ceramidases encoded by 5 different genes b cloned in humans and mice [46], some of which
occur inintracellular and in secretory forms. iRty and expression (MRNA) of membrane-bound redutr
ceramidase [47] and lysosomal acid ceramidasedeBhigh in several mouse tissues but intriguiniigy
are barely detectable in the testis. A low levet@famidase in testis is thus consistent with thegnt
finding that the Cer molecules produced after @dtment take a long time to be degraded.

In the healthy state, the numerically lesser butbraically very active Sertoli cells could be egfal to
contain a form of ceramidase, as one of their fonstis to phagocytize and catabolize residual émend
apoptotic bodies that do contain SM [10]. This oddase could contribute to the limited though not
negligible reduction observed with time in the levef N-VLCPUFA-containing Cer (Fig. 6). The
endogenous ceramidase activity in the —much mamenaus— germ cells could be low, taking into actoun
that spermatids [10] and spermatozoa [10,49] ermumgsy contain significant amounts of Cer with 2-OH
VLCPUFA. That mature rat spermatozoa have aburgfarihgomyelinase but lack ceramidase activity is
indicated by the persistence of high Cer/SM ratiod unchanged levels of Cer in gametes that have
undergone capacitation and acrosomal readtientro [9].

In addition to catabolic phospholipases and lipasssident testicular macrophages are expecteon@in
the active sphingomyelinase(s) and ceramidasd{ejémt to any phagocyte. Although these cells nave
yet been studied in this context, lung macrophalgedisplay high constitutive levels of mMRNA, proteand
activity of acid ceramidase [50]. Assuming thatitegar macrophages also do, the long-term persistef
higher than normal Cer/SM ratios in the presencguoh ceramidase suggests two possibilities. Othais
these cells did not completely phagocytize the riatpresent in seminiferous tubule remnants, exttetays
30 or 45, and that the Cer (as well as part obtiginal TAG, ADG and CE) remained as residual
components of such material. The other is that theyhagocytize part of this material, but that
intracellularly accumulated lipids decreased oikited further phagocytic or hydrolytic activities.

In support of the first idea is the finding thaesjes of SM with nonhydroxy VLCPUFA belong to less
mature spermatogenic cells -like pachytene specygts- and those with 2-OH VLCPUFA to spermatids
and nascent spermatozoa [10]. Thus after massivdezgh, the former lipids are physically closetiie
basal membrane of seminiferous tubules, and therelvg readily accessible to extra-tubular phagecstel
their putative sphingomyelinases and ceramidasesttte latter, which are more distant as they nlilyma
occur in cells facing the seminiferous tubule luméerhis could explain the relatively more activeltojysis
into Cer of the SM species that contain N- thanr2\@.CPUFA (Fig. 6) and the decrease in Cer with N-
VLCPUFA commencing before those with 2-OH VLCPUFA.

In support of the second possibility, a surpriggrgimilar outcome to the present one in the tedter Cd
treatment was previously observed in the lung pdngma of rats, where cigarette smoke —a toxicant of
which is precisely cadmium— induces alveolar efithand endothelial cell apoptosis, oxidative steand
increase in Cer levels [51]. Although all thesecoutes are consistent with an increased numbereblar
macrophages, these cells are prevented from aohiéivé clearance of apoptotic cells [52], largelg to the
high Cer levels. It is thus possible that the Geuanulated in rat testis after Cd exposure cowdd play a
role in moderating the phagocytosis and/or hydislg§the residual material.

A persistent neutral lipid-rich central necroticesurrounded by active macrophages that progedgsiv
become anti-inflammatory as they convert into reddipid-laden “foam” cells is the familiar desctign of
an atheroma, a tuberculous granuloma and othesfofrohronic inflammation. This resembles thepiet
resulting from the long-term effect of cadmium be testis. Although the nature of fi@d confined in the
central residual material typical of these lesisrsarely given a second thought, it is worth irtigeding
whether and to what extent it affects the functiohhe macrophages that are supposed to elimauate
material, perhaps contributing to the long-ternsjgence of this type of lesions in the affectedues.

