A similar oligosaccharide elution pattern
was observed in urine samples from hu-
man patients affected with infantile or
juvenile Gyy; (11). In contrast the pattern
of oligosaccharides extracted from the
liver of dog 19 (Fig. 3B) was different
from the pattern found in a dog with
juvenile Gy (Fig. 3C) (12). The latter
lacked the major peak retention index
3.5 corresponding to an oligosaccharide
with nine sugar residues.

Several different tissues from dog 26
and dog 28 were examined by HPLC for
the presence of oligosaccharides. Oligo-
saccharides from samples of the spinal
cord, vertebral disk, and cerebellum
were characterized by a chromatograph-
ic pattern similar to that seen in the
sample from the proband’s liver (com-
pare Fig. 3, B, D, and F). The chromato-
graphic pattern obtained from dog 28,
which was asymptomatic (Fig. 3E), was
different, lacking the characteristic trip-
let of peaks with retention indices be-
tween 1.5 and 3.5 seen in the other
extracts and in the urine.

These observations suggest that some
English springer spaniel mutants are af-
fected by a genetically determined lyso-
somal storage disease that closely resem-
bles human infantile Gy;-gangliosidosis.
These mutant dogs have neurovisceral
and skeletal involvement, and an accu-
mulation in affected organs of undegrad-
ed oligosaccharides that differ in their
HPLC patterns from those reported for
the canine model of juvenile Gy-gan-
gliosidosis (/2). Analysis of the dogs’
pedigree and clinical manifestations sug-
gested transmission of the disease
through an autosomal recessive pattern
of inheritance with variable expressivity.
This new canine mutant with B-galacto-
sidase deficiency and multiple organ in-
volvement is of particular interest be-
cause it provides a model to study hu-
man infantile Gy;-gangliosidosis and
Morquio’s disease type B. Furthermore,
this animal model provides a versatile in
vivo system for testing various therapeu-
tic modalities such as enzyme replace-
ment (I3), bone marrow replacement
(14), and gene insertion. '
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Trans-4-Hydroxy-2-Hexenal: A Reactive Metabolite from the

Macrocyclic Pyrrolizidine Alkaloid Senecionine

Abstract. The toxicity of macrocyclic pyrrolizidine alkaloids in the livers of man
and animals has been attributed to the formation of reactive pyrroles from
dihydropyrrolizines. Now a novel metabolite, trans<4-hydroxy-2-hexenal, has been
isolated from the macrocyclic pyrrolizidine alkaloid senecionine, in an in vitro
hepatic microsomal system. Other alkenals such as trans-4-hydroxy-2-nonenal have
previously been isolated from microsomal systems when treated with halogenated
hydrocarbons or subjected to lipid peroxidation. The in vivo pathology caused hy
trans-4-hydroxy-2-hexenal appears to be identical to that previously attributed to
reactive pyrroles. There are similarities between the toxic effects of this alkenal and
those of centrilobular hepatotoxins such as CCly and other alkenals formed during

lipid peroxidation.
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Plants containing pyrrolizidine alka-
loids (PA’s) are found throughout the
world (I). These naturally occurring
compounds are responsible for livestock
losses and human poisonings (2). Many
PA’s are hepatotoxins and may cause an
irreversible hemorrhagic necrosis, he-
patic fibrosis, and megalocytosis (3).
Some may also contribute to lung injury
(4), and several have been shown to be
teratogenic (5), carcinogenic (6), and
genotoxic (7). Grains, bread, milk, hon-
ey, and herbal teas contaminated with
PA’s have either caused human poison-
ings or represent potential sources of
human poisonings (8).

The major metabolites from unsaturat-
ed PA’s, N-oxides, and pyrroles are gen-
erated by the action of the hepatic micro-
somal enzyme system (9). The pyrroles
have been associated with the toxic ef-
fects of the PA’s while the N-oxides are
believed to result from a detoxification
step in pyrrole metabolism (10). The
pyrrole may be metabolized further (11),
but efforts to isolate the final product
have failed as the pyrrole derivative (or
derivatives) is a reactive substance and
rapidly decomposes or polymerizes in an
aqueous environment (12).

It is possible that numerous metabo-
lites and intermediates are responsible
for syndromes associated with PA poi-
soning. The pyrrolizidine metabolite de-
hydroretronecine may covalently bind to
cysteine, glutathione plus other thiol-
containing compounds, as well as pu-
rines and pyrimidines such as adenosine
monophosphate and deoxyguanosine
(12, 13). By means of an in vitro mouse
hepatic system and the macrocyclic PA
senecionine derived from Senecio vul-
garis (common groundsel), we have
demonstrated that senecic acid, sene-
cionine-N-oxide, 19-hydroxysenecion-
ine, methoxydehydroretronecine, and
hydroxydanaidal are formed from sene-
cionine (14) (Fig. 1).

A ["C] senecionine-derived metabo-
lite has been difficult to identify; upon
isolation it either decomposes, polymer-
izes, or forms a dark reddish-brown or
purple precipitate after the addition of
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deuterated chloroform (CDCl3) (15). To
verify that this “C-metabolite was de-
rived from the retronecine portion of
senecionine and not the senecic acid
portion we used [“Clsenecionine that
had been isolated from S. vulgaris plants
treated with [2-'*Clornithine (7). Upon
hydrolysis, more than 95 percent of the
radioactivity was incorporated into the
retronecine portion (Fig. la, carbons 7,
8, and 9) of the [2-'*CJornithine-derived
senecionine (16). The remaining incorpo-
rated radioactivity was divided between
the senecic acid and the unreacted sene-
cionine.

[**C]Senecionine derived from [2-
14Clornithine or '“CO, and nonlabeled
senecionine were used in separate in
vitro mouse hepatic microsomal experi-
ments (I14). The reactions were stopped,
and then the products were chromato-
graphed with preparative and analytical
reversed-phase chromatography (17).
The labeled metabolite with 2.7 to 4.3
percent of the soluble radioactivity and a
retention time of 33 minutes was derived
from the retronecine base. Combined gas
chromatography-mass spectrometry
(GC-MYS) of the isolated metabolite gave
a molecular weight of 114 and tentative

elemental composition CgH;qO, (I8)
A H s 01
SC=C—CH,~CH-C~CH,
H.C | |
3 COOH COOH
B HO CH,OH
N
N
C HO CHO
=X’
N /
y SHs Of
D >C=C=CH,—CH-C-CH
C/H (" 1 Bl B 3
33 CO0" °CH,0CO
7 8
5 N3
E
H

|
CH3CH2(I3H—C=CII—CHO
OH H

Fig. 1. Structure of (A) senecic acid, (B)
retronecine, (C) hydroxydanaidal (dashes in-
dicate possible formation of r-4HH), (D) sene-
cionine, and (E) r-4HH.
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(Fig. 2). The proton nuclear magnetic
resonance (NMR) spectra indicated that
the elusive metabolite was trans-4-hy-
droxy-2-hexenal (--4HH) (19). This me-
tabolite was synthesized and the identity
confirmed by chromatography, NMR,
and mass spectrometry (/8-20). It ap-
pears that +-4HH is formed by further
metabolism of the retronecine base aris-
ing from cleavage of bonds between C-1
and C-2, N and C-8, and C-5 and N (Fig.
1, B, C, and D).

Intraperitoneal injection of -4HH in
saline resulted in a severe localized nec-
rotizing peritonitis, but no hepatic le-
sions. Injection of -4HH in saline into
the portal veins of rats created hepatic
lesions similar to those reported for in-
travenous injection of dehydroretrone-
cine (12). These lesions included throm-
bosis of larger intrahepatic veins and
coagulative hepatocellular necrosis of
parenchyma adjacent to these veins, fre-
quently in a wedge-shaped region ex-
tending from one portal triad to the cen-
tral vein.