Human macrophages in culture shift from pro-inflaaony to inflammation-anergic cells as they time-
dependently phagocytize lipid-rich materials —likedified lipoproteins— and become lipid-laden “foam
cells” [53]; in the process, these cells down-ratgithe production of inflammatory cytokines and
progressively become less responsive to pro-inflatomy stimuli. Myelin ingestion by human macrophage
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functionally converts them into lipid-laden “foamgiacrophages, involved in suppression of inflamomati
and unable to respond to prototypical inflammagtimuli [54]. It is then possible that in the preseases as
well, time-dependent accumulation of neutral lipgdsh as CE, ADG and especially Cer occurs incielsti
macrophages as they change their phenotypic préfiléher studies are required not just in tesiisaltso in
other tissues to elucidate which lipid componefigshagocytized materials are capable of regulating
macrophage function and the mechanisms involved.
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ADG, triglycerides with a fatty alcohol or a fathjdehyde asn-1(1-alkyl, 2,3-diacylsnglycerols and 1-alk-
1 enyl, 2,3-diacyknglycerols); CE, cholesteryl esters; Cer, cerami@sP, choline glycerophospholipids;
DRG, diradyl-glycerols (diglycerides with a fattgid, a fatty aldehyde or a fatty alcoholsal and a fatty
acid atsn2); FFA, free fatty acids; GPL, glycerophosphalgi PUFA, polyunsaturated fatty acids; SM,
sphingomyelin; TAG, triacylglycerols. The fatty dsiof lipids are abbreviated according to conventio
number of carbon atoms: number of double bond$y w6 referring to the series of PUFA biosynthélyca
derived from linoleic acid (18:2n-6), such as 26&4or 22:5n-6. VLCPUFA, very-long-chain (C24-C32
carbon atom) PUFA, composed of nonhydroxy (N) aiy@oxy (2-OH) versions.
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FIGURE LEGENDS

Fig. 1. Effects of cadmium administration on adult ratitegar histology, weight, and lipid phosphorus
content. A representative section of control te§8¢ds compared with samples obtained 2 days (i) 20
days (C) after the animals received a single ogedf 4 mg/kg CdGland 30 days (D) after commencing a
regime of seven s.c. doses of 1 mg/kg administardaday intervals. Asterisks indicate the presafce
microcalcifications. The lower panels show the ticoeirses of the decreases in testicular weightipiad
phosphorus (P) from days 2 to 30 after the singkedcircles), and from days 30 to 45 after theaegd
doses (triangles) of cadmium.

Fig. 2. Total lipid, triacylglycerol (TAG) and choline wierophospholipid (CGP) levels in rat testis after
cadmium treatment in terms of their fatty acidsisTdnd the following figures show the comparative
amounts of fatty acids in lipids under 5 differennditions: the first bar (white) shows the sitaatin

control animals injected with saline; the next twars (black and hatched) show the early (48 h)aed 30
days) effects, respectively, of a single (4 mglig)dose of CdG| and the last two bars (grey and dotted)
show the effects measured at days 30 and 45, tesggcafter commencing the administration of sey&
mg/kg) CdC} doses at 4-day intervals. The word “Total” unither panels on the left represents the sum of
fatty acids in each of the depicted lipid€;24 PUFA is the sum of polyenoic fatty acids hazdgo 32
carbon atoms.