To prevent the intravascular coagula-
tion that occurred when -4HH was ad-
ministered in saline, we injected t-4HH
or the parent compound (senecionine)
into the portal vein as a suspension in a
carrier lipid (21). Rats receiving t-4HH in
this manner had large lesions in the left
portion of the median lobe (22). These
lesions covered one-third to one-half of
the lobe and, in some animals, the medial
portion of the right half of the median
lobe or the hilar portion of the caudate
lobe.

In animals treated with senecionine or
t-4HH, affected areas of the liver had
coalescing regions of coagulative hepato-
cellular necrosis that were focally bor-
dered by a thin zone of degenerating
neutrophils (Fig. 3). Senecionine-inject-
ed animals had lesions that were general-
ized but limited to centrilobular (zone 3)
hepatocytes, while -4HH lesions in-
volved smaller areas of parenchyma but
a greater proportion of the hepatic acinus
in affected regions. In animals injected
with 7-4HH, islands of relatively unaf-
fected hepatocytes frequently surround-
ed portal triads within regions of coagu-
lative necrosis (Fig. 3). In other areas,
small wedge-shaped foci of hepatocellu-
lar necrosis extended from zone 2 (mid-
zonal) of individual acini to one side of
the terminal hepatic vein. The regions of
necrosis were most frequent in the pe-
ripheral portions of the median lobe and
were also more frequent near the capsu-
lar surface (23). The livers of rats receiv-
ing only carrier lipid (controls) did not
have any lesions visible to the unaided
eye or microscopically.

The presence of the lesions in the
median lobes of animals treated with
senecionine or +-4HH probably reflects
differential blood flow to these regions
from the portal vein injection site. Ne-
crosis of zone 3 hepatocytes is an estab-
lished acute response to PA administra-
tion (2). Chemically induced zone 3 ne-
crosis is thought to be a result of micro-
vascular changes in the affected acini or
metabolic heterogeneity of the hepatic
acinus (or both) (24). Observed histolog-
ic patterns suggest that there was selec-
tive zone 3 necrosis of some acini while
adjacent acini were unaffected (25).
These lesions probably reflect differ-
ences in the concentrations of compound
reaching different complex acini as a
consequence of the intraportal injection
23).

Investigators studying the peroxida-
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Fig. 2. GC-MS analysis of z-4HH. (A) Lower
curve, total ion current (TIC) for GC-MS with
electron ionization (EI). Peak 3, eluting at 3.2
minutes (column temperature, 87°C) is t+-4HH.
Peaks 1, 2, and 4 are solvent impurities,
identified by comparison with reference mass
spectra as isopropylbenzene, phenol, and
hexachloroethane. Upper curve, TIC for GC-
MS with isobutane chemical ionization (CI).
(B) Isobutane CI spectrum of isolated metab-
olite (~-4HH). The protonated molecular ion
(MH™) at mass-to-charge ratio (m/z) 115 indi-
cated a molecular weight of 114 for the metab-
olite, and the intensity ratio of m/z (116:115)
of 7.0 percent suggested an elemental compo-
sition C¢H,,0, for MH" (calculated peak ra-
tio based on 3C natural abundance is 6.72
percent). (C) EI spectrum of isolated metabo-
lite (+-4HH); m/z 114, molecular radical ion
M™*). (D) EI spectrum of synthetic -4HH
from GC-MS analysis under identical experi-
mental conditions as in (C).
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tion of hepatic microsomal lipids due to
CCly or BrCCl; toxicity have isolated
aldehydes such as the 4-hydroxyalken-
als, with the largest fraction being 4-
hydroxynonenal (26). In addition to 4-
hydroxynonenal, the compounds 4-hy-
droxyoctenal, 4-hydroxydecenal, 4-hy-
droxyundecenal, and 4,5-dihydroxy-
decenal have been isolated during the
peroxidation of hepatic microsomal lip-
ids induced by the complex of iron and
the reduced form of nicotinamide ade-
nine dinucleotide phosphate (NADPH)
(27). These alkenal compounds have the
ability to damage cellular sites distant
from the initial site of peroxidation
(28). The alkenals selectively inhibited
microsomal enzymes (in vitro) such as
aminopyrine demethylase, cytochrome
P-450, and glucose-6-phosphatase but
not NADPH-cytochrome c¢ reductase.
These results are in agreement with
hepatic CCl, inhibition of membrane-
bound enzymes and membrane damage
in vivo (28). In addition, alkenals can
lyse erythrocytes, inhibit protein
synthesis, strongly inhibit adenyl
cyclase, and kill isolated hepatocytes,
which also correlates with in vivo
hepatic CCl, inhibition (28, 29).