Fig. 3. Total glycerophospholipids (GPL), diradylglycerdDRG) and free fatty acids (FFA) of rat testis
after cadmium treatment. The data are presentddsasibed in the legend toFigure 2. White baratrch
animals; black and hatched bars: 2 and 30 daysectsely, after a single i.p. 4 mg/kg Cd@ijection; grey
and dotted bars: 30 and 45 days, respectively, edftemencement of a regime of 1 mg/kg s.c. doses of
CdChkevery 4 days

Fig. 4. Cholesteryl esters (CE) and alkyl plus alk-1"atigkylglycerols (ADG) of rat testis after cadmium
treatment. The data are presented as descriligdures 2 and 3. White bars: control animals; blaat
hatched bars: 2 and 30 days, respectively, aftergle i.p. 4 mg/kg CdGl. p. injection; grey and dotted
bars: 30 and 45 days, respectively, after commeeantof a regime of 1 mg/kg s.c. doses of Ga@éry 4
days. Note the apparent lack of any significannglain the amount of total VLCPUFA in the two lipid

Fig. 5. Amount of representative VLCPUFA in rat testicuE and ADG compared with major TAG. The
data are presented as described in Figures 2&thide bars: control animals; black and hatched:i#aend

30 days, respectively, after a single i.p. 4 mdglkgCh i. p. injection; grey and dotted bars: 30 and d$sd
respectively, after commencement of a regime ofylkgs.c. doses of Cdgdvery 4 days. The results show
that species with 24-carbon PUFA tended to incredmke those with longer chain PUFA significantly
decreased (p<0.05) in ADG and CE.

Fig. 6. Sphingomyelins (SM) and ceramides (Cer) in ratigeafter cadmium treatment. The data are
presented as in figures 2 to 5. White bars: conmamiimals; black and hatched bars: 2 and 30 days,
respectively, after a single i.p. 4 mg/kg CdClzatjon; grey and dotted bars: 30 and 45 days, céspy,
after commencement of a regime of 1 mg/kg s.c. glo$€dCI2 every 4 days. The amounts of the differe
groups of fatty acids, including the two main tymés/LCPUFA in both lipids, nonhydroxy and 2-hydgox
derivatives (here abbreviated N-V and 2-OH V, refipely), are depicted. Total V represents the safm
both types of VLCPUFA in each lipid.

SCHEME LEGENDS

Scheme 1. Pentaenoic fatty acids that abound in differggidl$ of the rat testis
Scheme 2. Structure of ceramides (Cer), cholesteryl esteEs,(@nd the three triglyceride subclasses

referred to in the text: triacylglycerols (TAG) atie two ether-linked triglycerides, alkyl- and exiyl-
diacylglycerols (ADG). The R letters representfxmainder of the depicted hydrophobic chains.
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Fig. S1 TLC plates illustrating how Cd affects polar araltral lipids of rat testis. In the plates on the
left, chloroform:methanol: acetic acid:water (5083.5:2, by vol) was run up to about 60% of the
height of the plate to separate the phospholigitter spotting aliquots equivalent so similar anteun
of tissue weight. The plates were then dried anaieethyl ether:acetic acid (80:20:1, by vol) was
run up to the top to separate CE, ADG and TAG. l@nright, a similar amount of lipid phosphorus
(10 pg) was spotted and the plates were run up bmutathe middle of their height with
hexane:ether:acetone:acetic acid (30:40:20:1, bytwcseparate ceramides, then dried and run with
hexane:ether:acetic acid (80:20:2 by vol) up tottigeto separate other neutral lipids. The platesew
left for several hours in a tank with iodine vapéws visualization. Note on the right the band of
ceramides with nonhydroxy fatty acids (here labelenf) separating into two bands: the upper one
contains species with nonhydroxy VLCPUFA, and thedr one species with “shorter” fatty acids,
such as 16:0). The Cer with 2-hydroxy- fatty adlusre labeled HO-Cer) forms a single band because
it is made up exclusively of 2-hydroxy VLCPUFA amilound to sphingosine. GlcCer,
glucosylceramide; PL, total polar lipids (mainlygsipholipids); other abbreviations, as in the main
text.
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Fig. S2.TLC plate illustrating a preparative separatiomedtral lipids from rat testis. 500 pg lipid P
were spotted manually on a 500 um thick silica@gllate. The solvents described for the right panel
of Fig. S1 were used for separation. The plate thas sprayed with 2,7 dichlorofluorescein in
methanol (propelled by )N and observed under UV light. The different ndutpads were eluted and
either analyzed directly (e.g., ceramides) or sutbpto further separations (e.g., ADG into sutsgas
as shown in Fig. S3).
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Fig. S3 A. Separation of ADG from the testis of an adult rabil-O-alkylsn-diacylglycerols (alkyl-
DAG) and l-alk-1"-enyl, 2,3-diacya-glycerols (alkenyl-DAG) subclassefotal ADG, previously
separated from TAG as illustrated in Fig. S2, wadtged, dried, and subjected to a brief (one minute
exposure to acid in chloroform-acetonitrile*, tkéaadvantage of the lability of the 1-alk-1"-enghil

to acid. This did not affect alkyl-DAG while prodng a diacylglycerol and a fatty aldehyde (shown
within rectangular frames) from alkenyl-DAG. The Clon the right was run in two steps: first,
hexane:ethe(80:20, by vol) up to about half the height of thlate, then (after drying under,N
hexane:ethyl ether (95:5, by vol) up to the top.digcylglycerols; 2, 1-palmityl-2,3-dipalmitoyl
diacylglycerol (alkyl-DAG); 3, palmitic aldehyde dmmercial standards); 4, a small aliquot of fatty
acid methyl esters (FAME) from testis total lipidsyd ADG, an aliquot from rat testis ADG after
being exposed to acid. *Note: Acetonitrile was usestead of methanol to avoid the formation of
FAME from ester-bound fatty acids, as Rf of FAMEldatty aldehydes are close. Fatty aldehydes of
rat alkenyl-DAG (nhot shown) were mainly 16:0, waimaller amounts of 18:0 and 18:R. Gas-liquid
chromatographic profiles of the fatty acids of AD&fore and after their separation into intact alkyl
DAG on the one hand and fatty aldehydes + diacghglyls on the other (the fatty acids of the latter
represent those of alkenyl-DAG). The latter aremadly present in lower amounts than the former
(see Fig. S4).
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Fig. S4. Amount of the two subclasses of ADG, 1-O-alkyl,-8i8cyl-sn-glycerols (alkyl-DAG) and
l-alk,1’enyl, 2,3 diacyl-sn-glycerols (alkenyl-DAG)efore and after one of the treatments with
cadmium described in the manuscript. White bawstrol animals; grey bars: 30 days after having
started a regime of seven 1 mg/kg Cd@bses, each separated from the other by 4 daysin$ of
saturated fatty acids; M, sum of monoenoic fatigsieC24, sum of very long chain (24 to 32 carbon
atom) polyunsaturated fatty acids.
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Long-term biopermanence of ceramides, cholesteryl esters, and ether-linked triglycerides
with very-long-chain polyunsatur ated fatty acidsin the cadmium-damaged testis

Zanetti, S. R. and Aveldafio, M. I.

Supplementary I nformation

When the arterial blood supply to the testis isckéal transiently, spermatogenesis may be adversely
affected even if the blood flow is subsequentiytoresd. It resembles the normal response thatvislithe
tissue damage that occurs aftether than during) ischemia in many organs, géafy¢the heart, classically
known as ischemia-reperfusion injury. After 1 hotitesticular ischemia induced by a 720° testictdesion
followed by de-torsion and repair to allow for rerfusion, Leydig and Sertoli cell functions are ntained,

but a germ cell-specific apoptosis occurs whichniyainvolves spermatogonia in stages | and Il lod t
seminiferous tubule epithelial cycle [3,7].

This apoptosis is detectable in rodent models dg aa 4 hours and is maximal 24 hours after tipaireof
testicular torsion. Pro-inflammatory cytokines (e.fNFa, IL-1) are produced during testicular ischemia,
which stimulates the expression, on the surfacendbthelial cells, of adhesion molecules (e.g.eleetin)
that are responsible for the recruitment of leukesyn subtunical venules of the testis during Irfejseon
[9]. These were identified as polymorphonucleartrogahils (PMN).