The 4-hydroxyalkenals are highly re-
active electrophilic agents that react with
the SH groups of low molecular weight
thiols (glutathione, cysteine) as well as
proteins by 1,4 addition to form Michael
adducts (30). Initially, saturated alde-
hydes are formed by the addition of the
SH group followed by the reaction of the
free aldehyde with the hydroxyl group to
yield a cyclic hemiacetal (30). This may
be the reason that toxicity of PA’s in
mice and rats is decreased after glutathi-
one or cysteine levels are raised (31).

Initial results in our laboratory indi-
cate that aldehyde dehydrogenase may
play an important role in detoxifying
PA’s. Since aldehyde dehydrogenase de-
toxifies aldehydes by converting them to
acids, the isolation of the aldehyde ¢-
4HH as a metabolite in PA metabolism
may explain the protective role of alde-
hyde dehydrogenase in PA toxicity. Phe-
nobarbital stimulates the ® enzyme of
aldehyde dehydrogenase, but not the
enzyme of aldehyde dehydrogenase in
rats (32), which may explain the mixed
toxicity data obtained from pretreating
animals with phenobarbital and then
challenging them with PA’s (9, 33). The
cytosolic aldehyde dehydrogenase levels
in pregnant mice increased threefold rel-
ative to nonpregnant mice (34). Peterson
and Jago have shown that pregnant rats
appear to have increased resistance to
PA’s (5).

In previous investigations of PA me-
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Fig. 3. (A) Rat liver stained with hematoxylin
and eosin from a rat injected intraportally
with senecionine in carrier lipid. Regions of
coagulative necrosis in zone 3 of the hepatic
acinus connect terminal hepatic veins (h)
while zones 1 and 2 surrounding terminal
portal veins (p) are relatively unaffected. Fi-
nal magnification, x67. (B) Photomicrograph
of rat liver stained with hematoxylin and eosin
from a rat injected intraportally with --4HH in
carrier lipid. Regions of coagulative necrosis
in zone 3 and, to a lesser extent, zone 2
connect terminal hepatic veins (h), while zone
1 surrounding terminal portal veins (p) is
relatively unaffected. An adjacent acinus
(lower left) is also unaffected. Final magnifi-
cation, X67.

tabolism, r-4HH has not been considered
to be a potential toxic metabolite, as the
accepted theory stated that a pyrrole
may be the final metabolite. Numerous
pyrroles have been isolated in vitro (such
as dehydroheliotridine, methoxydehy-
droretronecine, and hydroxydanaidal) as
well as in vivo (dehydroretronecine) (14,
35). Further investigations into the de-
toxification of PA’s by SH-containing
compounds (such as glutathione and cys-
teine) as well as the inhibitory effects of
aldehyde dehydrogenase on PA toxicity
must be undertaken. The observations
that glutathione and cysteine exerted a
protective effect relative to PA toxicity
can be explained by their interaction
with -4HH.