Ischemia-reperfusion damage to the testis coinoidts an increase in the level of PMN-derived raact
oxygen species (ROS). Germ cell apoptosis resulis bxidative stress when the production of ROSndur
reperfusionexceeds the capacity of the antioxidant systems in theugs The finding that spermatogonia in
active replication and differentiation to spermates are the most affected by apoptosis after ¥ bbu
torsion ischemia followed by a few hours of repsidn was attributed to the fact that they are s of
the seminiferous tubules that are closer to theealeg9].

In this section we describe the consequences béisia-reperfusion on testicular lipid classes, risheo to
contrast the progressive nature of the changesaffextt lipids after this form of testicular injusyith the
devastating consequences of exposures to cadmiljm [1

METHODS

Ischemia was induced in anesthetized animals afien surgery of the testis by a clockwise 720°idars
applied to the right spermatic cord. The rightiseatas maintained for 1 h in this torsion positinfixing it
with a silk suture to the scrotal wall, followed the return to the natural position to allow fopegusion of
the tissue [7] and scrotal suture. We gratefullknaeviedge the invaluable skills as a surgeon offdluardo
N. Maldonado, who generously helped us by operdtisganimals. The testes were examined 1, 2, Band
days after torsion repair and healing. Lipid exsagere prepared from each of the testis separatadyleft
ones being used as controls. Testicular lipid elasgere extracted and quantified on the basisenf fatty
acids as explained for the cadmium-treated anifdals

RESULTS and DI SCUSSION

I schemia-reperfusion

Two factors contribute to the gradual germ celllefépn that occurs as a consequence of the ischemia
reperfusion-induced damage to spermatogenesih®aorte hand, given the early irreversible disares

of their precursor cells, spermatogonia, by apapt®}, new cohorts of germ cells stop to be formed the
other, those more differentiated germ cells thateweaot lethally affected by ischemia-reperfusion
progressively decreased in number mostly becaesecthmpleted their differentiation, supported byt&e
cells, and in due time abandoned the testis agrsfpezoa towards the epididymis. This explains t f
that, one month after the ischemia-reperfusionaglgissome of the tubules were populated only byoer
cells, whereas in others, Sertoli cells were Bittracting with (the last) spermatids and sperzwad(Fig.

S1, left panels).

The tubules were smaller in diameter because theyféwer germ cells, but their lumena were patent,
clear contrast to the homogeneously-filled appe=raf the tubules 30 days after cadmium treatm@aifs.
gradual reduction in germ cell number concurred pitogressive decrease in testicular weight artdtal
lipid phosphorus content (Fig. S1, right panels).


http://ees.elsevier.com/bbalip/download.aspx?id=105784&guid=375bbfb4-2640-487a-a3e6-bced1e33281e&scheme=1

Testicular glycerophospholipids (GPL), the majambrane lipid components of germ cells, decredsed t
most after the ischemia-reperfusion episode in1#¥® day period that followed the ischemia-repedius
episode (Fig. S2 A). The GPL species that contaibr26 (i.e., those of germ cells) contributed tiest to
this reduction, as observed from the fact thapgreentage (%) of 22:5n-6 decreased more tharotiudher
fatty acids in the decreasing mass of GPL (Fig ¥2 B

Triacylglycerols (TAG), especially those rich i@:8n-6, followed a similar trend of gradual deceeas did
GPL (Fig. S2 A). This finds an explanation in treetf that 22:5n-6-rich TAG are formed in spermatids
during the last stages of spermiogenesis, and igidyhconcentrated in the remnant particles known a
“residual bodies” [5]. Thus, TAG decreased as tstels were depopulated of spermatids and spernaatozo
the last elements of the germ cell line to disapfrean the testis.