The identification of -4HH as a me-
tabolite that may exert its toxicity in a
distant location may be important in elu-
cidating the toxic nature of the PA mono-
crotaline on the heart and lung (36). The
isolation of another 4-hydroxyalkenal (z-
4HH) from the macrocyclic PA sene-
cionine indicates that these aldehydes
may be a more common factor in lipid
peroxidation and hepatotoxicity than
previously believed.
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Protein-Specific Helper T-Lymphocyte Formation

Initiated by Dendritic Cells

Abstract. Antibody responses to hapten-polypeptide conjugates require peptide-
specific helper T cells. The latter can be primed in tissue culture by providing small
numbers of dendritic cells. Primed, irradiated helper T cells then induce B-cell
growth and differentiation in the apparent absence of dendritic cells. Both stages of
the antibody response—the induction of helper T lymphoblasts by dendritic cells and
the delivery of help from T to B cell—occur in discrete cell aggregates that can be
isolated by velocity sedimentation. If helper T blasts revert to smaller ‘‘memory’’
lymphocytes, dendritic cells again are needed to initiate the antibody response.
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Helper T lymphocytes enhance anti-
body responses to many antigens, such
as foreign red blood cells and defined
haptens coupled to polypeptide carriers
(7). Carrier-specific helper cells usually
are obtained from animals that have been
primed by exposure to antigen in vivo.
This approach, however, makes it diffi-
cult to control the determinants that are
to be recognized and to analyze the
cellular requirements for the induction of
helper cells. These topics are assuming
increasing importance because of the in-
terest in understanding the initiation of
immune responses and the use of poly-
peptide vaccines. We report here the
successful priming of polypeptide-specif-
ic helper T-lymphocytes in vitro.

The experimental approach required
the use of dendritic cells (DC’s) as acces-
sory cells (2). DC’s are irregularly
shaped leukocytes first identified in the
adherent population of mouse spleen
cells (3). At that time it was known that
cells adherent to plastic or glass en-
hanced antibody formation by nonadher-
ent B and T lymphocytes (4). Once DC’s
were separated from other adherent
cells, particularly macrophages (5), it
became apparent that DC’s were special-
ized stimulators of many immune re-
sponses, including antibody formation to
T cell-dependent antigens (2, 6). We will
show here that a special role of DC’s is
to generate active helper cells from un-
primed and memory T lymphocytes.

Spleen cell suspensions (from CXD2

F1 mice unless otherwise indicated)
were passed over Sephadex G10 col-
umns to provide mixtures of B and T
lymphocytes. The latter mixtures were
effectively depleted of DC’s, as evi-
denced by their inabjlity to stimulate
mixed-leukocyte reactions (MLR’s) and
to form antibodies (2). B cells were G10-
nonadherent cells that were treated with
antibodies to Thy-1 and Lyt-1 and com-
plement to eliminate T cells. Helper T
cells were nylon wool-nonadherent
spleen and lymph node cells that were
treated with antibodies to I region—-asso-
ciated antigen (Ia) and to Lyt 2.2 and
with complement to eliminate residual B
cells, DC’s, and cytotoxic and suppres-
sor cells. Macrophages were firmly ad-
herent peritoneal or spleen cells. DC’s
were plastic-adherent spleen cells that
had been depleted of macrophages after
overnight culture. Although DC’s and
macrophages are both derived from an
initial adherent population, DC’s are
nonphagocytic, become nonadherent af-
ter overnight culture, express the 33Dl
DC-specific marker, and lack Fc recep-
tors (5). The efficacy of these enrichment
procedures was verified by sensitive as-
says. The B cells responded to the B-cell
mitogen LPS (33,000 count/min per 10°
cells) but not to the T-cell mitogen con-
canavalin A (Con A) (300 count/min per
10° cells) nor to the fetal calf serum that
was used in our cultures. The T cells did
not respond to LPS (300 count/min per
10° cells) but did respond to Con A if
small numbers of DC’s were present
(282,000 count/min per 10° T cells and
10* DC’s). The DC’s did not respond to
either mitogen.

The relative efficacy of DC’s and mac-
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