Other two lipid classes whose amounts decreasatugitg from the testis as a consequence of ischemia
reperfusion were sphingomyelin (SM) and ceramiderGFig S3 A). In the 2-30 day post-ischemia-
reperfusion period, the SM and Cer species thaagonery long chain polyenoic fatty acids (VLCPUFA
contributed the most to the reduction in the amaeinboth lipids, as observed from the fact that the
percentage (%) of this group of fatty acids deadasgnificantly within the decreasing mass of SM &er
(Fig. S3 B).

In contrast to the situation after cadmium treatiném this caseboth lipids decreased in parallel (no
hydrolysis of SM), and the (nhon-hydroxy) VLCPUFARtaining species of both lipids virtualtiysappeared

in 30 days. This is consistent with the previousesiation that these species of SM and Cer belmggim
cells in meiosis, such as pachytene spermatoc$lesipce at day 30 these cells were no longereptes
Regrettably, the species of SM and Cer with 2-OHCPUFA, which belong to more differentiated
members of the germ cell line such as spermatidsspermatozoa [5], were not analyzed by GC after th
present experimental conditions. However, as oleskm our TLCs, although reduced, both were still
present at this date, as previously observed 38 dtgr doxorubicin treatment [13] or 30 days aKemy
irradiation [4].

In contrast to the situation 30 days after Cdtineats [11], diglycerides, free fatty acids or ceides did

not accumulate after ischemia-reperfusion. The yahdecreases of 22:5n-6-rich species of GPL an@,TA
and of the VLCPUFA-rich species of SM and Cer, ssaziated to completion of the last spermatogenic
cycles and the egress of the formed spermatozoa the testis. The fatty acids of these two membran
lipids reflect the fact that spermatogenesis caithfor some time after the episode of ischemianfepion

at the expense of those germ cells that had esdspaeleterious effects.

In contrast to the decreases undergone by memlasstesiated lipids, the amounts per testis of ctesiels
esters (CE) and ether-linked triglycerides (ADGlRyl- and 1-alkenyl-diacylclycerols) increasednfralays

1 to 7 after ischemia-reperfusion (Fig. S2 A), aedhained high at day 30. Taking into account the
decreased testicular weight in that period (Fig tG&)concentration of both neutral lipids per grantissue
augmented significantly. Because both lipids inseglas germ cell numbers decreased, they mosy likel
accumulated in Sertoli cells, as previously showvadcur after X-ray irradiation [4].

The PUFA rich species of CE that accumulated stideafter ischemia-reperfusion may have arisen in
Sertoli cells after phagocytosis of apoptotic bedierived from damaged germ cells, which are mcGPL
with 20:4n-6 and 22:5n-6 [5]. Free cholesterol &atly acids derived from germ cell membranes may be
combined in Sertoli cells and collected temporanlyipid droplets, until cholesterol can be effek[6] and
fatty acids oxidized [10].

In conclusion, ischemia-reperfusion resulted mdgially decreasing germ cell numbers with permamehc
Sertoli cells, with essentially similar effects Iypids as previously observed after cryptorchidigf after

treatments with the antineoplasic agent doxorubjdi?,13], after X-ray irradiation [4], and after Ichi

hyperthermia [1]. It must be taken into account #laof these conditions, ischemia-reperfusioriuded,

have in common that they initially induce testicudaidative stress [8].

I schemiawith failed reperfusion

In a few of the rats of the present experimgetite described procedures failed to produce eesstul
reperfusion after testicular torsion. Regrettaltheir testes showed, 24 hour later, the conseqeeate
ischemia and associated necrosis. Although by antidhese bluish and edematous testes servedai) as
negative control that in the rest of the animadsrgperfusion procedures after ischemia had bemessful,



and ii) as a positive control that most of the effeof 4 mg/kg CdGl(manuscript, ref. [4]) at 48 h had
occurred as a consequence of necrosis.

After 24 hours of ischemia (Table 1) the aniquer testis of GPL decreased dramatically in tlesgnce
of increased amounts of diglycerides and FFA (T&dg The latter two metabolites were rich in 2664n
and 22:5n-6, just as the original GPL. Notably, Té@tent and fatty acid composition were still $émnto
controls in that period. This suggests that tekicUsPL breakdown due to necrosis precedes the
accumulation of blood plasma- and cell- associspeds including TAG that occurs in acute inflamnoat,
as observed 48 h after Cd administration [11]. tnhbsituations of ischemia followed by necrosis th
amount of total lipid per testis tended to decreasggesting that a part of the lipid-derived fattyds was
metabolizedn vivo, oxidized and/or exported to the circulation, lejithat were not the ones that had died.

Most interestingly, a large proportion of tksticular SM was hydrolyzed to the correspondergmides
after 24 h ischemia, resulting in a remarkable andation of Cer (Fig. S4). This resulted in a coetpl
inversion of the Cer/SM mole ratio with respectitdreated animals.
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Fig. S1. Long-term effects of 1 hour of testicular ischarfollowed by reperfusion in the rat testis. A d@d
testis and epididymis, respectively, form a contad] C and D, testis and epididymis, respectivilyn a

rat whose testis underwent 1 hour of ischemia ¥atid by reperfusion, examined 30 days later. Nate 30
days after ischemia-reperfusion the tubules wereallembecause they contained fewer germ cells than
controls. The seminiferous tubules were populatedtiy by Sertoli cells, some still containing (tlzest)
spermatids and spermatozoa. Despite not all tubadee empty yet, their lumena were patent. Thehgap
on the right show the decrease in testicular weagltin lipid phosphorus.
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Fig. S2. Content (A) and percentage of main polyenoityfatids (B) of rat testicular glycerophospholipids
(GPL), triacylglycerols (TAG), cholesterol ester€H) and alkyl/alkenyl-diacylglycerols (ADG) as a
function of time after an episode of 1 hour of ectia followed by reperfusion and repair.
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Fig. S3. Content (A) and percentage of main groups ofyfattids (B) of rat testicular SM and Cer as a
function of time after an episode of 1 hour of Etla followed by reperfusion. The species of baifd$
marked asC24 were nonydroxy VLCPUFA. These were the mostetesed, disappearing from the testis in
30 days. The 2-OH VLCPUFA-containing SM and Cereweot analyzed by GC. Although smaller than in
controls, they were still present, as shown 30 @dtgs a single dose of doxorubicin [13] and 30dafter a

single episode of X-ray irradiation [4].




Table S1. Lipid changes in rat testes undergoicigeisiia with failure of reperfusion.

Lipid Untreated Ischemia
Total phospholipids 13310 + 140 4105 =+ 120
Free Fatty Acids 45 + 3 502 + 50
Diacylglycerols 93 + 2 202 £+ 5
Triacylglycerols 1480 + 45 1451 + 30
Ether-linked triglycerides 106 + 3 109 + 5
Cholesterol Esters 106 =+ 4 212 + 16

Data are given as pg/testis. After 1 hour of istlaeinduced by testicular artery torsion, the amesized
animals were treated as described to release siericand allow reperfusion of the testis. Howeverthe
animals shown in this table reperfusion had faded ischemia and its consequences were clearlyeapa
24 hours after the operation, when they were seedf The amounts of SM and Cer (ug/testis) inghes
conditions are shown in Fig S4.
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Fig. S4. Effect of 24 h ischemia on the amountsabtesticular sphingomyelin (SM) and ceramide JCas
observed from their species with (nonhydroxy) faityds. A and B, SM from a control testis and sidehat
underwent 24 h ischemia, respectively; C and D ctireesponding Cer from the same animals. Botlddipi
were isolated by TLC and their fatty acids analybgdGC. The asterisks denote an increase in detecto
sensitivity. The same aliquots (1/10) of SM and €em a control and a damaged testis were injetited
facilitate comparisons. In inserts, total amountg/{estis) of SM and Cer in control and ischemgtes
(white and black bars, respectively). Amounts tieotipid classes are shown in Table S1.
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